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Over the past decade, electrochemical in situ imaging and spectral imaging with soft X-ray probes have

evolved from a high-risk pioneering challenge to established techniques that now receive substantial

beamtime at synchrotron imaging beamlines. Despite a growing body of literature and near-commercial

solutions, setting up wet electrochemical cells for these experiments remains challenging and non-routine.

Moreover, most published studies revolve around bona fide model materials or environments rather than

systems mimicking real in operando conditions. Thus, the concrete impact of these potentially

extraordinarily informative approaches remains questionable outside the community of method specialists.

In this context, this study aims to lay the foundation for the development of real-life electrocatalysts under

electrochemical control. Since these materials are typically fabricated in powder form, their transfer and

fixation onto the electrode system of the in situ cell, simultaneously ensuring an appropriate optical density

for a high signal-to-noise ratio and maintaining electrochemical activity, remains an open question. The

approach is general in nature, but, in this study, we specifically concentrate on a-MnO2 nanowires, a widely

employed oxygen reduction reaction (ORR) electrocatalyst for alkaline metal-air batteries, and describe: (i)

the methodology for particle attachment and electrochemical activity assessment; (ii) the fabrication of

electrochemical wet cells compatible with these materials; and (iii) the preliminary feasibility of spectral

scanning transmission X-ray microscopy (STXM) results at the Mn L-edge.
1. Introduction

Understanding the electrochemical processes in energy storage
and conversion systems relies on detailed knowledge of the
active layer (AL) architecture. Essentially, electrochemical
energy devices owe their functionality to ALs that incorporate
the electrocatalyst, electronic conductivity additives and
a binder within a porous structure of appropriate porosity and
tortuosity.1,2 Each component crucially contributes to the over-
all electrode performance, while their degradation pathways
control the operating mode and lifetime of the system. To date,
electrode fabrication protocols have relied on trial and error
approaches, where the outcomes from the tests on operational
functionality are interpreted in terms of phenomenological
electrokinetic and material evolution models. Access to
molecular-level observables is essential for well-substantiated
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advancements. To this end, so X-ray scanning transmission
X-ray microscopy (STXM) hyperspectral imaging offers a power-
ful tool for studying electrocatalyst components, providing
space-dependent electronic-structure information. The combi-
nation of this technique with computational modelling can
reveal the impact of architecture on electrochemical activity.
Research in this eld has been very active over the last decade,
achieving a solid foundation for wet cell design and data
acquisition and processing, but the implementation of realistic
materials remains a challenge.

Specically, numerous studies have reported methodolog-
ical work on cell development and operation,3,4 with specic
reference to electrocatalysis-related experiments.5,6 Ex situ
spectral STXM studies have been conducted on different model
materials related to electrocatalysts.7–11 Methodologically,
similar studies have been published on a slightly different topic
of battery materials.12,13 The details of these experiments and
systems are reported in Section S1 of the SI. Recently, ex situ
spectral STXM and spectro-ptychography studies have been
carried out using real-life electrocatalysts.2,14–16 For details, refer
to Section S2 of the SI. As far as in situ and in operando spectral
STXM electrocatalysis is concerned, all published studies
revolve around model materials.6,8,17–24 In addition, in situ
J. Anal. At. Spectrom.
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spectro-ptychography of model materials has been reported.22–24

It is also worth recalling here methodologically cognate work
performed with granular battery materials.25–27 A brief descrip-
tion of the types of studies published in this eld can be found
in Sections S3 and S4 of the SI. A comment on the exact meaning
of in situ and in operando is reported herein. Finally, it is worth
mentioning here that in situ differential so X-ray radiography,
though without spectral information, has been proposed for
electrocatalyst studies.28,29 Further information can be found in
Section S5 of the SI. We can thus conclude that, apart from the
ex situ and post mortem studies with electrocatalysts di-
sassembled from real battery GDEs of,2,14 no spectral STXM
work has addressed real-life electrocatalysts synthesized using
state-of-the-art powder-production methods and transferred to
an electrochemical cell. Moreover, no in situ STXM studies on
ORR have been conducted in the literature.

Owing to the similarity of wet-cell requirements for in situ
STXM and TEM cells, as well as their actual intermodality
capability, it is worth commenting on cognate work carried out
by in situ TEM with close-to-real electrocatalysts, synthesized in
powder form and transferred to the wet cell to form
a membrane-supported electrode system (MSES).30–36 The key
message is that limited factual information is available on the
electron-transfer capabilities between the current-feeder and
the electrocatalyst particles, and it remains unclear whether the
reported electrochemical response originates from the electro-
catalyst or from the current-collectors exposed to the electrolyte.
Brief details of the individual systems addressed are reported in
Section S6 of the SI.

In this context, this study presents a simple and previously
undocumented approach to carry out in situ spectral STXM
measurements in wet cells, with electrochemical control of real-
life electrocatalyst particles transferred to a three-electrode
system. Specically, our focus is on ensuring (i) particle
attachment to the current-collector, (ii) charge-transfer from the
current-collector to the particle, and (iii) localization of
electrochemical activity at the electrocatalyst, rather than at the
current-collector surface. As a representative system, we
consider a-MnO2 NWs, an efficient ORR electrocatalyst for
alkaline aqueous metal-air batteries.37 Previous ex situ studies
by our group on GDE ageing have shown different types of
morphochemical and crystallographic evolutions of a-MnO2

NWs38,39 and NW bundles.2,14 In order to deepen the under-
standing of the correlation between the morphochemical
evolution of the electrocatalyst and the degradation of ORR
performance, we aim to carry out in situ spectral STXM studies
of pure a-MnO2 NW bundles at the Mn L-edge. This study
describes the rst methodological step in this direction. We are
convinced that explicit reporting of this non-trivial achievement
could be helpful for the community to develop similar
approaches.

2. Experimental

In this section, in addition to the details of the analytical
methods and instrumentation employed in this research, we
report details on the preparation of electrocatalyst materials.
J. Anal. At. Spectrom.
The manipulation of electrocatalysts in view of their transfer to
the wet cell is an integral part of the results of this technical
note, as reported in Section 3. Similarly, the cell fabrication
details are the original solutions that we have presented in the
Results and Discussion section.

2.1 Synthesis of a-MnO2 nanowires

ORR electrocatalytic a-MnO2 NWs were synthesized using
a microwave-assisted hydrothermal method. 0.314 g K2SO4

(Sigma-Aldrich Chemie GmbH), 0.486 g K2S2O8 (Sigma-Aldrich
PTE Ltd) and 0.203 g MnSO4$H2O (Merck, ACS, Reag. Pg Eur)
were dissolved in 10mL of Millipore water (Milli-Q® water, TKA,
water conductivity of 0.055 mS cm−1). The solution was trans-
ferred to a 30 mL quartz reaction vial (G30 reaction vessel)
equipped with a magnetic stirring bar and then sealed with
a PTFE gasket. The mixture was held at 200 °C for 30 min in
a microwave reactor (Monowave 400, Anton Paar GmbH),
delivering the maximum power to maintain the prexed
temperature. The stirring rate was set to 600 rpm. These
conditions were empirically determined to ensure the forma-
tion of pure a-MnO2, as assessed using XRD and Raman spec-
troscopy.2 The collected mixture was washed with 200 mL of
ethanol and deionized using a Buchner lter. The washing
procedure was repeated 5 times, and aer each ltration step,
the pH of the ltrate was checked to ensure the effectiveness of
the removal of the acidic aqueous reaction matrix. The washed
synthesized product was dried overnight at 45 °C in air in
a Thermo Scientic VT 6060 M oven. Finally, the powder was
hand-ground in an agate mortar for 15 min to pulverize the
solid compounds. Disaggregation of the millimeter-sized
clumps resulting from the drying process down to micro-
metric aggregates and preservation of the NW structure aer
grinding were assessed by SEM and TEM, respectively (Panels A
and B–F of Fig. S1 of the SI).

2.2 Spectral scanning transmission X-ray microscopy

STXM at the Mn L-edge was conducted at the TwinMic beam-
line40 of the Elettra Trieste Synchrotron facility. A zone plate (ZP)
diffractive focusing lens forms a microprobe on the sample
plane, and the specimen is raster-scanned across it on a pixel-
by-pixel basis. A fast-readout CCD camera collects the X-ray
photons transmitted by the sample point by point in the
raster scan, producing absorption and differential phase
contrast images41 (Fig. 1A). For the experiments described in
this work, a 600 mm Au multilayer diameter ZP with 50 nm
outermost zone width was used, with around 1.8 mm distance
between the OSA and sample (Fig. 1B). For the present experi-
ment, stacks of images were acquired across the Mn L2,3-edges
located at 638.7 and 649.9 eV. The dwell time was set to 80 ms
per pixel. To jointly optimize energy resolution in the ranges
that are crucial for chemical-state assessment and experimental
time, a step of 1 eV was chosen (i) in the pre-edge range from
635 to 636 eV, (ii) in the edge range from 636 to 647 eV and (iii)
in the post-edge zone from 652 to 659 eV. The range around the
rst edge from 636 to 642 eV was scanned with a higher reso-
lution in steps of 0.25 eV, while in the less diagnostic range of
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Schematic of the whole STXM experimental set-up. (B) Cross-section of the TwinMic experimental chamber in the region around the
sample, depicting the position of the zone plate (ZP), order sorting aperture (OSA), sample, XRF detectors (SDD) and X-ray to visible light
converting system (phosphor screen and lens). (C) Picture of the sealed and bonded wet cell mounted on the TwinMic sample stage, with the
chamber open and in air.
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647–652 eV, the energy step was set to 0.5 eV. At each energy
step, the zone-plate-based diffractive optics were automatically
refocused on the samples, delivering a probe size of around
250 nm in diameter. Appropriate post-processing and align-
ment of the collected stacks of images enabled the extraction of
the XAS spectra on a pixel-by-pixel basis.
2.3 Electrochemical measurements

Electrochemical measurements were performed using a Versa-
STAT 3 potentiostat. Specically, a series of 10 cyclic voltam-
metry (CV) scans at 5 mV s−1 were applied in either air-saturated
This journal is © The Royal Society of Chemistry 2025
or de-aerated 0.1 MKOH electrolyte, a classical ambient for ORR
electroanalysis (e.g. 2 and references therein). The reference
electrode (RE) was Hg/HgO, and the counter electrode (CE) was
a Pt wire of area ca. 1.5 cm2. Cycling was carried out in the
potential range−0.45–0.40 V vs.Hg/HgO, representative of ORR
electrocatalysis with some degree of cathodic stress, resulting in
cyclical Mn(IV)/Mn(II) reduction/oxidation, which enables the
assessment of active material transformations. Electrochemical
tests were carried out in a hanging-meniscus conguration,
with the functionalized membrane exclusively in contact with
the electrolyte.
J. Anal. At. Spectrom.
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As detailed in Subsection 3.2, in the wet cell, an Au quasi-RE
was used; we calibrated the Au quasi-RE potential scale with
respect to the Hg/HgO one, with both open-circuit potential
(OCP) and CVmeasurements at a polycrystalline Au electrode in
Ar-deaerated 0.1 M KOH. A remarkably stable potential differ-
ence of 25 mV was observed, indicating that the Au pseudo-RE
was fully adequate for electroanalytical measurements in the
relevant system.

2.4 Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectrometry EDX analysis

Morphological analyses of the samples were conducted using
a eld emission scanning electron microscope (FE-SEM: Zeiss
SUPRA 40, Jena, Germany) operating under high vacuum
conditions at room temperature and equipped with an EDX
spectrometer. Imaging was performed at an accelerating voltage
of 20 kV.

2.5 Transmission electron microscopy (TEM)

TEM imaging of the a-MnO2 NWs is performed by means of
a JEOL JEM 2010F Schottky FEG Transmission Electron Micro-
scope operating at 200 kV. The images are collected by
employing a TVIPS TemCam-F216 camera equipped with a 2k x
2k CMOS sensor and controlled by EM-Menu 4 soware. The
samples for TEM analyses were prepared as follows: a-MnO2

NWs were dispersed in isopropanol and sonicated. The so-
obtained suspension was then drop-cast onto a standard
3 mm carbon-coated copper grid.

3. Results and discussion

The workow of this research is structured around four key
conceptual steps: (i) establishing protocols for the transfer and
attachment of a-MnO2 NW electrocatalysts onto the MSES
consisting of a so-X-ray transparent membrane, equipped with
a current corrector system designed to operate as a working
electrode (WE); (ii) assessment of the electrochemical activity of
NWs and of the localization of electrochemical reactivity on the
electrocatalyst rather than on the current-collector; (iii) micro-
fabrication of the electrochemical wet cell and transfer of the
electrocatalyst to the electrode system; and (iv) STXM testing of
the wet cell. Research regarding Points (i) and (ii) is reported in
Subsection 3.1, Step (iii) is the object of Subsection 3.2, and the
spectral STXM demonstration is reported in Subsection 3.3.

3.1 Preparation and testing of the a-MnO2 NW-
functionalized membrane-supported electrode system
(FMSES)

For operational exibility and convenience, the protocol for
MSES functionalization and testing was developed on Au TEM
grids with a C lm support. Au and C were chosen as current-
collector materials owing to their minimal electrocatalytic
activity, which favours the localization of electrochemical
activity at the a-MnO2 NWs. The particles attached to the C
coating can be imaged by so X-ray in transmission. The
outcomes of the protocol for particle attachment on TEM grids
J. Anal. At. Spectrom.
were then transferred to the functionalized Si3N4 membranes of
the lithographed wet cell (Subsection 3.2). Two approaches were
explored to achieve NW adhesion and ensure charge-transfer
from the current-collector to the NWs: (i) covering the NWs,
previously cast on the TEM grid, with a pinhole-perforated Au
lm and (ii) relying on charge-transfer bonding and London
dispersion forces, which, in principle, can be stabilized by the
presence of the electrolyte. A molecular-level investigation of
these mechanisms is beyond the scope of the present work,
which focuses solely on demonstrating the physical feasibility
of the process.

a-MnO2-FMSES samples were prepared by depositing the
NWs onto Au TEM with C lm support grids (Agar Scientic
Square Pattern 100 Mesh TEM Support Grids). The deposition
was performed via drop-casting of a suspension of rods in iso-
propanol. The suspension was prepared as follows. First,
a concentrated suspension was prepared by sonicating 20 mg of
a-MnO2 in 10 mL of isopropanol for 2 min at 10 W using a tip
sonicator (UP200 St, Ultrasonic processor, Hielscher Ultra-
sonics GmbH). The nal suspension, at a concentration of
0.15 mg mL−1, was obtained by sonicating 1 mL of the
concentrated solution in 12.5 mL of isopropanol under the
same conditions. The nal suspension was sonicated for 5 min
in an ultrasonic bath immediately prior to casting. Drop-casting
was carried out by placing the TEM grid on an absorbent paper
and depositing a 2 mL drop using amicropipette, aer which the
sample was air-dried. To ease manipulation and electrical
contact, the functionalized TEM grid was glued to a piece of
carbon paper, and the contact resistance was veried to be
negligible via impedance spectrometry.

The mechanical adhesion of the NW bundles was assessed
by SEM imaging before and aer immersion in the 0.1 M KOH
electrolyte (Panels F–I of Fig. S1 of the SI), conrming rm
adherence to the substrate in both conditions.

In order to ensure electrical contact to the NW bundles, in
the rst version of the FMSES, an Au front-contact was applied
in order to embed the electrocatalyst into an electronically
conducting layer that, on the one hand, could secure adhesion
to the support and, on the other hand, could be electrochemi-
cally inert in the potential range of interest for a-MnO2

electrocatalyzed ORR. Front-contact fabrication was imple-
mented by masking the FMSES with an Al mesh and evapo-
rating Au to a nominal thickness of 5 nm (mask details shown
in Fig. S2A of the SI). EDX mapping data, reported in Fig. S3 of
the SI, showed that the Au distribution behind the Al grids
provided effective porosity, ensuring both frontal contact with
the NW bundles and exposure to the electrolyte. The voltam-
metric response of the FMSES (Fig. S2B of the SI, red plot)
clearly indicates highly reversible ORR electroactivity and
stability of the electrocatalyst. For reference, we also report the
CV response of the electrode without NW functionalization. The
onset potential is characteristic of a-MnO2, and a contribution
to the electrochemical response from the Au current-collector
can be excluded. The slight morphological changes observed
in the SEM images of Panels C and D of Fig. S2 of the SI align
with the expected formation of ORR-induced MnO2 lms,2,39
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Functionalized membrane-supported electrode system (FMSES) without front-contact. (A) Cyclic voltammetry at the NW-functionalized
TEM grid in de-oxygenated 0.1 M KOH. (B and C) Morphology of the same region of the TEM-grid-supported NWs with the pinhole-perforated
Au overlayer (B) before and after (C) the electrochemical test of (A).
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conrming that the NW bundles were actually involved in the
electrochemical process and remained adhered to the support.

Since, in principle, London dispersion forces can ensure
both mechanical adhesion and electronic contact between the
NW bundles and the substrate, in order to simplify FMSES
fabrication, we also examined the option of casting the NW
bundles without the application of a pinhole-perforated Au
front-contact. To rigorously assess the electrochemical activity
of MnO2, we excluded the ORR by deaerating the solution by
bubbling Ar for 30 min and then keeping an Ar covering
atmosphere during the measurement to ensure that the
Fig. 3 Schematic of the wet cell. (A) The Si3N4 membrane carrying th
reference electrode (RE) and three redundant counter electrodes (CE), f
with the indication of the collocation of the electrodes (B), electrolyte (B

This journal is © The Royal Society of Chemistry 2025
observed electrochemical signal corresponded only to the redox
of manganese. Fig. 2A demonstrates the characteristic Mn(IV)
/Mn(III) reduction feature39 around −0.2 V vs. Hg/HgO and its
oxidation counterpart at ca. 0.2 V. Representative SEM images
of the FMSES before and aer electrochemical testing (Panels B
and C of Fig. 2) showed the expected morphological changes,
which indicates the oxidation-reduction stress of a-MnO2

NWs,14 conrming their electrochemical activity. As a result of
this assessment, the Au front contact proved unnecessary and
was not adopted in the wet cell fabrication process, as described
in the next subsection.
e whole Au electrode system, consisting of working electrode (WE),
abricated by electron lithography. (B and C) Cross sections of the cell
and C) and X-ray path (C). (D) The sealed and bonded wet cells.

J. Anal. At. Spectrom.
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3.2 Design and fabrication of the wet cell

The design of the wet cell builds on a solution previously
developed in our group, as detailed in 6. The key modication
with respect to this concept concerns the Au electrode system,
which was redesigned to accommodate the externally applied
NW bundles, rather than to support the electrodeposition
process, as in our previous studies. Specically, the whole
electrode system, comprising WE, RE, and CE (Fig. 3A), was
fabricated onto a 50 nm thick Si3N4 optical window. The elec-
trode system consisted of 30 nm thick Au lms grown by
electron-beam lithography onto Si3N4 with a 5 nm thick Ti
adhesion layer. The electrocatalyst particles are drop cast on
this electrode-functionalized membrane according to the
procedure illustrated in the previous section. Only the WE, in
the form of an Au grid, is in the eld of view, while the Au quasi-
RE and the three CEs (one used for the actual measurement and
two spare ones) are placed in the electrolyte reservoir outside
the eld of view (Fig. 3B).

The fabrication process (Fig. 4) started with a silicon wafer
(thickness: 500 mm) coated with a 100 nm-thick silicon nitride
(Si3N4) layer grown by low-pressure chemical vapor deposition
(LPCVD). Fluidic inlets and central membrane windows were
dened using standard optical photolithography, followed by
dry etching in a reactive ion etching (RIE) system with an SF6/O2

gas mixture to selectively remove the exposed Si3N4. Membrane
openings, 1 mm × 1 mm I size, were then formed via aniso-
tropic wet etching in 33 wt% KOH solution at 75 °C. On the chip
containing the uidic inlets, a thin lm of negative photoresist
(SU-8 3005, thickness: 500 nm) was deposited by spin-coating
and photolithographically patterned to create a frame serving
both as a spacer and a microuidic channel structure. On the
upper chip, a metallic grid was patterned within the central
window using electron beam lithography. A 200 nm-thick
PMMA layer was spin-coated and exposed using electron
beam lithography. Aer development, the sample was treated
with O2 plasma to enhance metal adhesion. A bilayer of 5 nm
titanium (as an adhesion layer) and 30 nm gold was then
Fig. 4 Schematic of the wet cell fabrication workflow.

J. Anal. At. Spectrom.
deposited by electron-beam evaporation. The li-off process
was carried out in warm acetone, resulting in a nal metal grid
structure, as shown in the gure. Finally, the two chips were
aligned using the central windows and mechanically pressed
together using a pneumatic press. Under compression, a UV-
curable adhesive resin was applied around the perimeter of
the smaller (upper) chip and exposed to ultraviolet light to
initiate crosslinking, thereby sealing the microuidic cell.
Before closing the cell, the WE, represented by the chips with
one optical window depicted in Fig. 4, was functionalized with
a-MnO2 NW bundles without front-contact using the method
described in Subsection 3.1.
3.3 Wet cell testing and proof-of-concept spectral STXM test

Aer building the wet cell (Fig. 3B) around the FMSES (Fig. 3A),
the system was lled with 0.1 M KOH aqueous solution from the
inlet, and both the inlet and outlet were capped by a piece of Si
chip sealed with nail polish. Finally, the WE, CE and RE pads
were bonded using Ag conducting glue, and the cables were
protected with Kapton tape to prevent short circuits. The sealed
and bonded wet cells mounted on the TwinMic sample holder
are shown in Panels D and E of Fig. 3.

The cell was held under open-circuit potential (OCP) condi-
tions, and a stack of images was acquired by scanning the
energy across the Mn L-edge. Representative absorption images
recorded below (640 eV) and above (645 eV) the absorption edge
are reported in Panels A and B of Fig. 5. The absorption spec-
trum, obtained by integrating the optical density over the
regions indicated by the yellow lines in Panels A and B, is re-
ported in Fig. 5c. This spectrum fully matches the spectra and
spectral STXM images of pristine a-MnO2 recorded ex situ at the
same beamline.2,14 These results, though suboptimal in terms of
signal-to-noise ratio and limited to OCP conditions for reasons
of available beamtime, clearly demonstrate the hyperspectral
capability with respect to a-MnO2 immobilized in the wet cell.

To further broaden the analytical potential of this approach,
we envision an integrated in situ correlative workow
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Hyperspectral soft X-ray absorptionmicroscopy of a pristine a-MnO2 sample in a wet cell at OCP. (a and b) Absorption images recorded at
the indicated beam energies. (c) Spectrum measured at the Mn L-edge by averaging the region of the sample outlined in the panels (a) and (b),
plotted together with the spectrum obtained on a grain of a Mn2O3 reference standard used for comparison.
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combining so X-ray STXM with transmission electron
microscopy (TEM). The structural, crystallographic, and high-
resolution morphological information accessible by in situ
TEM could complement the chemical-state sensitivity of STXM,
particularly in tracking redox-driven transformations and
degradation pathways in electrocatalyst nanoparticles. Given
the converging requirements in wet-cell microfabrication for
both techniques (e.g. membrane-supported electrodes, micro-
uidic integration, and electron-transparent windows), devel-
oping a dual-compatible platform is a realistic prospect.
Although correlative STXM-TEM workows under electro-
chemical control are not yet fully established, early-stage
demonstrations of electrochemical TEM with drop-cast
electrocatalysts suggest a strong foundation upon which such
a multimodal methodology could be built. This approach,
which is part of a separate study now in progress, would enable
spatially correlated, time-resolved insights into electrocatalyst
evolution, substantially enhancing our understanding of func-
tional degradation mechanisms.
4. Conclusions

This study establishes a methodological framework for the
fabrication and testing of electrochemical wet cells tailored to
the in situ so X-ray hyperspectral imaging of realistic electro-
catalysts. Specically, we focused on a-MnO2 nanowires (NWs),
a promising ORR electrocatalyst for alkaline metal–air batteries,
and successfully demonstrated their integration into
membrane-supported electrode systems (MSESs) while
ensuring the selective electrochemical activity of the electro-
catalyst. A key aspect of this work was designing an electrode
system to exclude electrochemical interference from the
current-collector. By addressing the key challenges of particle
adhesion and charge transfer at the current-collector interface,
we devised a practical protocol for electrocatalyst incorporation
that ensures functional electrochemical behavior while
preserving the structural integrity and real-life ambient of the
NWs. The fabrication process, involving drop-casting of NWs
and optional pinhole-perforated Au front-contact deposition,
proved effective in establishing robust adhesion and stable
This journal is © The Royal Society of Chemistry 2025
redox cycling, as evidenced by cyclic voltammetry tests and
morphological SEM analyses.

The development and assembly of the electrochemical wet
cell, compatible with synchrotron-based scanning transmission
X-raymicroscopy (STXM) environments, represents a signicant
step forward in the investigation of electrocatalyst behavior
under realistic operational conditions. The successful acquisi-
tion of hyperspectral data across the Mn L-edge under open-
circuit potential conditions validates both the electrical and
mechanical robustness of the cell, conrming that the feasi-
bility of in situ measurements can provide unique insight into
the degradation mechanisms and redox transformations of
electrocatalysts under practically relevant conditions. Adapting
this wet cell design for complementary imaging or spectro-
scopic techniques could provide a more comprehensive
understanding of electrocatalyst behavior. Beyond a-MnO2

NWs, this methodology holds the potential for broader appli-
cations to other electrocatalysts, contributing to the develop-
ment of efficient and sustainable energy technologies.
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