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CONSPECTUS: Electrochemical systems feature complex and spatially L S
heterogeneous elemental distributions that evolve during operation. e v e o sCeon
Revealing the'se elementall dynamics is critic.al to u.nderstanding operation : d @.‘ -

and degradation mechanisms, and thus to improving energy storage and ‘i S=== /'.-

conversion systems. X-ray fluorescence microscopy (XFM) provides a - o=

powerful, nondestructive, and element-specific probe for mapping elemental
distributions with spatial resolution across relevant length scales. These
capabilities enable XFM to address key questions in electrochemical
materials research, including materials synthesis and compositional
engineering, post-mortem analysis of aged materials, and operando
visualization of elemental redistribution during electrochemical processes.
In this Account, we first introduce the mechanics and experimental setup of XFM, followed by its major capabilities and applications
in electrochemical systems. We highlight its element specificity, high sensitivity, multielement detection, penetration power, and
compatibility with operando and nondestructive measurements, which together make it suitable for probing complex and spatially
heterogeneous electrochemical materials. We also compare XFM with other elemental analysis techniques to clarify its distinctive
advantages. We then summarize ex situ XFM studies of electrochemical materials. In materials design and compositional
engineering, XFM can directly verify whether intended elemental architectures are successfully realized, including surface coatings,
elemental doping, and concentration-gradient designs in battery electrodes. This capability is important because the performance of
engineered materials often depends not only on the presence of specific elements but also on their spatial distribution. In postcycling
analysis, XFM reveals unintended elemental redistribution associated with degradation, such as transition-metal dissolution and
deposition, polysulfide migration, electrolyte heterogeneity, and the formation of spatially localized reaction products or byproducts.
These examples show how XFM connects elemental heterogeneity with electrochemical function and failure mechanisms. We
further highlight operando and in situ XFM studies that directly visualize dynamic elemental evolution in working electrochemical
systems. These studies are discussed in two categories: elemental evolution within bulk electrochemical materials and interfacial
processes at electrode—electrolyte interfaces. By repeatedly probing the same region during operation, XFM can track dynamic
electrochemical phenomena such as dissolution—redeposition, reversible and irreversible phase evolution, and elemental diffusion
layers, which are difficult to reconstruct from post-mortem analysis alone. Dynamic behavior captured by XFM enables the
correlation of spatial, temporal, and compositional information with electrochemical performance.

Following representative scientific case studies, we finally discuss the current limitations and future opportunities of XFM in
electrochemical research. Although XFM directly links elemental distributions with electrochemical function and degradation, its
broader application is still limited by trade-offs among spatial resolution, temporal resolution, sensitivity, and field of view, especially
for high-resolution, three-dimensional, and operando measurements. Future advances in higher-brilliance synchrotron sources, faster
scanning schemes, improved energy-dispersive detectors, focusing optics, positioning systems, multimodal integration, real-time data
processing, quantitative reconstruction, and AI/ML-assisted analysis are expected to improve throughput, spatial and temporal
resolution, quantitative interpretation, and the analysis of large XFM data sets. Looking forward, XFM is expected to be applied to
broader electrochemical systems and to become an increasingly powerful tool for guiding the design and mechanistic understanding
of next-generation electrochemical materials and devices.
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Electrochemical systems underpin modern technologies for
energy storage, energy conversion, and adaptive functionality.
Rechargeable batteries power 2portable electronics, electric
vehicles, and grid-level storage,l’ while electrochromic devices
such as smart windows enable dynamic control of light
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Figure 1. Characteristics and applications of XFM in analyzing electrochemical systems. XFM has unique characteristics including elemental
sensitivity, multielement detection, and high power including both high flux and high energy. These characteristics enable high-spatial resolution,
operando measurement, and nondestructive detection of XFM in electrochemical systems. @ to @ in the XEM setup'* are undulator, monochromator,
Fresnel zoneplate, order-sorting aperture, specimen holder, transmission detector, and X-ray fluorescence detector. Reproduced with permission from

ref 15. Copyright 2007 Elsevier Ltd.

transmission.” Fuel cells, electrolyzers, and electrocatalytic
systems further support the interconversion of electricity and
chemical fuels, expanding the role of electrochemistry in
sustainable energy technologies.” Despite their diversity, these
systems share common materials requirements, including high
efficiency, durability, reversibility, reproducibility, and opera-
tional safety.”” Understanding their performance and failure
mechanisms is therefore critical for the rational design and
development of advanced electrochemical materials.

Electrochemical performance and degradation are governed
by coupled reactions and mass transport at the electrode—
electrolyte interface.*”'" During operation, elemental distribu-
tions in the electrode, electrolyte, and mobile species evolve
continuously and often in a spatially heterogeneous manner.
Such compositional evolution can strongly influence reaction
pathways, reversibility, and long-term stability. In the classic
electrochromic WO, system, in situ electrodeposition modifies
the electrode—electrolyte interface and significantly improves
electrochemical performance.'” In mixed-metal hydroxide
catalysts for the oxygen evolution reaction (OER), phase
segregation and elemental redistribution can be reversible under
operating conditions, highlighting the dynamic nature of catalyst
evolution under electrochemical bias."” In rechargeable
batteries, irreversible transition-metal dissolution during long-
term cycling is closely associated with cathode degradation and
performance decay.'” These examples illustrate the importance
of spatially resolved, element-specific characterization capable of
tracking dynamic compositional evolution in electrochemical
systems.

X-ray fluorescence microscopy (XFM) provides a direct link
between elemental distributions and mechanistic studies in
electrochemical systems. As a nondestructive and element-
specific imaging method, XFM enables spatially resolved
visualization of chemical elements in complex specimens.' ™"
Recent developments in operando XFM have further enabled
spatially and temporally resolved analysis of elemental evolution
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during electrochemical reactions.'” These capabilities make
XFM well suited for examining materials synthesis and
compositional engineering,"® " as well as for tracking elemental
redistribution in working electrodes. In particular, operando
XFM can directly visualize dissolution and redeposition of
electrode species, providing mechanistic insight into interfacial
evolution during electrochemical operation. The simultaneous
detection of multiple elements further enables correlated
analysis of interacting interfacial species and their coupled
evolution during operation.”"**

In this Account, we first introduce the fundamental principles
of XFM and highlight the features that make it particularly
suitable for electrochemical studies.">"”** We then review ex
situ XFM studies of electrochemical materials, focusing on
applications in materials design and compositional engineering
as well as 4postcycling analysis of degradation and fail-
ure,' #1¥7292%2% Next, we discuss operando and in situ XFM
studies, emphasizing both elemental redistribution in bulk
electrode materials and dynamic processes at electrode—
electrolyte interfaces.'”'>'”*">>2%%7 Einally, we examine
current limitations of XFM in electrochemical research,
particularly the trade-offs among spatial resolution, temporal
resolution, and experimental complexity, and provide an outlook
on future opportunities in faster imaging, multimodal character-
ization, and next-generation electrochemical XFM platforms.

2. PRINCIPLES AND CAPABILITIES OF XFM

X-ray fluorescence occurs when an inner-shell electron is ionized
from an atom and the resulting vacancy is then filled by an outer-
shell electron to stabilize the atom, while an X-ray photon is
emitted.'® The energy of the emitted X-ray photon is equal to
the difference in binding energies of the two electronic states and
serves as the fingerprint of the chemical element. The intensity
of the fluorescent photons is then used for elemental
quantification. XFM is a scanning-probe microscopy technique
based on the X-ray fluorescence phenomenon. In a typical XFM

https://doi.org/10.1021/accountsmr.6c00091
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experiment, a monochromatized X-ray beam is focused onto the
specimen and raster-scanned across the sample. The fluorescent
photons are measured by an energy-dispersive detector to
generate spatially resolved elemental maps. Figure 1 illustrates
the setup of a synchrotron XFM microscope and highlights its
unique capabilities and feasibility for analyzing electrochemical
systems.

XFM is an element-specific technique that provides spatially
resolved elemental distributions in specimens. The optimal
resolution of the instrument is defined by the X-ray spot size.
Under optimized hard X-ray nanoprobe conditions, spatial
resolutions approaching ~10 nm”® have been demonstrated at
advanced beamlines. The energy-dispersive detector enables
simultaneous detection of multiple elements. XFM also offers
high sensitivity and can detect elements at sub-ppm concen-
trations. Because hard X-rays have strong penetration power,
XFM is a nondestructive method for probing elemental
distributions in complex specimens and buried structures. In
addition to conventional two-dimensional mapping, XFM can
be extended to three-dimensional analysis through XFM
tomography for bulk-like samples,” confocal XFM, and more
recently XFM laminography both for planar specimens.’
Despite their different experimental configurations, these
approaches remain time-consuming because of their scanning-
probe nature and stringent demands on sample stability,
mechanical precision, and data processing.

Synchrotron radiation provides a high-brilliance X-ray beam
with tunable energy, enabling focused X-ray probes, fast
scanning, and operando compatibility. These features are
particularly important for electrochemical studies of dilute
species, dynamic elemental redistribution, and buried interfaces.
At the same time, the dependence on synchrotron facilities limits
accessibility and experimental throughput.

Compared with other elemental analysis techniques, XFM
provides a distinctive combination of high penetration power,
nondestructive probing, multielement detection, and spatially
resolved imaging. Scanning electron microscopy-energy dis-
persive X-ray spectroscopy (SEM-EDX) is widely used for
elemental mapping, but it is mainly sensitive to near-surface
regions and is less suitable for probing buried materials or
complex electrochemical environments. X-ray photoelectron
spectroscopy (XPS) is another surface-sensitive and semi-
quantitative technique for measuring elemental composition,
and recent developments have enabled elemental mapping with
micrometer-scale spatial resolution.”’ Hand-held XFM instru-
ments are commonly used for bulk elemental analysis of
macroscopic specimens, but they do not provide the spatial
resolution required for studying microscale heterogeneity, for
example, <10 um. For precise bulk quantification of elemental
composition, inductively coupled plasma mass spectrometry
(ICP-MS) is widely used; however, it is a destructive technique
and lacks spatial information. Thus, the key advantage of XFM is
not any single capability alone, but the integration of high
penetration depth, nondestructive probing, multielement
detection, and spatially resolved imaging in one technique.

3. EX SITU XFM STUDIES OF ELECTROCHEMICAL
MATERIALS

3.1. Material Design and Engineering

Electrochemical materials are often improved through elaborate
compositional and surface engineering rather than solely through the
discovery of new compounds. Common strategies include surface
coating, elemental doping, and concentration-gradient design, all of
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which aim to enhance structural stability, suppress parasitic reactions,
mitigate the loss of redox active elements, and improve long-term
electrochemical performance.'**”>
approaches depends not only on composition but also on spatial
distribution, characterization methods that directly resolve elemental
heterogeneity are essential for verifying whether the intended material
architecture is realized. XFM provides a nondestructive means to map

two-dimensional and three-dimensional elemental distributions across

Because the effectiveness of these

multiple length scales, from whole electrodes (millimeter scale) to
individual secondary and primary particles (micrometer scale). As a
result, XFM is particularly well suited for evaluating the quality of
engineered electrochemical materials and for linking spatial composi-
tional design to electrochemical function. Figure 2 highlights
representative applications of XFM in the inspection of micro-
engineered electrode materials.

(a) XFM elemental mapping of TiO,-coated NMC 622

(b) 3D XFM of Al/Zr co-doped single crystal NCM

ar'yr

— 1lum

(c) Doping segregation in LCO

Zr
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(d) 3D XFM of concentration gradient NMC
NC-NMS82 NM-NC82

¢ -
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Figure 2. XFM mapping of microengineered cathode materials for
rechargeable batteries. NMC is a leading layered oxide family for
lithium-ion batteries, generally expressed as LiNi,Mn,Co0,0, (x +y + 2
= 1). (a) 2D XFM elemental maps for a TiO,-coated NMC622
cathode.'® Reproduced with permission from ref 18. Copyright 2018
American Chemical Society. (b) 3D XFM tomography of a single-
crystal Ni-rich NMC particle codoped with Al and Zr. Al is found
throughout the crystal indicating uniform lattice doping, whereas Zr is
enriched at the particle surface with a segregated dopant layer."”
Reproduced with permission from ref 19. Licensed under a Creative
Commons Attribution 4.0 International License. (c) An unsuccessful
doping case in one LiCoO, (LCO) cathode particle from different
projections, where the Zr dopant segregated into localized regions
instead of uniformly dispersed. (d) 3D XFM tomography of
concentration-gradient cathode particles, showing two particles of
different Mn and Co concentration from the core toward the surface
with Ni relatively uniform to investigate the correlation between
hierarchical composition design and mechanical stability.”’ Repro-
duced with permission from ref 20. Licensed under a Creative
Commons Attribution 4.0 International License.
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Figure 3. Ex situ XFM data of electrodes or electrolytes after cycling. (a) XFM maps of Mn, Co and Ni element on Li metal anodes, which quantify
transition metal deposition at constant charging rate 1C after different cycles. The scale bars are 1 mm."* Reproduced with permission from ref 14.
Copyright 2023 Wiley-VCH GmbH. (b) XFM maps of S and Se elements on Li metal anodes of Li—S battery after cycling in two different electrolytes
(1,2-dimethoxyethane, DME/1,3-dioxolane, DOL) with and without Lewis acid additive (LAA). The color bar indicates the signal intensity changing
from blue (low) to red (high).38 Reproduced with permission from ref 38. Copyright 2024 Elsevier Inc. (¢) XFM maps and diagrams of sulfur in MIC
electrolyte before and after cycling, which indicate local depletion of mobile ionic liquid and ionic concentration heterogeneity of MIC reclaimed from
LilNMC811 cell configuration. In the color bar, bright yellow pixels indicate a higher concentration of sulfur species while dimmer green pixels present
a lower concentration. Scale bars are all 100 ym. The diagram shows the sulfur concentration throughout MIC electrolyte.” Reproduced with
permission from ref 8. Copyright 2025 Springer Nature. (d) XFM map and correlation map of Zn and V element on discharged V,Oj cathode in Znl|
V,0Oj aqueous battery. Dimension: 0.2 mm. Bright color indicates higher element concentration for Zn and V maps. The right marked map reflects the
Zn/V colocalization relationship: the cyan color represents the top 20% of colocalization and magenta color represents bottom 20% colocalization.

Surface coating is a widely used engineering strategy for stabilizing
electrochemical interfaces. Oxides, phosphates, polymers, and other
chemically stable compounds can serve as artificial passivation layers
between the active material and the liquid electrolyte.”>** Such
coatings can alleviate transition-metal dissolution and irreversible phase
transition during cycling.>*'® Because their effectiveness depends
strongly on thickness and spatial uniformity, direct elemental mapping
is important for evaluating coating quality. XFM is particularly useful in
this context because it can nondestructively confirm the presence and
distribution of coating elements. For example, Gao et al."® applied TiO,
coating to LiNiy¢Mng,C00,0, (NMC622) secondary particles to
improve the high-voltage cycling stability. As shown in Figure 2(a), the
Timap reveals a uniform Ti distribution across the particles, confirming
the successful formation of a Ti-based surface coating layer on
NMC622. This result illustrates how XFM can directly verify whether a
surface coating strategy is spatially realized as intended.

Elemental doping is another important materials-engineering
strategy for improving the structural and chemical stability of cathodes.
In this approach, a small fraction (i.e., <10 wt %) of the host elements is
replaced by foreign dopants, often metal cations such as Mg, Al, Ti, or
Zr.>*%” The spatial distribution of these dopants is critical, because their

benefits depend not only on composition but also on whether they are
incorporated uniformly, enriched near the surface, or segregated into
localized regions. XFM is particularly effective for evaluating such
dopant distributions through direct elemental mapping. For example,
Ou et al."” improved Ni-rich cathode materials using Al/Zr codoping.
In this design, Al enhances Li-ion mobility, relieves internal strain, and
suppresses Li/Ni cation mixing during high-voltage cycling, while a Zr-
enriched outer region promotes the formation of a more stable
cathode—electrolyte interphase and suppresses interfacial degradation.
As shown in Figure 2(b), three-dimensional XFM tomography of a
single-crystal Ni-rich NMC particle reveals strong colocalization of Al,
Zr, and Nj, consistent with successful dopant incorporation. In contrast,
Figure 2(c) shows nonuniform Zr distribution in a Zr-doped LiCoO,
single particle, where the dopant segregates into localized regions rather
than remaining spatially homogeneous. These examples demonstrate
that XFM can distinguish between successful and nonideal doping
outcomes, providing direct feedback for optimizing compositional
engineering strategies.

Beyond adding foreign elements through doping or coating,
concentration-gradient design offers another strategy for engineering
cathode materials by spatially varying the distribution of native
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Figure 4. In situ XFM for bulk detection in electrochemical systems. (a) Schematic of an operando XEM cell design for electrode bulk observation."
Reproduced with permission from ref 12. Copyright 2022 American Chemical Society. (b) Formation and quantification of a surface layer on a WO,
electrode revealed by operando XFM. XEM map of Ti element showing progressive signal buildup after cycles, consistent with deposition of a solid
TiO, layer on the WO, matrix. Quantitative Ti distribution over cycles is depicted on the right line graph.'* Reproduced with permission from ref 12.
Copyright 2022 American Chemical Society. (c) Operando XFM maps for aqueous ZnlIMnO, cell showing Mn (red) and Zn (green) elements, and
the overlay Zn/Mn element maps. The above and below maps correspond to discharged (1.0 V) and charged (1.75 V) states of the MnO, electrode,
respectively. The scale bars are all 5 ym.*® Reproduced with permission from ref 26. Copyright 2023 The Royal Society of Chemistry. (d) Schematic
illustration of the tube battery and operando XFM maps of S (green) and P (red) for a self-healing plastic-ceramic electrolyte revealing the closure of a

void over time. Li metal is set as the reference electrode and stainless steel (SS) as the working electrode.

*¥ Reproduced with permission from ref 48.

Licensed under a Creative Commons Attribution 4.0 International License.

transition metals within individual particles. In battery cathodes such as
NMC, this approach aims to exploit the distinct functions of Ni, Co,
and Mn by placing each element where it is most beneficial. XFM is
particularly valuable for this type of materials design because it can
directly visualize three-dimensional elemental architectures that cannot
be verified from bulk composition alone. For example, Figure 2(d)
shows 3D XFM tomography of two concentration-gradient NMC811
particles.”® One particle features a Co-enriched shell and Mn-enriched
core, whereas the other has a Mn-enriched shell and Co-enriched core;
in both cases, the Ni distribution remains relatively uniform with depth.
These distinct concentration gradients lead to markedly different
electrochemical and mechanical behaviors. The Co-rich-shell/Mn-rich-
core particle exhibits improved morphological stability and slower
capacity fade without sacrificing capacity, whereas the opposite
architecture results in more severe particle cracking and poorer rate
performance. This example highlights how XFM can directly verify
concentration-gradient architecture and guide the rational tuning of
spatial-compositional design in electrochemical materials.

3.2. Postcycling and Degradation Analysis

Whereas ex situ XFM of engineered materials is mainly used to verify
intended compositional architectures in pristine electrodes, postcycling
ex situ XFM reveals unintended elemental redistribution that develops
during electrochemical operation. This capability is particularly
valuable because many degradation pathways in electrochemical
systems are fundamentally spatial redistribution problems: active
elements dissolve, migrate, redeposit, or accumulate in locations
different from where they originated. By mapping elemental
distributions after cycling and quantifying pixelwise correlations
among multiple elements, ex situ XFM can provide mechanistic insight
that is difficult to obtain from bulk electrochemical measurements
alone. As illustrated in Figure 3, postcycling XFM can be broadly
divided into indirect and direct observation. In indirect observation, the
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scanned component is not the original source of the redistributed
species, but rather the location where those species ultimately
accumulate. In direct observation, XFM probes the cycled electrode
or electrolyte itself to resolve spatial changes in active species, reaction
products, or byproducts.

A representative example of indirect observation is transition-metal
cathode-to-anode crosstalk in rechargeable batteries. Transition-metal
dissolution originates at the cathode—electrolyte interface, where the
quantity depends strongly on electrolyte chemistry and operating
conditions.” The dissolved transition metals then migrate through the
electrolyte and deposit on the counter electrode, where they can be
quantified sensitively by XFM. This process has been reported for
nearly all major cathode families, including NMC, LiCoO,, LiMn,0O,,
and LiFePO,,>****" and even trace deposition (ppm level) onto the
anode surface can cause capacity decay.*' ~* Figure 3(a) shows XFM
maps of Mn, Ni, and Co deposited on Li metal anodes after different
numbers reclaimed from cells using Li-rich layered oxide
Li; ,Nig 13C0013Mng 5,0, as the cathode.'* The intensities of all three
elements increase progressively with cycle number, consistent with
continuous transition-metal dissolution from the cathode and
cumulative deposition on the Li metal anode. In addition, the spatial
distributions of Mn, Ni, and Co on the Li surface are broadly similar,
suggesting that the deposition pattern is influenced by common factors
such as local surface roughness or pressure distribution. These results
illustrate how postcycling XFM can convert crosstalk into a directly
mappable spatial signature of degradation.

A similar logic applies to other dissolved-species migration processes,
such as the sulfur shuttle in Li—S batteries. In these systems, sulfur
undergoes a multistep conversion from solid sulfur to soluble lithium
polysulfides and finally to solid Li,S during discharge."* Intermediate
polysulfides can migrate from the cathode to the Li metal anode and
redeposit there, leading to active-material loss at the cathode and
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parasitic degradation at the anode *>* Figure 3(b) demonstrates how

ex situ XFM can evaluate the effectiveness of electrolyte engineering in
suppressing this process.”” In that study, selenium (Se) was introduced
into the sulfur cathode to improve electronic conductivity, but the
dissolved Se-containing species also migrated and deposited with the
polysulfides. When the Lewis acid additive LiBF, was added to the
electrolyte, both S and Se deposition on the Li metal anode were
markedly suppressed judged from the XFM maps, in agreement with
the improved cycling and rate performance. Together with transition-
metal crosstalk, this example shows that ex situ XFM is effective for
quantifying migrated species that originate at one electrode but
accumulate at another, thereby linking quantity or spatial heterogeneity
of deposited elements to degree of battery degradation.

Postcycling XFM can also provide direct observation of elemental
redistribution within cycled electrolytes and electrodes themselves.
One example is the molecular ionic composite (MIC) electrolyte,
which consists of a rigid poly-2,2'-disulfonyl-4,4'-benzidine tereph-
thalamide (PBDT) framework and an ionic liquid phase that provides
ionic conductivity.® Figure 3(c) shows cross-sectional XFM maps of
sulfur species in the MIC electrolyte before and after cycling. Whereas
the pristine electrolyte exhibits a nearly uniform sulfur distribution,
cycling leads to pronounced sulfur depletion especially near the Li
metal/electrolyte interface, reflecting depletion of ionic liquid
associated with unstable interphase formation and decomposition of
the PBDT host. This interfacial heterogeneity aligns with increased cell
impedance, poor Li metal reversibility, and reduced critical current
density of symmetric Li metal cells. Direct postcycling XFM mapping
can likewise reveal reaction products and side reactions in electrodes. In
a rechargeable ZnllV,0; aqueous battery, for example, Zn*>* and H*
cointercalation during discharge forms protonated vanadium bronze
phases, while the local pH increase also drives formation of the
insulating byproduct zinc hydroxy sulfate (ZHS).”"*” As shown in
Figure 3(d), XFM maps and Zn—V colocalization analysis of the
discharged V,O; cathode distinguish Zn associated with vanadium-host
intercalation from Zn associated with ZHS deposits surrounding
cathode agglomerates.”® This spatial separation clarifies the reaction
mechanism, confirms the existence of the byproduct phase, and
highlights the need to control ZHS formation. To summarize, these
studies show that ex situ XFM is not limited to locating redox-active
species after cycling; it can also help elucidate electrolyte changes
arising from bidirectional electrode—electrolyte interactions.

4. OPERANDO AND IN SITU XFM STUDIES

4.1. Dynamics of Elemental Distribution in Bulk
Electrochemical Materials

In contrast to ex situ analysis, in situ and operando XFM
repeatedly probe the same region of a working electrochemical
system and directly track the spatiotemporal evolution of
elemental distributions during operation. For both electrode
materials and electrolytes, this capability is especially valuable
because it reveals transient redistribution, reversibility of solid—
liquid conversion, and divergent reaction pathways that are often
difficult to infer reliably from post-mortem measurements alone.
Figure 4(a) shows a representative in situ electrochemical cell
design for bulk observation.'” In this three-electrode config-
uration, the working electrode is positioned toward the incident
X-ray beam, while the counter and reference electrodes are
placed on the sides, allowing repeated X-ray interrogation of the
same electrode region under applied bias.

Hu et al. used this in situ configuration to investigate the
dynamic modification of WOj electrochromic electrodes during
repeated proton insertion and extraction.'” In principle, proton
intercalation in WO reversibly changes the optical state of the
electrode from transparent to blue. However, repeated cycling in
sulfuric acid induces nonfaradaic dissolution—redeposition of
WOj;, which contributes to device degradation over time. The
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presence of Ti (IV), either introduced as an electrolyte additive
or released from surface coatings, was found to improve the
durability of the WO; electrode. As shown in Figure 4(b), in situ
XFM directly visualizes the progressive formation of an
amorphous TiO, surface layer on WOj; from Ti-containing
electrolytes. The shift of element-count histograms toward
higher Ti fluorescence intensities with cycling indicates
continuous layer buildup across the porous film. This operando
elemental mapping correlates with improved Coulombic
efficiency and enhanced optical modulation, demonstrating
how in situ XFM can reveal constructive dissolution—
redeposition processes which dictates reaction reversibility.

Operando XFM has also provided direct evidence for reaction
pathways in battery electrodes, helping resolve long-standing
mechanistic questions in systems such as aqueous ZnlMnO,
batteries. A range of charge storage mechanisms has been
proposed for MnO, cathodes, including Zn>" insertion/
extraction, H*/Zn>" coinsertion, conversion reactions, and
dissolution—deposition.””**~>" In situ XFM offers a direct
means to distinguish among these possibilities by visualizing the
evolution of Mn- and Zn-containing phases during cycling.
Figure 4(c) shows XFM maps of Mn and Zn in the MnO,
electrode during the third cycle.” In the discharged state, Zn
and Mn maps indicate high colocalization of Zn-rich phase and
MnO,, which was attributed to the zinc hydroxy sulfate (ZHS)
precipitation rather than Zn-ion intercalation. Such high spatial
affinity corroborates the pH-modulating role of ZHS as a
consequence of local proton consumption. Upon subsequent
charging, this colocalization largely disappears, indicating the
reversibility of the ZHS phase and the formation of other Zn-
rich phases. Combined with complementary synchrotron
techniques, these measurements support an electrodissolu-
tion—electrodeposition mechanism with ZHS-mediated pH
modulation.””*” These results highlight how operando XFM
can disentangle dynamic bulk reaction pathways in multi-
material systems.

Beyond electrode—electrolyte reactions, in situ XFM can also
probe the dynamic evolution of electrolytes alone. A tube-cell
configuration is shown in Figure 4(d).*® This design was used to
investigate a plastic ceramic electrolyte composed of
Li; AlysTi, s(PO,); (LATP) particles embedded in a self-
healing solid polymer electrolyte with a dynamic bonding
network. P and S served as elemental markers for the LATP
ceramic and polymer phases, respectively. XFM maps reveal the
healing kinetics of initially voided regions: the sulfur-containing
polymer phase first infiltrates the voids because of its
dynamically cross-linked nature, followed by migration of
micron-sized LATP particles through the matrix to further fill
the defects. This example shows that in situ XFM is not limited
to following redox-active electrode species; it can also
spatiotemporally resolve chemo-mechanical evolution in bulk
solid electrolytes, providing insight into defect healing and
structural stabilization in next-generation solid-state systems.

4.2. Interfacial Processes at Electrode—Electrolyte
Interfaces

Directly visualizing the electrode—electrolyte interface across
relevant length scales is essential for understanding and
engineering electrochemical systems with improved durability
and faster kinetics. Because many of the most important
processes in electrochemistry occur within buried interfacial
regions, specialized in situ XFM geometries have been
developed to directly probe these interfaces during operation.
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Figure S. In situ XFM for interface detection in electrochemical systems. (a) Schematic of an operando XFM cell design for electrode—electrolyte
interface observation.'” Reproduced with permission from ref 17. Copyright 2022 The Electrochemical Society. (b) Operando XFM maps showing the
fluorescence intensity distribution of Fe (left) and Ni (right) ions from the NiFe-based catalyst electrode region to the bulk electrolyte region at 1.63 V
versus RHE. The curve above each XFM map shows the fluorescence intensity distribution from the electrode to the electrolyte. The color scale
indicates the fluorescence intensity, which has the unit of fluorescence counts per pixel.”> Reproduced with permission from ref 22. Copyright 2025
Springer Nature. (c) Evolution of a dissolution-induced diffusion layer above a Mn-based cathode before (left) and after adding electrolyte (right). The
left XFM map is at the solid—air interface without adding electrolyte and has a sharp interface. The right XFM map is after injecting electrolyte and
shows a broadened diffusion layer. The below line profiles are intensities calculated from the yellow shaded area in the zoomed-in region around the
electrode interface.'” Reproduced with permission from ref 17. Copyright 2022 The Electrochemical Society. (d) Operando Mn XFM maps from
MnO, cathode to aqueous electrolyte at fully discharged (D) and charged (C) states for the first four cycles. In the electrolyte, the Mn intensity is high
in the fully discharged state of each cycle while it is low in the fully charged state. The curve below shows galvanostatic discharge and charge profiles
during operando experiment with XFM maps collected at each red point.”' Reproduced with permission from ref 21. Copyright 2020 The Royal

Society of Chemistry.

In one common design, the cross-section of the working
electrode is oriented perpendicular to the incident X-ray beam
so that raster scanning spans from the electrode into the adjacent
electrolyte. Figure S(a) shows a customized three-electrode cell
based on this concept, in which a thin-film working electrode is
deposited on a conductive substrate.'” This configuration
exposes the buried solid—liquid interface, provides spatial
coverage from the electrode into the bulk electrolyte, and
minimizes interference from the counter electrode and other cell
components. Repeated scanning across the same interfacial
region then enables direct visualization of elemental distribu-
tions and their evolution under operando conditions.

In situ interfacial XFM is particularly powerful for resolving
diffusion layers and dynamic species exchange between
electrodes and electrolytes. One representative example is the
oxygen evolution reaction on NiFe-based electrocatalysts.
Figure S(b) shows the fluorescence intensity distributions of
Fe and Ni extending from the catalyst surface into the bulk
electrolyte.”” Both elements exhibit interfacial diffusion layers
under dissolution—redeposition equilibrium. Combined with
complementary spectroscopies and electrochemical quartz-
crystal microbalance measurements, the XFM results revealed
a cooperative solid—molecular mechanism in which dissolved
FeO,” acts as a mobile cocatalyst that shuttles oxygen
intermediates between solution and solid NiFe sites. This

dynamic exchange between dissolved and surface-associated
species enables catalytic behavior beyond the conventional
scaling constraints of single-site surface mechanisms. More
broadly, this study shows that in situ interfacial XFM can directly
visualize catalyst-interface chemistry and elemental redistrib-
ution processes that govern electrocatalytic activity.

A similar approach has helped resolve interfacial reaction
pathways in aqueous ZnllMnO, batteries as shown in Figure
5(d).”! The Mn fluorescence intensity in the electrolyte is
consistently higher in the discharged state and lower in the
charged state. When current is applied, the fluorescence
intensity increases in direct relation to discharge, whereas it
changes only minimally during the rest period. These visual-
ization and quantification therefore support the dissolution—
deposition mechanism at the electrode scale and illustrate how
in situ XFM can distinguish dynamic interfacial exchange
processes that would be difficult to infer from ex situ
measurements alone.

In situ interfacial XFM can also directly track the formation
and evolution of diffusion layers associated with transition-metal
dissolution. Figure 5(c) shows Mn maps recorded across the
interface of a LiMn,0O, electrode before and after electrolyte
addition.'” Without electrolyte, the Mn signal changes sharply at
the solid—air boundary. After electrolyte injection, the Mn
profile broadens into the solution, indicating the formation of an
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interfacial dissolution diffusion layer. Line profiles extracted near
the interface further quantify this spatial broadening caused by
chemical dissolution. Additional operando measurements
showed that the Mn diffusion layer continued to evolve during
cycling and approached a quasi-equilibrium thickness under
modest applied bias. These results highlight the ability of
interfacial XFM to capture both the emergence and steady-state
behavior of dissolved transition-metal species near electro-
chemical interfaces.

Taken together, these studies demonstrate that in situ
interfacial XFM provides an invaluable direct view of buried
solid—liquid interfaces in working electrochemical systems,
which is especially important for understanding bidirectional
electrode—electrolyte interactions and for guiding the interface
design toward more durable and efficient electrochemical
devices.

5. CONCLUSION AND OUTLOOK

XFM has become an enabling platform for studying electro-
chemical materials because it directly links elemental distribu-
tions with electrochemical function and degradation. As
highlighted in this Account, XFM has been applied to a broad
range of electrochemical questions, from verifying engineered
compositional architectures in pristine materials and identifying
postcycling elemental redistribution, to directly visualizing
dynamic processes in working electrodes and at buried
electrode—electrolyte interfaces. Its combination of element
specificity, high sensitivity, multielement detection, and
penetration power makes it particularly well suited for probing
chemically complex and spatially heterogeneous systems across
relevant length scales.

Several practical constraints should be considered when
applying XFM to electrochemical systems. First, conventional
hard X-ray XFM is typically limited to elements with Z > 13,
because fluorescence from lighter elements has low yield and is
strongly attenuated by air, detector windows, electrolytes, and
cell components. Second, XFM provides elemental rather than
chemical-state contrast. Energy-dispersive detectors can sepa-
rate fluorescence lines from different elements, but their energy
resolution is generally insufficient to resolve oxidation states or
local bonding environments. Third, XFM is a scanning-probe
technique, so acquisition time is governed by pixel number,
dwell time, fluorescence yield, and required signal-to-noise ratio.
Operando measurements therefore require stable samples, beam
intensity, positioning systems, and cell geometries. Finally,
because pixels are collected sequentially, each map contains an
intrinsic intraframe time delay, which can affect interpretation
when the electrochemical process evolves on a time scale
comparable to the scan time. These constraints require
balancing elemental sensitivity, spatial resolution, field of view,
temporal resolution, and measurement stability. Future
advances in instrumentation and data analysis will further
expand the capability of XFM. Higher-brilliance synchrotron
sources, faster scanning schemes, improved detectors, focusing
optics, and positioning systems will improve throughput, spatial
resolution, and temporal resolution, especially for operando and
three-dimensional measurements. Beyond conventional raster
scanning, emerging full-field, multiplexed, and computational
XFM approaches may provide alternative routes to faster
elemental imaging and reduced temporal ambiguity within each
image. For example, structured-illumination X-ray chemical
imaging has recently integrated full-field transmission X-ray
microscopy with XRF detection to recover nanoscale elemental

maps without nanoscale beam focusing or point-by-point raster
scanning.53 Multimodal integration with micro-XRD, XANES,
scattering, tomography, and electrochemical measurements will
further connect elemental distributions with phase, structure,
chemical state, and performance. As XFM data sets become
larger and more multidimensional, Al/ML-assisted workflows
will be increasingly important for spectral fitting, image
registration, segmentation, feature tracking, correlation analysis,
and adaptive scanning.

Although many current XFM studies in electrochemistry
focus on battery materials, the method is broadly applicable to
systems in which elemental redistribution, interfacial hetero-
geneity, and trace-species migration govern performance. In
CO, reduction, XFM can help track catalyst restructuring, metal
dissolution and redeposition, and local electrolyte or cation
accumulation under bias. In fuel cells, it can visualize catalyst
degradation, trace-metal migration, and catalyst-layer hetero-
geneity across membrane—electrode assemblies. In bioelec-
trochemical systems, XFM may provide spatially resolved
information on metal centers, nutrient gradients, and interfacial
reaction pathways associated with microbial electron transfer. As
electrochemical materials become more compositionally com-
plex and are increasingly studied under realistic operating
conditions, XFM will play an important role in connecting
spatially resolved elemental dynamics with mechanistic under-
standing and rational materials design. From a methodological
perspective, XFM is most useful when the central scientific
question involves spatial elemental redistribution rather than
only average composition, especially when the target elements
are medium- or high-Z species and when nondestructive or
operando measurements are needed. Looking forward, the value
of XFM in electrochemical research will continue to grow as the
field moves toward more heterogeneous materials, more
complex interfaces, and more realistic operando environments.
Its unique ability to resolve spatially and temporally evolving
elemental distributions makes it especially powerful for
understanding how composition, transport, and reaction
pathways are coupled in working systems. Together with
continued developments in instrumentation, multimodal
characterization, and data science, XFM is well positioned to
play an increasingly important role in the design and mechanistic
understanding of next-generation electrochemical materials and
devices.
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