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Electrocatalysis plays an increasing importance in mitigating
chemical emissions, driving research on electrolysis for H, pro-
duction. In this regard, it is a well-known challenge for the elec-
trochemistry community that the key catalyst components for
both the oxygen and hydrogen evolution reactions (OER, HER)
are expensive noble metals that urgently require optimization,
especially with respect to the degradation of proton exchange
water electrolyzer (PEMWE). Optimized design and strategies to
reduce the degradation of multiple components are essential
to avoid misuse of these catalysts. For this purpose, visualizing
chemical and structural changes at an intermediate scale and

1. Introduction

Given the finite nature of fossil fuels, electrochemical energy
conversion technologies based on renewable sources are
expected to be crucial in meeting current and future energy
requirements with respect to sustainability, as well as indepen-
dence and security.l"" One prominent approach for converting
renewable energy into fuels and/or chemicals (e.g., hydrogen) is
proton exchange membrane water electrolysis (PEMWE). PEMWE
operates in a compact environment, offers rapid response
capability, and provides high gas purity and robustness under
various operating conditions.*3! Other devices based on proton
exchange membranes, such as PEM fuel cells (PEMFCs) for pro-
ducing chemical energy from H,, PEM-based CO, electrolyzers
for producing CO and hydrocarbons, and PEM electrolyz-
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linking them with degradation processes is crucial to bridge the
gap between process-scale PEMWE and lab-scale research, which
generally focuses on model systems. In this review, we present
multiple synchrotron case studies, from operando to ex situ, dis-
cussing the approaches currently used in the field over the last
few years. With the depth discussion of strategies to spatially
resolve intermediate-scale devices using synchrotron-based hard
X-rays, we hope to guide further research in the electrochem-
istry community by adding specialized tools to the current set
of characterization techniques.

ers for nitrogen reduction to ammonia, demonstrate further
opportunities for sustainable chemical synthesis.[“°!

Although PEM-based devices show great promise as estab-
lished technologies, further research in the context of durability
of catalyst and substrate materials is essential to optimize their
performance and scalability. For instance, in PEMWE, the hydro-
gen evolution reaction (HER) and oxygen evolution reaction
(OER) traditionally rely on noble metal catalysts like iridium (Ir)
and platinum (Pt), which significantly raise production costs due
to their limited supply.”? Moreover, the commercial viability of
PEMWE depends on the stability of catalyst-coated membranes
(CCMs) for prolonged operational periods. To achieve this, it
is important to understand and mitigate chemical or physical
degradation pathways, such as the dissolution and/or migration
of elements from catalyst layers, as well as membrane thinning
phenomena 81!

In design and operation of PEMWE-based devices, often a
notable gap exists between fundamental academic research or
laboratory-scale device testing compared to industrial demands,
as highlighted by Tao and Zheng et al.l”! Academia tends to pri-
oritize achieving maximum catalytic activity, minimizing noble
metal usage, or developing noble-metal-free catalysts, while
often deprioritizing factors such as cost, safety, and especially
long-term durability. In this context, to better understand the
challenges encountered with technical systems and improve the
connection between academic research and real-life applica-
tions, a top-down approach assessing the structural complexity
of real technical devices holds significant value as an alterna-
tive to lab-based materials discovery or trial-and-error. How-
ever, comprehensive studies of technical devices depends on
appropriate characterization methods which properly address
the system complexity in a spatially-resolved and structurally
representative manner, in particular under operating condi-
tions. An effective pathway to achieve this could involve X-
ray synchrotron-based technologies, particularly X-ray imaging,
employing a multiscale approach to understand structural and
chemical aspects of PEM devices under operation.™

This article highlights developments in characterization
which can be used to enhance our understanding of PEMWE
devices on the technical scale. A toolbox of methods based
mainly on X-ray imaging with synchrotron radiation are dis-
cussed, covering both current works and future prospects.
Studies which effectively address the multiscale complexity of
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PEMWE devices, as well as in situ/operando technologies for
deriving structure-activity relations, are exclusively in focus. The
overarching goal of such studies is to pinpoint the structural
and chemical stability of PEM devices for long-term industrial
usage. In achieving this, such information can guide the design
of future PEM systems with greater performance and durability,
which better meet the needs of industry.l'""!

2. From Bulk Analysis to Spatially-Resolved
Catalyst Characterization

Within catalysis, there are two broad approaches to understand
the structure and chemistry of catalytic materials and pro-
cesses, which, in the authors’ opinion, can be generally divided
into model scale and process scale. The model scale approach
includes the study of model systems, surface science, funda-
mental kinetic studies, high resolution imaging (e.g. electron
microscopy), and related methods where the system is in a
form or environment far from technical application. The pro-
cess scale approach includes scaled-up analysis of conversion,
yield, and selectivity, kinetics in the context of chemical reac-
tion engineering, reactor simulations and modeling, as well
as laboratory-scale study of technical catalyst materials with-
out considering nanoscale material degradation phenomena. It
is a notable but well-known contradiction, sometimes referred
to as the pressure and/or materials gap,™ that model sys-
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tems are often ideal for characterization purposes yet may not
be representative of real-world technical scenarios, and vice
versa considering the challenges with performing characteri-
zation on the scale of large chemical reactors. An alternative
approach, which in the context of electrocatalysis may be con-
sidered as “device-like” conditions,!™ aims to balance studying
intermediate scale systems or realistic process conditions, while
maintaining the precision and sensitivity of high-performance
characterization methods. The development of synchrotron radi-
ation has further expanded the possibilities of characterization
from traditional ex situ and post-mortem analysis of bulk sys-
tems to in situ/operando analysis. In situ techniques probe
the catalyst structure under conditions relevant to its function,
whereas operando methods go a step further by simultaneously
measuring the catalyst structure and its performance metrics—
i.e, activity and selectivity—under model or realistic reaction
conditions.!"®! However, the precise definition of operando is still
a matter of debate within different communities.["”!

In the context of device-like conditions, spatially-resolved
analysis methods are particularly valuable in obtaining accurate
physicochemical information. Such methods complement com-
mon bulk analysis by providing more meaningful data in which
physical structure is locally correlated to chemical properties on
the device level, thereby increasing the transferability of knowl-
edge from model to process scale systems. X-ray imaging with
synchrotron radiation is highly relevant for spatially-resolved
characterization of device-scale systems, due to high penetration
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through matter and the variety of contrast modes available.['8'!
Intermediate systems can be studied to reveal structural prop-
erties or chemical gradients such as elemental distribution of
dispersed parts of the catalyst layers'?) or even oxidation states
through agglomerate structures in PEMWEs,?" as highlighted in
the following sections.

2.1. Scope of this Paper

We aim to present to the electrochemistry community various
application cases of PEMWE at a technical scale, demonstrating
the value of advanced characterization using synchrotron-based
X-ray imaging. Although other studies have focused on char-
acterizing specific components of PEMWE, or have not been
exclusively dedicated to spatially-resolved synchrotron-based X-
ray imaging,!?* this work bridges both by offering a broader
perspective relating to the multiple components present in
PEMWE systems. The authors note the significant prior literature
of Zenyuk et al.["??%1 whose extensive research has provided
valuable insights into tomography applied to electrochemical
devices covering a wide range of applications, including PEMFCs,
batteries, and PEMWE. Although the present paper specifically
focuses on PEMWE, readers seeking further information on differ-
ent devices and techniques beyond spatially-resolved hard X-ray
imaging are encouraged to check the above literature.

To provide a clear overview of the structure, Table 1 sum-
marizes each application case, the technique used, and the cor-
responding synchrotron facility and beamline at which PEMWE
characterization was performed. Additionally, the key features of
interest and a brief summary of the main observations from each
study are included.

2.2. Current PEMWE Structure and Device Composition

Conventionally, PEMWE can be described as shown in Figure 1,/Z!
in which three main components are present: a membrane
electrode assembly (MEA), porous transport layers (PTLs), and
bipolar plates. A MEA is based on a solid electrolyte mem-
brane (e.g., Nafion-based membranes) with a catalyst layer (CL)
for the anode (e.g. Ir/IrO,-based catalyst) and another CL for
the cathode (e.g., Pt/C-based catalyst), therefore promoting OER
and HER, respectively. Between the bipolar plates and the MEA,
PTLs are added to enhance gas and liquid phase diffusion prop-
erties, being crucial as well for electric conduction between
the electrodes (electrocatalytic layer) and the bipolar plates. For
consistency, the transport layer at the cathode, also called gas
diffusion layer (GDL), is here included as a PTL. For anodic and
cathodic bipolar plates, carved grooves are present in order to
evenly distribute water over the porous transport layers and
for the discharge of the generated gases. Finally, it is impor-
tant to note that two main components for PEMWE MEAs are
frequently discussed.3%¥38] The first is the CCM approach, in
which the CLs are directly coated onto the solid electrolyte mem-
brane, followed by assembly with PTLs. The second component
involves depositing the CLs onto the PTLs, forming a porous
transport electrode (PTE), which is then assembled with the solid
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electrolyte membrane. This generally relies on mechanical com-
pression or bonding to ensure efficient proton conduction and
structural integrity.3!

Among conventional MEA and PEMWE cells, multiple
options for different solid electrolyte membranes (Nafion 115/117,
hydrocarbon-based polymers, etc.), electrocatalytic layers (for the
anode: Ir-tungsten, laminar Ir, Co-Rulr, etc.), and PTLs (carbon,
fiber or sintered titanium - Ti, etc.) have been tested as alter-
natives to benchmark systems (e.g., anodic catalysts [rO,/TiO,,
75 wt% Ir) for improving the design and durability. =344 |t is a
considerable challenge to overcome benchmark materials such
as Nafion ionomer/membrane or Pt/C and Ir oxide catalysts
since they are quite established commercially and sometimes
even considered irreplaceable due to their strong performance.
Although multiple novel formulations appear every year, in
many cases the central challenge preventing industrial uptake
of viable PEMWE cells is long-term stability. For example, under
high potential PTLs based on Ti can be passivated and corroded,
turning into oxidized Ti and further possibly moving into the
solid electrolyte as suggested in our previous work,?! and
consequently decreasing catalytic activity and conductivity.[*>4!
A similar challenge is that under harsh conditions or long oper-
ation times the precious-metal elements (Ir and Pt) can either
dissolve from the CL into the water flow, or migrate toward
the solid electrolyte.?”! In summary, understanding system
degradation in technical devices is a considerable challenge, but
probing and revealing such degradation mechanisms in tandem
with synthesis improvements could efficiently motivate future
PEMWE designs.

2.3. Probing PEMWE Structure and Chemistry: The Multiscale
Problem

From literature,”™?21 PEMWE optimization studies suggest that
studying each system components (e.g. PTLs, CLs, or solid elec-
trolyte) is crucial to improve commercial affordability, stability,
and effectiveness. Nevertheless, it is important that chemical and
morphological properties are discussed based on different tech-
niques and components of MEAs as a whole, then creating a
fertile ground for new strategies to improve the construction of
electrolyzers. In view of the aforementioned structure of MEAs,
electrolyzers require electrocatalysts and porous electrodes, in
which the main goal is to increase the catalyst active surface
area. Since commonly-used catalysts together with PTLs present
a complex and hierarchical structure, multiple degradation phe-
nomena (e.g., pore collapse, catalyst dissolution, and aggrega-
tion) can be evaluated from nano up to centimeter scale. Com-
monly, morphology characterization is done either by electron
microscopy techniques such as scanning electron microscopy
(SEM), focused ion beam microscopy (FIB-SEM), and transmis-
sion electron microscopy (TEM), or by scanning probe tech-
nigues such as electrochemical atomic force microscopy (AFM) or
electrochemical scanning tunnel microscopy (STM).[ 46! How-
ever, limitations such as sample preparation (often invasive and
destructive), environment conditions (e.g., vacuum required for
SEM and TEM), and sample size (constrained to small regions of
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Figure 1. PEMWE cell compact view structure, a) complete cell, b) CCM and PTL components, and c) PTE and solid electrolyte components.

interest due to beam attenuation) are typically encountered. This
limited possibility to analyze representative regions of interest is
a significant drawback in associating the different components
of a PEMWE device for durability evaluation, or when performing
in situ or operando measurements.'#”!

To allow a 3D analysis of the catalyst layer and the whole
MEA, computed tomography and synchrotron-based X-rays can
be broadly applied to investigate PEMWE systems and individual
components across numerous length scales. This is particularly
due to the high penetrating power of hard X-rays, high pho-
ton flux of synchrotron light sources, and flexibility in the design
and implementation of X-ray imaging setups in terms of spa-
tial resolution, contrast mode, and sample environment. As seen
in Figure 2, investigation of PEMWE structures can be correlated
with complex reaction behaviors from a multiscale perspective
by using different techniques (e.g., microCT, nanoCT, ptychogra-
phy). In this approach, technical devices can be analyzed from
the perspective of understanding mass transport phenomena,
followed by the evaluation of mechanical degradation in CLs,
PTLs, or PTEs due to bubble nucleation or sintering. Additionally,
as the scale decreases, high resolution studies on agglomer-
ates and multiple contrasting phases within catalyst aggregates
provide valuable information into PEMWE design, which is only
feasible using synchrotron-quality data.!™

2.4. Structural Evaluation: Spatially-Resolved Analysis

Due to the porous and tortuous pathways involved, mass
transport of fluid phases and removal of gas product are rel-
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Figure 2. Multiscale scenario for the evaluation of PEM components: From
technical devices to catalyst aggregates, multiple challenges can be
addressed using hard X-ray imaging. Hereby, the authors aim to present
application scenarios with a multiscale approach, ranging from the
microscopic level (a few microns) to the macroscopic level (centimeter
scale). Notably, most images are actual data based on real CT scans.
Reprinted with permission from Ref. [11]. Copyright 2023 American Chemical
Society.

evant phenomena from micrometer (hundreds of microns) to
centimeter scale. This is especially relevant during long-term
operation,’¥# in which catalyst layers can change by thinning,
pore collapse, and electroactive material detachment, or even
suffer from bubble blockage, disconnecting the active sites from
the electrolyte.!***°1 For measurements between tens of microm-
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eters and nanometers, agglomerates of support and catalysts
can be formed and further studied by X-ray tomography in order
to evaluate size distributions over time, since performance and
operation are closely dependent on the morphology of these
sites.3334 Here X-ray based techniques for PEMWE morphology
characterization are discussed for different application scenarios
and techniques based on the spatial resolution which can be
obtained in the measurement.

2.4.1. Microcomputed Tomography and Radiography

PEMWE devices consist of composite porous solids packed
within a confined cell. The nature of the pore structure in each
component can be expected to play a crucial role in the over-
all device performance. Understanding structural degradation or
morphology evolution in terms of transport processes within
PEMWE is therefore important in order to rationalize device per-
formance. Ideally, this can be extended to develop new devices,
or to overcome limitations of current existing devices that are
often burdened with high costs for industrial operation.!?%4>"
With this said, it is also notable that morphology evolution can
be correlated with the complexity of two-phase transport pro-
cesses within PEMWE. For example, bubble nucleation can take
place affecting the structural integrity of CL or PTL, since oxygen
can be found either in gas phase (bubbles) or dissolved in water.
To ensure high performance, the removal of this bubble phase is
crucial to avoid blockage of the catalyst layer surface, which can
otherwise result in decreased catalyst activity. In literature, mod-
els have been reported to understand bubble evolution,>>!
though as with any model, correlation to real data (e.g., provided
by X-ray imaging) is important for validation and optimization.

X-ray imaging methods have been evolving (improving time
and spatial resolution) to allow operando measurements to
take place while capturing morphology changes of electro-
chemical devices. In general, synchrotron microCT works by
directing intense, monochromatic X-rays from a synchrotron
source through a sample while rotating it in a fixed axis.!¢!
During this process, a detector captures 2D projections (at dif-
ferent angles), which later are reconstructed into a 3D model
of the interior structure using computational algorithms. The
term radiography as an imaging technique in materials science
typically relates to acquiring the 2D projection images noted
above, which are normally (though not always) based on differ-
ences in X-ray absorption contrast. In other words, tomography
is constructed from a series of radiographic projections. This
section highlights literature on PEMWE systems using microCT
and radiography, which can both probing the physical structure
of different components, as well as investigate mass transport
phenomena.””!

As an early case study, Leonard et al[?! investigated the
morphology evolution of PTLs combining synchrotron-based
microCT and X-ray radiography as nonintrusive 3D and 2D imag-
ing techniques. Their experiment utilized a model carbon-based
PTL in the anode side, in order to ensure enough X-ray trans-
parency while simulating PTL properties. It should be noted that
in PEMWE systems Ti PTLs are preferable for the anodic com-
partment due to their higher durability under harsh reaction
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conditions. Although carbon-based PTLs corrode at potentials
lower than Ti PTLs, they are a common compromise when try-
ing to simulate all properties from these materials for model
systems.2l From that, reference scans (microCT followed by
radiography for 30 s with 100 ms per projection) were collected
under open circuit potential (OCV) followed by in situ radiog-
raphy experiments (current density holds at OCV, 50, 100, and
200 mA.cm™2) and later tomography scans at longer constant
current holds at 50 or 200 mA.cm~2. This enabled the iden-
tification of increasing amounts of catalyst Ir,Ru,O, from the
anode depositing in the PTL region. When increasing the cur-
rent, this apparent detachment of electroactive material from the
CLs increased, exposing significant morphological changes in the
PTL region and further degradation of the CL. An overlay of the
tomographic scan of the initial (gray) and under operation state
(blue and red) can be seen in Figure 3c) where the anode catalyst
partially moves into the PTL layer.

Despite the fact that model materials (e.g., carbon) replicate
essential PTL structural characteristics such as pore sizes and
throats, applying these findings to real-world PEMWE remains
challenging as key interactions such as oxygen production, cur-
rent density, and oxygen saturation cannot be transferred from
simplified models to technical solutions, e.g., Ti-based PTLs.
To replicate realistic conditions, De Angelis et al.!?®! used Ti-
based PTLs while measuring two-phase flow (oxygen/water)
and introducing a solution to better visualize oxygen diffu-
sion under microCT/radiography operando analysis. Typically, the
high X-ray absorption of Ti-based PTLs should pose a signifi-
cant challenge for visualizing contrast between the much less
absorbing water and oxygen phases. Here Ti-fiber PTLs and a 5
wt% iodic acid-water electrolyte (stained water) were used to
enhance differentiation between gas/liquid and solid as shown
in Figure 4. High-resolution microCT imaging achieved a pixel
size of 2.75 um, a field of view (FOV) of 5.5 x 5.5 mm?, and a tem-
poral resolution of 1.4 s per tomogram. In their findings, it was
possible to observe a capillary-driven flow regime with oxygen
saturation increasing near the PTL/catalyst layer interface when
applying higher current densities. At low current densities, oxy-
gen pathways appeared as isolated clusters, merging into larger,
better-connected networks as current density increased. Finally,
the analysis of pore network and water distributions with this
microCT technique showed that oxygen initially occupied larger
pores, with smaller pores becoming accessible at higher current
densities. This study offered critical insights into the interplay
between pore morphology and oxygen transport in a structure
more representative of industrially applied PEMWE systems.

In a later study to simulate end-of-life loadings and highlight
possible degradation pathways within the PTL not described
previously in literature, Peng et al.”?! investigated how five dif-
ferent PTLs (differing in porosity, tortuosity and thickness, Ti fiber
diameter of 20 pm) would affect the PEMWE operation at an
ultralow catalyst loading (0.05 mg;,.cm~2). Their PEMWE testing
followed a protocol reported in previous work,'*®! ensuring no
significant variation in catalyst layer loading for each membrane,
so that differences in performance could be directly related to
different PTL properties. MicroCT was employed to explore mass
transport properties, also evaluating different regions such as
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Figure 3. Volume rendering of tomogram cross-sections of the electrocatalyst is shown by fresh catalyst overlapped by longer constant current holds at a)
50 and b) 200 mA.cm~2. Combined volume rendering from a) and b) is shown by c). Volume fraction of electrocatalyst (normalized in such a way that the
maximum value is one) versus distance across the cell for two current densities is shown by d). Adapted from Ref. [27]. Copyright (2018), with permission

from Elsevier.

a)

Figure 4. 3D renderings of the PTL region for the current density of 0.5 A cm~2. In (a) the PTL fibers are shown in gray and the oxygen phase in red; (b)
3D rendering of the oxygen pathways inside the PTL. Reproduced from Ref. [28] with permission from the Royal Society of Chemistry.

CL/PTL, middle region of PTL (mid-PTL), and PTL/flow field chan-
nel (PTL/channel) at a fixed current density of 3 A.cm™2 (see
Figure 5b). By radiography, results suggested oxygen is mostly
present in the CL/PTL interface, decreasing toward the direction
of the PTL/channel layer (see Figure 5a). The authors high-
lighted that the lower oxygen removal resistance contributed to
an increased water permeation to the catalyst active sites and
to lower kinetic overpotentials. In conclusion, changes in PTL
bulk properties were observed to impact PEMWE oxygen trans-
port. This highlights the importance of understanding interface
structures at ultralow catalyst loadings, which was only possi-
ble by combining MicroCT and radiography for oxygen transport
evaluation.

As for the evaluation of the CL/PTL distinct interfaces, Kulka-
i et al.® discussed the performance of PEMWE by varying
catalyst loadings, simultaneously varying the catalyst layer com-
position (different Ti-based PTLs, sintered and fiber) and MEA
preparation techniques (PTE or CCM plus PTL). Tomography
revealed that catalyst agglomeration increased with loading in
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CCMs, while using carbon-based PTEs the catalyst conformed to
the PTL surface during coating, distributing it homogeneously
(Figure 6). The index triple-phase contact area (TPCA), vari-
able based on the surface area of the catalyst phase per the
intersection surface area of PTL plus Nafion (calculated with
tomographic information), was used to measure the area of
deposited catalyst contacting the Nafion membrane. This essen-
tially translates to how “accessible” the catalyst is for OER. It
was found that an increase in catalyst loading together with dif-
ferent catalyst morphologies would directly impact this index,
later demonstrating that even though catalyst agglomeration
was noticed for highly loaded sintered CCMs, this component
had the biggest TPCA and highest double-layer capacitance,
leading to lower overpotentials and better efficiency for OER.
Regarding the PTL structure, a crucial role was played in the
oxygen transport, as the sintered PTLs exhibit smaller, uniform
pores allowing better oxygen distribution, while fiber PTLs had
larger, uneven pores causing oxygen channeling. In addition,
radiographic imaging confirmed that oxygen indeed followed
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Figure 5. Tomographic summary plots detailing the oxygen distribution at interface of CL/PTL, middle interface of PTL, and interface of PTL/flow field
channel for different samples. a) In-plane oxygen distribution of these samples, b) through-plane oxygen distribution at each interface. Adapted from Ref.

[29] and used under the Creative Commons License (CC BY 4.0).

a) Fiber CCM

Sinter CCM d)

Sinter GDE

1.1 mgcm?

Figure 6. 2D reconstruction and 3D renderings of catalyst and PTLs in different cells obtained from x-ray tomography a) Fiber CCM 0.5, 1, and 2mg.cm~2. b)
Fiber GDE 0.65 and 1.1and 1.75mg.cm~2, c) sintered CCM 0.5 and 2mg.cm~2, d) sintered GDE 0.65 and 1.1 and 1.75 mg.cm~2. e) 3D renderings of fiber and
sintered PTLs. Reprinted from Ref. [30]. Copyright (2022), with permission from Elsevier.

preferential channels through the PTL. At high current den-
sities, slug flow formation in the channels enhanced mass
transport, also resulting in reduced overpotentials. Tomography-
based 3D modeling later revealed that lower catalyst loadings
would also lead to limited oxygen pathways, particularly in fiber
PTLs.

The effect of adding microporous layers (MPLs) on PTLs
to upgrade the anodic interface and oxygen transport prop-
erties was later described by Kulkarni et al.® and Schuler
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et al!®! MicroCT and radiography were employed by Kulka-
rmi et al.® to determine morphology and oxygen distribution
on the interface of sintered Ti-based PTLs (as baseline without
MPL) and with Ti-based MPLs on top (20 versus 58 um). Even
though it was difficult to resolve oxygen within the MPL, the
contribution of microCT and radiography is noteworthy since
it allowed to visualize the gas content within PTLs. Results
showed that MPLs doubled the PTL contact point density, conse-
quently also improving the contact homogeneity of the PTL with
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Figure 7. (a—c) 3-D volume renderings of PTL and MPL and (d-f) corresponding 2-D averaged projections (Z-projects) at 200 mA.cm~2, 1, and 2 A.cm~2,

2

respectively. The color bar for Z-projects represents the % of oxygen normalized to pore volume. Oxygen could not be resolved within the MPL (dashed
red box in b); However, it allows formation of better and more well-connected pathways for oxygen removal through the macro porous layer. Reprinted

with permission from Ref. [31]. Copyright 2023 American Chemical Society.

the CL compared to samples without MPLs. Furthermore, the
authors stated that the presence of MPLs can reduce mechan-
ical deflections due to more even pressure distribution at the
contact points (see Figure 7 for different applied currents). Imag-
ing also revealed that MPL samples had higher pore volume
utilization at any given current density, which directly corre-
lated with improved oxygen removal efficiency. Additionally,
bubble point measurements indicated that increasing MPL thick-
ness led to higher bubble point pressures (pressure for gas
to break through the liquid-filled pores) then decreasing mass
transport of oxygen. For thinner MPLs, oxygen transport is in
through plane direction, while for thicker MPLs, in-plane oxy-
gen transport can isolate the catalyst from water. The 3D analysis
demonstrated that sintered PTLs without MPLs exhibited capil-
lary fingering as the dominant oxygen transport regime, MPLs
suppressed this behavior and promoted viscous fingering, allow-
ing more efficient oxygen removal. Finally, durability tests over
1000 h also reported that the thinner MPL provided the best
performance, whereas the thicker MPL led to mass transport
limitations. The study also found that at low catalyst loadings
(0.1 mg/cm?), MPLs significantly improved durability, highlighting
their importance in maximizing catalyst utilization and minimiz-
ing degradation. To overcome resolution and contrast limitations
for resolving oxygen, additional characterization with better
spatial resolution would be of great use for this application,
enabling access to information in the region of the CL/MPL/PTL
assembly.

Considering the above case studies using microCT and radio-
graphy to investigate PEMWE systems at the micrometer scale,
successfully evaluation of various phenomena under operando or
in situ conditions is noteworthy. These include species migration
from the CL to the PTL, bubble nucleation and transport across
different layers and interfaces (e.g., CL/MPL/PTL), catalyst loading
optimization for specific configurations (PTE or CCM), and assess-
ment of different transport layer types (e.g., Ti-fiber or sintered).
Additionally, numerous morphological observations (e.g., pore
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structure, pore collapse, and channeling) of the various PEMWE
components were made.

Such observations, especially when conducted operando or
in situ, are challenging without microCT and radiography, as
these methods provide both spatial and temporal resolution
along with noninvasive depth contrast. All these factors ensure
that X-ray imaging studies are generally representative under
realistic or device-like conditions. As an outlook, given the wide
range of applications for microCT, it is important to establish
standardized imaging protocols for PEMWE, especially at the
scale of technical devices. These protocols should not necessar-
ily be for routine experiments only, but should facilitate better
organization and faster identification of the most suitable tech-
nigues to address different scientific questions corresponding to
the structure, durability, and related properties.

2.4.2. Nanocomputed Tomography

The characterization of degradation mechanisms (such as
mechanical stress, dissolution or migration, and oxidation)
and multicomponent interactions (e.g., Nafion/CL/PTL) within
PEMWE, ranging from hundreds of micrometers to the centime-
ter scale, can be visualized using X-ray microtomography or
radiography as shown above. However, observations are only
feasible up to a certain resolution limit of the measurement,
noting that there is a distinction between pixel/voxel size of
the detector/microscope and actual resolution of the final
images.[® |nvestigating phenomena at the micrometer scale
or below requires higher resolution, e.g., insufficient resolution
may prevent the clear visualization of bubbles forming within
a thin MPL layer®? or the proper imaging of the CL, since
electrocatalysts are usually synthesized as nanoparticles with
sizes varying from 1 to few hundred nanometers."! To cover this
issue, synchrotron-based nanoCT offers higher resolution, but
typically at the expense of a smaller FOV."®! It should be noted
that due to the compromise between FOV, time, and target
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Figure 8. Dispersion of the CCM anode catalyst layer particle in two views:
(a) tomographic cross-section showing anode catalyst particles and (b) a
volume rendering showing the in-plane isolation of catalyst particles.
Reproduced from Ref. [32] with permission from the Royal Society of
Chemistry.

resolution in imaging studies, nanoCT by default operates on
smaller sample volumes than are possible with microCT. This
should be carefully balanced against the representativeness of
the measurement, similarly to the use of electron microscopy.
Furthermore, it is also important to keep in mind that nanofo-
cused X-rays are more prone to provoke beam damage due to
the higher photon flux incident on the sampling area, although
these effects can be studied with control experiments and/or
mitigated, as described elsewhere.!%?!

An effective demonstration of resolution limits is the study
by Leonard et al.®?! which investigated the interfacial contact
between transport layers and catalyst layers in using microCT,
radiography and nanoCT. Here PTE and CCM components for
MEA were studied, while also varying the type of Ti transport
layer (sintered and fiber) for the CCM at two different current
densities. Among their results, microCT analysis revealed that
both CCM and PTE structures could be resolved at a certain
degree, with the CCM exhibiting greater homogeneity, leading
to improved contact between the electrocatalyst, membrane,
and PTL. This consequently resulted in better performance,
although catalyst clusters were present in both configurations.
Despite these observations, the resolution of microCT was insuf-
ficient to resolve the catalyst layer within the CCM. To address
this issue, nanoCT was employed, achieving a resolution of
approximately 30 nm, allowing the identification of nonuni-
formities in the catalyst layers, revealing spacing in-between
catalyst agglomerates within the region of interest (Figure 8).
Furthermore, these findings raised new questions about cat-
alyst connectivity on the anode side due to conformation of
agglomerates through the CL.

Despite the extensive literature on structure optimization,
little attention has been given to the direct observation and
characterization of the catalyst layer of PEMWEs at the nanoscale.
Following the questions left by Leonard et al.?? Lee et al.*
evaluated the porous structure of Ir-based catalyst layers using
nanoCT. With a pixel resolution of 30 nm, the pore structure of
an Ir-based sample (555 x 555 x 3 pm) was resolved, reveal-
ing the presence of pores ranging from tens of nanometers to a
few microns as shown in Figure 9. Although the authors iden-
tified smaller pores on the scale of tens of nanometers, they
speculated that mass transport primarily occurs in the macro-
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Figure 9. Structural characterization of iridium-based catalyst. (A) 3D
reconstruction of the iridium-based catalyst obtained via synchrotron TXM
acquired from the Full-Field X-ray Imaging beamline (18-ID) of NSLS-II.
Colors are used for visualization purposes only. The scale bar represents
375 nm. (B) A cross-sectional image of the iridium-based catalyst revealing
the wide range of pore sizes. The scale bar represents 500 nm. (C and D) A
pore size distribution (C) and an agglomerate size distribution (D) of the
iridium-based catalyst. Reprinted from Ref. [33]. Copyright (2023), with
permission from Elsevier.

porous domain, which should play a key role in permeability.
Regarding pore size distribution in the catalyst layer, their analy-
sis showed that the majority of pores were smaller than 200 nm.
This finding is relevant to capillarity, where larger pores facilitate
dominant gas removal, while smaller pores with higher capil-
lary pressures serve as key pathways for liquid transport. The
nanoCT results finally enabled the authors to examine the dis-
persion of Ir particles as agglomerates. As the distribution of Ir
affects the electrical and protonic conductivities of PEMWEs, 6"
they used network modeling to determine transport proper-
ties. In this case, optimizing agglomerate sizes was proposed
to enhance conductivity and increase catalyst utilization, as also
suggested by Leonard et al.??

Following a similar approach in evaluating catalyst layers
using TXM, Zhao et al.** expanded the existing knowledge to
enhance PEMWE performance by directly targeting the engi-
neering of IrO,-ionomer agglomerates and IrO, aggregate struc-
tures. The authors introduced interconnected submicron pores
and nanocavities within these structures to optimize mass trans-
port. This approach addressed the issue in the above studies,
in which efforts to improve mass transport within the catalyst
layer overlooked the densely packed agglomerates that decrease
useful surface area for the OER. By using octadecanethiol as a
templating agent, the “packaging” of agglomerates was tuned.
This templating method was used to increase spacing among
IrO, particles, enhancing bubble nucleation and reducing diffu-
sion resistance, thereby improving transport through the catalyst
layer. Using nanoCT, the authors observed a shift in pore size
distribution from a conventional catalyst layer to a templated
one, detecting a greater number of small pores (~60 nm)
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Figure 10. 3D reconstruction images and 2D slices for a) the conventional anode CL and b) modified with octadecanethiol-1.0 CL. c) Pore structure analysis
results derived from the 3D reconstruction images for octadecanethiol-1.0 and the conventional anode CL. d) Recorded electrolysis performance and the
corresponding mass transport overpotential deconvolution result for octadecanethiol-0.5, octadecanethiol-1.0, and the conventional MEA with the anode
CL. Reprinted from Ref. [34] and used under the Creative Commons License (CC BY 4.0.).

(Figure 10). It was also demonstrated that the modified cata-
lysts had improved catalyst utilization and reduced transport
overpotentials.

The above studies indicate that nanoCT is a unique tool
for in-depth characterization of the CL, offering superior reso-
lution compared to microCT or conventional radiography. When
analyzing agglomerates, assessing their 3D dispersion, or iden-
tifying pores and channels, the quality and representativeness
of data are crucial for further analysis and precise identifica-
tion of voids and catalyst space occupancy. In this case, nanoCT
provides high-quality 3D data while also preserving the sample,
unlike FIB-SEM, and can also be less time-consuming, mak-
ing it possible for dataset screening. However, despite being
a nondestructive technique, sample preparation remains an
important consideration, as nanoCT requires for the measure-
ment of smaller volumes compared to microCT, necessitating a
compromise on representativeness as discussed earlier in this
section. Further improvements of the technique will allow faster
data acquisition,!%%** making it possible to evaluate more sam-
ples or larger regions of interest. Finally, it is noteworthy to
highlight that, to the best of the authors’ knowledge, so far
only CLs have been investigated by nanoCT. This provides space
for further discussions on different layers or interfaces, such as
PTLs or PTEs, where the assembly of the catalyst layer may also
interact with the transport layer content.

2.5. Chemical Imaging with Synchrotron-Based X-Ray
Microscopy

The studies in Section 2.4 dealing with PEMWE cell structure
and morphology have primarily used microCT, nanoCT, or radio-
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graphy for spatially and temporally resolved analysis based on
direct imaging. However, the local chemical structure of PEMWE
systems can also be investigated by combining tomography
or microscopy with complementary techniques based on vari-
ous interactions of X-rays. This approach is known as chemical
imaging. In comparison to the direct imaging studies shown
previously, comparatively fewer groups have explored the poten-
tial of synchrotron-based X-rays for spatially-resolved chemical
imaging."" Acquisition modes such as absorption, diffraction,
and fluorescence can be effectively used to map PEMWE struc-
tures in 2D or 3D. Applications include studying catalyst layer
degradation and identifying different phases within the MEA
structure. Additionally, ex situ, in situ, or operando analyses are
feasible if the necessary hardware is available—meaning access
to appropriate beamlines with sufficient resolution and acqui-
sition methods, combined with suitable test cells to address
chemical characterization challenges. It should be noted that
while direct imaging via microCT, nanoCT, or radiography is
in principle possible in dedicated laboratory instruments, most
chemical imaging methods depend on synchrotron radiation to
achieve adequate results, as outlined in the following examples.

Among the few studies using synchrotron X-rays for chemical
mapping of PEMWE, the work of Zaccarine et al.”"’ combined 2D
TXM with XANES. This specific combination can access informa-
tion about local structure (e.g., oxidation state) and coordination
environment of the specific element of interest. During operando
XAS studies of PEMWE electrocatalysts, the coexistence of dif-
ferent Ir oxidation states was observed even at high anodic
potentials, along with surface changes linked to varying OER
mechanisms.[®%] Therefore, 2D TXM with XANES was applied ex
situ to investigate catalyst layer degradation under steady-state
and intermittent operation regimes. In this study, the authors
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Figure 11. Schematic of information that can be obtained from TXM analysis. (a) Example TXM 4 x 4 mosaic image comprised of 16 image tiles for a wider
FOV image. (b) XANES spectral overlay of example data from a sample (black), the Ir metal reference (light green), IrCl; reference (green), and IrO,
reference (dark green). The blue circles represent data points collected at multiple energies along the absorption edge, and the red circle represents the
location where an image and/or spectrum can be collected “above the edge.” (c) Example chemical map obtained by collecting an image at points along
the entire XANES spectrum (blue circles in b) for the sample from the region indicated by the blue box in a. The color gradient represents the energy of
the edge jump (the energy at which the intensity is halfway between the pre- and post-edge linear fits). (d) Example distribution of each standard species
in the same region as the chemical map. Here, the gradient is based on total % of the sample’s composition, since the normalization function normalized
by thickness, such that each pixel adds up to 100% by summing the different Ir species included in their fit. Reprinted from Ref. [21] and used under the

Creative Commons License (CC BY 4.0.).

used a CCM, Toray paper as PTL (anodic and cathodic), and Ir or
IrO, as the anode catalyst for the MEA. After electrocatalytic test-
ing, ex situ imaging was performed on sections of the CCM cut
from the center of the original sample. The experiment achieved
a pixel size of 23 nm, while XANES analysis was conducted with
energy variations from 11.145 to 11.472 keV over the Ir L3 edge. Due
to resolution limitations, only larger agglomerates of Ir and IrO,
were resolved as shown in Figure 11. This limited the visualiza-
tion of the ionomer, which exhibited lower absorption contrast.
Their results showed a distinct distribution of Ir%, I*+, and Ir*+
in different samples (fresh and tested catalysts) through XANES-
TXM characterization. Additionally, catalysts based on Ir black
were found to be less stable than IrO,-based catalysts, as demon-
strated by the dispersion of Ir species throughout the catalyst
layer after being subjected to a 2 V voltage hold in both cases,
indicating detachment from agglomerates or aggregates. Based
on these findings, the authors concluded that XANES-TXM is
an excellent technique for mapping and differentiating species
while identifying various oxidation states within PEMWE. This
technique is particularly useful for defining chemical degrada-
tion mechanisms and understanding their spatial distribution of
different oxidation states for a variety of elements. However, it is
important to mention that for ex situ experiments Ir species can
oxidize during handling outside the electrochemical cell, leading
to probable differences in the results compared to hypothetical
in situ studies. Therefore, designing a cell that allows TXM 2D
imaging and XANES in situ could represent a next step toward
this type of analysis.

Following a broader approach than Zaccarine et al.”"! in 2D
mapping of PEMWE, a previous study by the authors of this
article (Rex et al?!) applied 2D XRF to evaluate metal migra-
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tion through MEAs with a CCM configuration. This approach
captured CLs and solid electrolyte on a larger scale as an alter-
native method to study degradation and how it affects, directly
or indirectly, the entire membrane structure. In this case, the
membranes were tested in a Fraunhofer ISE cell with an active
area of 4 cm? under different stressing conditions (operation
time and impurities added to the water flow). The chosen volt-
age for the experiments was constant at 2 V. A large area of
the parent membranes (4 cm?) was measured after preparing
sample slices with a microtome. Analysis was performed across
these CCM slices with a FOV of approximately 200 x 75 pm,
generating 2D maps of Pt, Ir, Fe, and Ti. The synchrotron exper-
iment (SLS) was carried out at different energies (11.0, 11.4, and
117 keV), with a 1 um beam size that generated emission signals
for each pixel of the map. The datasets were later fit to iden-
tify the elements present in both the catalyst layers and Nafion
membrane. These results showed that Ir and Pt migrated inten-
sively toward the Nafion membrane, but with different diffusion
behaviors depending on the stress test conditions, as shown for
Ir migration in Figure 12. A model contamination source (water
contaminated with Fe?*) also influenced the metal migration,
causing different migration behavior compared to the samples
stressed without contaminants.

This study revealed the importance of evaluating the region
within the Nafion membrane and catalyst layer, highlighting
that more degradation mechanisms are probably present than
previously understood. XRF mapping proved to be effective
in resolving metal migration within the membrane through a
high-throughput analysis (40 min to 2 h depending on sample
size), with a relatively large FOV when compared to electron
microscopy techniques. However, while the technique provided
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Figure 12. Ir XRF emission signal (beam energy of 11.7 keV) for multiple samples using Pristine CCM as reference. Segmented Nafion region and
corresponding histograms followed by the elemental map: a) Ir XRF emission signal — Pristine CCM III, b) Ir XRF emission signal - 100 h CV CCM, and ¢) Ir
XRF emission signal — Fe?*-contaminated CCM. Reprinted from Ref. [20] and used under the Creative Commons License (CC BY 4.0.).

accurate chemical maps, we also suggest improvements, such
as performing in situ evaluation or increasing resolution at the
expense of analysis time, to better assess elemental profiles at
the catalyst layer/Nafion membrane interface. It is important to
note that traditional techniques such as SEM-EDX or lab-XRF may
not be sensitive enough to visualize the samples in this way, as
apparent from the lack of literature reports on this topic, there-
fore demonstrating the unique advantage of synchrotron XRF
mapping in this context.

Following the 2D imaging studies for acquiring chemically
relevant information, important measurements were performed
in 3D using ptychographic X-ray computed tomography (PXCT)
by De Angelis et al3*! PXCT is a high-resolution nanoscale
tomography method which is only feasible at synchrotron light
sources due to the need for coherent hard X-rays. When using
ptychography, overlapping diffraction patterns are measured
using a coherent X-ray beam and reconstructed with phase
retrieval algorithms. This produces high resolution nanoscale
images of the sample, allowing a clear separation of fea-
tures such as porosity and different solid components!®”) within
the PEMWE catalyst layer. Notably, PXCT is a phase-contrast
microscopy method which does not depend on sample crys-
tallinity or state of matter, only on the local electron density of
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the sample. So far, many studies have presented reconstructions
of the PTL, as mentioned earlier in this work. However, to the
best of our knowledge, very few studies presented the complete
reconstruction of the CL with 3D spatially-resolved imaging, and
even fewer successfully reconstructed the ionomer structure.[°8]
As a result, previous works have relied on simulations to bet-
ter understand the behavior of these critical components of the
PEMWE, as shown by Bazylak et al.336%]

For the first time, to the best of the authors knowledge,
De Angelis et al.®* successfully resolved the ionomer layer in
IrO,/TiO, CL using PXCT by achieving sufficient contrast between
different oxides phases within the catalyst, ionomer, and pores,
allowing image segmentation of each component within the
sample. In their experiment, a cross-section of the catalyst layer
was extracted using FIB-SEM, then evaluated under vacuum and
cryogenic conditions at the c¢SAXS beamline (SLS) to ensure
the stability of the ionomer phase against beam damage. The
experiment provided a pixel size of 16 nm resulting in phase
distribution that was captured in a 5x5 pm region of interest
(see Figure 13), demonstrating the power of PXCT in separating
the ionomer phase from other parts of the catalyst layer with
a clear distribution and 3D spatial resolution. From this sepa-
ration, the technique identified all expected components (TiO,,
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Figure 13. (a) 2D slice obtained from the entire tomogram showing all phases present in the electrode. In (a), the grayscale values represent the electron
density expressed in e/A3. (b) Electron density histogram calculated over the entire volume. (c) 3D rendering of a subvolume extracted from the full
segmented dataset. In (c), the white phase is the —IrO,, the gray phase is the —TiO,, and the green phase is the ionomer and the porosity transparent.
Reprinted from Ref. [35] and used under the Creative Commons License (CC BY 4.0.).

IrO,, ionomer, and pores), revealing a core-shell structure for
IrO,/TiO,, confirming TiO, in its rutile form, and showing that
IrO, exhibits a lower-than-expected electron density, possibly
due to nanoporosity beyond the spatial resolution limit. Further-
more, important aspects such as ionomer distribution (which
interconnects agglomerates but does not coat IrO, uniformly)
were discussed, and later indicating that ionic conductivity is the
limiting factor in the nonswollen ionomer structure. Overall, the
study highlighted PXCT as a powerful tool for simultaneously
characterizing the structures of different phases within PEMWE
CL in a noninvasive manner.

Furthermore, Weber et al.*®! expanded their ptychography
study using synchrotron-based ptychographic X-ray laminog-
raphy (PyXL). This technique combines ptychography with
laminography to enable high-resolution 3D imaging of thin and
extended samples, while rotation occurs by tilting the sample
at an angle (typically off-axis) and rotating it on vertical axis
during X-ray exposure.”® This allows for larger lateral fields of
view, therefore potentially improving the representativeness of
the measurement. The novelty in their work was the evaluation
of PEMWE under dry and wet conditions. Weber et al.**! com-
pared CCM and PTE components with three different loadings
(close to the required targets of 0.05 g;,/kW),[>7172! while using
an MPL layer to improve diffusion conditions. Finally a thin Pt
protective layer was introduced on the MPL to create a complex
multilayered system. Since evaluating such a layer is a multi-
scale challenge, PyXL was chosen for catalyst layer evaluation at
micrometer scale because it allows larger samples (planar) to be
mounted. Their results with PyXL notably reached a voxel size
of 35 nm for a region of 20x20 pm x CL thickness, presenting
minor differences in contrast compared to previous PXCT results
by the same group™! (due to cryogenic conditions in the for-
mer experiment). A similar core-shell structure of IrO,/TiO, and
the film formed by the ionomer was also revealed, which acts as
a binder and creates a network for the aggregates and agglom-
erates (Figure 14). Unfortunately, due to the lower contrast after
flooding the samples with water, the ionomer phase could not
be segmented under wet conditioning, allowing to only inves-
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tigate the solid phases (IrO, and TiO,) of the system. Moreover,
only the particle diameters of IrO, and TiO; in dry and wet states
through phase differentiation could be compared, concluding
similar profiles for volume fraction versus particle diameter.

From PyXL, it is important to highlight that this technique
could allow future measurement of PEMWE samples without the
need for FIB-SEM to retrieve a part of the catalyst layer. This
would save time and avoid sample destruction during prepa-
ration, leading to further insights for 3D characterization in
situ or operando due to the geometric configuration of such
experiments.l”?!

As a general guideline related to chemical characteriza-
tion by the means of synchrotron-based, spatially-resolved
techniques, it is extremely important to notice a compro-
mise related to the experiment time, imaged ROI, and spatial
resolution,™ in which two of these parameters are normally
prioritized at the expense of the third. Currently, many syn-
chrotrons around the world are upgrading to 4th generation,
leading to improved coherence properties which can improve
experiments such as PXCT and PyXL both with respect to
measurement time and resolution. Finally, regarding multiacqui-
sition modes, it is also considered that for each technique an
expertise is necessary, from experimental tasks to data process-
ing, providing opportunities for intelligent models to process
and interpret large and complex data volumes generated by
tomography.+7!

2.6. Further Aspects on Synchrotron X-ray Imaging (Image
Acquisition, Computational Methods, and Application)

The case studies in this review represent the great potential of
spatially- and chemically-resolved imaging techniques in disen-
tangling, at different scales, the interplay between structural and
transport-related parameters with the lifetime and performance
of PEMWE. Despite these advances, cutting edge techniques
such as X-ray laminography or 2D XRF mapping are not yet
routinely performed in the domain of water electrolyzers. In

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

35U90| SUOWLLIOD dAIER1D) 3|qedl|dde ay3 Ag pausonob 818 a1 YO 9sn JO 3N 104 AIq 1T 8UIIUO AS]IAA UO (SUOIPUOD-PUB-SWLBIOY" A3 | 1M ARe1q1jBUIUO//'SATIY) SUORIPUOD PUe SWIS | 8U}88S *[6202/60/0T] U0 Aiqiauluo A8|IM ‘©1B0jouyo L Iy INYIsu| BUnS|iey AQ 0£S005202 100/Z00T OT/I0p/Wod" A 1M AReiq 1putjuo adone-ALIS 1LY/ Sdny WOy papeo |uw]] ‘0 ‘668€L98T



Chemistry

Concept Europe

doi.org/10.1002/cctc.202500530

European Chemical
Societies Publishing

ChemCatChem

Volume fraction [%]

A A L Sy L n A

0 100 200 300 400 500 600 700 800 900 1000

IrQ, particle diameter [nm)

N
N
-
4
4
<4

e Tio,  —0v
18 + —a—Wel, |
16+ -
D12t B
£
2, ‘
] 8+ 4
°
S st ]
4} 4
2+ ]
0 L L i A A/’r
0 100 200 300 400 500 600 700 800 900 1000
TiO, particle diameter [nm]

Figure 14. (a) Grey-scale slice of the CL (dry) extracted from the 3D volume obtained by PyXL, (b) surface rendering of the volume with the ionomer phase
shown in blue (c) IrO, particle diameter, and (d) TiO, particle diameter. For (c) and (d) the data for the wet CL are included. Adapted from Ref. [36] with

permission from the Royal Society of Chemistry.

this section, we discuss what can be improved to strengthen
the complementarity between standard electrochemical perfor-
mance, X-ray imaging techniques, and advanced synchrotron
characterization.

2.6.1. Image Acquisition and Cell Design

Performing in situ and operando imaging in complex systems
such as PEMWE is challenging because technical modifications
to the standard PEMWE designs are usually required to ensure
good signal quality and/or the possibility to probe ROIs large
enough to represent the phenomena of interest. These modifi-
cations may consist of using gasket and bipolar plates which are
transparent to X-rays, in using home-made cells, in the partial
or total disassembly of the PEM cell, or in drilling channels and
holes to ensure the X-ray pathway to and from the investigated
ROIs. The trade-off in these approaches is that by improving the
possibility of performing spatially-resolved analysis, this intro-
duces deviation from the standard PEM designs, which can lead
to local or global variations in parameters and experimental con-
ditions. For instance, a design optimized for radiation pathways
through the cell is usually thinner in at least one spatial dimen-
sion to reduce beam attenuation. However, this can negatively
affect transport processes related to bubble removal. Moreover,
a modification intended to image a specific component may
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not be suitable for simultaneously probing other parts of the
electrolyzer at a technical scale. For this reason, there are no
standardized PEM cell designs for in situ/operando X-ray imag-
ing investigations. Other research groups not directly involved in
X-ray imaging are also addressing this challenge. Recent studies
focused on cell design for synchrotron-based spectroscopies—
such as X-ray absorption spectroscopy and small-angle X-ray
scattering—can serve as starting points for further modifica-
tions related to MEA thickness, light path optimization, and
bubble management.’5”"1These technical and practical gaps can
potentially be minimized by combining new in situ/operando
cell designs which are optimized for tomography measurements,
and which allow data recovery noninvasively. Implementing
advanced image processing algorithms can help even more in
minimizing the invasiveness of PEM design modification, with
an additional gain also on the temporal resolution for operando
characterization: For instance, sparse imaging methods have pre-
viously been used to overcome the challenge of using a wide
tilting angle”® in ptychography experiments or to avoid using
high radiation doses on sensitive samples.”! These protocols
are used together with machine learning algorithms to expand
dimensionality or to reconstruct and predict missing informa-
tion from sparse tomography,[®>%°! making them very suitable to
be applied to sensitive Nafion membranes without invasive PEM
modifications.
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2.6.2. Data Reusability and Computational Methods

As pointed out by Finegan et al,[®" there are usually system-
atic limitations in terms of sample preparation or technical
limitations for each technique that prevent the acquisition of
multimodal and multiscale details from the same sample. This
makes the necessity for routine operando X-ray-based imag-
ing applied to PEMWE even more compelling in order to have
datasets that are diverse and large enough to apply machine
learning algorithms capable of 1) accelerating image processing
routines such as segmentation and artifact corrections, which
can be very time-consuming for large volumes of images, and
2) correlating information from different scales and performing
optimization which takes into account the mutual influence of
the individual components of PEMWE. This concept and inte-
grated framework are already employed in battery research,8%2
while it is still missing in the water electrolyzer research com-
munity or limited to the optimization of single components.,®!
This is mostly because of the presence of liquid and gaseous
phases which increase the difficulty in performing in situ and
operando imaging, as stated in the previous sections. Computer
vision algorithms to speed up image processing and correlative
integrated frameworks both require high quality, standardized
image datasets, which can be reached faster as more and
more researchers explore spatial and chemically resolved X-
ray techniques. An effective combination of multiscale imaging
techniques, modelling and machine learning algorithms, would
be a powerful tool to correlate structural features with mass
transfer and/or kinetic limitations, as well as in optimization
of PEMWE cell designs, both for standardized complementary
characterization and for industrial devices.[®¥]

3. Summary and Outlook

PEMWE systems are complex technical devices with hierarchi-
cal structures, so it is crucial that many different evaluation
techniques are available to better understand and improve the
function of such devices. When extending from model sys-
tems toward device-like or even technical/industrial systems, it
becomes increasingly challenging to bridge the gap and obtain
meaningful characterization data on representative samples. As
discussed throughout this article, different case studies can be
addressed by the use of synchrotron-based techniques, creating
opportunities for future researchers to optimize and improve the
industrial viability of PEMWE designs. The design, structure, and
composition of such devices are crucial when aiming to reduce
Ir loading or increasing their lifetime, for example. As shown
here, radiography, microCT, nanoCT, and other techniques, when
used together, play a significant role in understanding degra-
dation mechanisms, the association of different components
within PEMWE, and also in elucidating synthesis aspects by tun-
ing various parameters that can affect local composition and
structure.

Currently, an important research direction is to focus on more
realistic case studies in order to understand real behavior dur-
ing operation, as it was done by Leonard et al.%?! and later
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by De Angelis et al?®! when using Ti PTLs in X-ray imaging
experiments. In both cases, spatially- and time-resolved profil-
ing led to important results that later changed the evaluation
benchmark. Although such achievements are already impressive,
further characterization is needed to better understand the phe-
nomena related to chemical gradients, such as how Ir species
behave within the PTL or Nafion membrane, as demonstrated
by radiography and XRF mapping, respectively. It is also clear
that such systems are geometrically challenging to assemble on
a beamline while measuring operando or in situ. However, con-
ducting research to achieve different configurations or designing
new cells for future measurements is now seen as essential to
investigate the numerous phenomena that may contribute to
degradation (either physically or chemically), or to understand
fundamental parameters that can improve operation (water flow,
current, materials used to build MEAs, etc.). Although assem-
bling and testing new PEM cell designs is time consuming, the
increasing availability of laboratory X-ray instruments suitable
for fluorescence mapping and/or absorption spectroscopy can
accelerate the routine investigation based on in situ imaging
and spectroscopy at least at the microscale. Furthermore, such
insights could later be better processed and used for simula-
tions, saving an enormous amount of time in research focused
on optimization through extensive sample screening.

This article aims to clarify how the use of synchrotron-based
hard X-rays can benefit the field of technical electrochemistry
by providing spatially-resolved, and in some cases time-resolved
data on device-like systems. It is also relevant that given the
relatively few groups currently operating in this space, the full
potential of such techniques has not yet been reached. As
the accessibility and characterization potential of modern syn-
chrotron light sources is continually evolving and improving, the
timing is appropriate to highlight the novel research performed
at such facilities, and to inspire other users to consider hard X-ray
imaging methods as part of the modern characterization toolkit.
Such methods can readily complement established laboratory
characterization, and in some cases multiple X-ray analytics can
be combined to provide additional information. Although the
state of the art as indicated here commonly involves individ-
ual X-ray imaging studies in isolation, multimodal approaches
represent an important direction for future electrolysis research.
Together with sophisticated methods as well as classic character-
ization and benchmarking, a comprehensive understanding on
the operation and durability of PEMWE devices is feasible, lead-
ing to conclusions about a very broad and multiscaled technical
system while bridging the gap between academia and industry.
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