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ABSTRACT: Catalysts operate under complex conditions that require
sophisticated approaches to understand their dynamics. This perspective
outlines advances in experimental operando techniques, theoretical
approaches, and machine learning (ML)-based data analysis to elucidate
catalyst dynamics and improve the next-generation catalyst design. We first
survey operando techniques, spanning electron microscopy, X-ray spectros-
copy, and vibrational spectroscopy, that capture catalyst dynamics under
operating conditions. We then discuss how operando observations integrate
with and inform theoretical models, creating an iterative feedback loop
between experiment and computation. Finally, we highlight how advanced
data analysis, especially ML, enables the interpretation of high-dimensional
operando data sets and can even inform catalyst design. Together, these
synergetic approaches provide a unified framework for probing catalyst
function and accelerating the rational design of efficient, durable catalytic
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systems for sustainable chemical manufacturing.
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INTRODUCTION

Today’s chemical industry contributes to over 24% of global
greenhouse gas emissions due to its reliance on heat-intensive
thermochemical processes.' To enable more sustainable
chemical manufacturing, much progress has been made in
the design of electro-, photo-, and biocatalysts, which can
operate under lower temperature and pressure conditions. Still,
optimizing catalysts for sustainable industrial manufacturing
will require an improved understanding of how the atomic-
scale structure impacts function. During catalytic reactions,
catalysts undergo multifaceted physical, chemical, and
structural changes. These changes not only affect the lifetime
of the catalyst but also modulate reaction pathways, thereby
impacting performance.” These changes are termed “catalyst
dynamics”; they reflect the evolving nature of the active sites
that can either enhance or degrade the overall catalytic
performance, including the activity, rate, and selectivity.3 There
is considerable value in studying these dynamics under realistic
operating conditions to improve efficiency and innovation in
catalytic technology.

Recent advances in in situ techniques have enabled the
capture and explanation of the dynamic behavior of catalysts.”
The term “in situ” derives from the Latin phrase meaning “in
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place”. It refers to the real-time recording of catalyst dynamics
while simulating one or some of the reaction conditions by
coupling with controlled external stimuli.”® However, a stark
contrast often exists between operating conditions in industrial
catalytic reactors and those that can be achieved in traditional
in situ measurements. Common industrial reactions, such as
the Haber—Bosch process for ammonia synthesis, occur at
extreme pressures (150—350 bar),” while propane dehydro-
genation operates at elevated temperatures of $50—750 °C.°
Similarly, processes like steam methane reforming for blue
hydrogen production demand even harsher conditions,
typically ranging from 700 to 1000 °C and pressures of 3—
35 bar.” In the realm of electrocatalysis, processes such as the
oxygen evolution reaction involve complex liquid phases and

electrochemical biases.'” Likewise, photocatalysis requires
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Figure 1. Complementary feedback cycle between operando techniques, theoretical approach, and data analysis of catalyst dynamics.

controlled conditions of light illumination to replicate real-
world operating conditions such as those found in nature (e.g,
to understand photosynthesis or nitrogen fixation)'' or to
design next-generation light-driven industrial photoreactors."”
How can one obtain dynamic structure—property—perform-
ance relations while operating under reactive gaseous or liquid
environments and with varying temperatures, pressures, and
electrical and optical biases? To answer this question, a
significant amount of effort has been recently made to
transition in situ techniques toward operando measurements.
“Operando” measurements use in situ techniques to
simultaneously measure physical/chemical phenomena and
system performance during catalytic operation.'” In particular,
operando measurements emphasize achieving multiple exper-
imental conditions to fully simulate working or operating
conditions, capturing a more realistic picture of the catalytic
process.” 3717 Achieving realistic operando conditions in-
volves not only monitoring catalysts during operation but also
ensuring that these conditions replicate the industrial or
environmental parameters in which the catalysts will be used.
These operating conditions are usually achieved by engineering
the environment implemented in the platform for in situ
measurements, such as by connecting with microfluidic
channels for introducing liquid, exposing the sample to the
gas through differential pumping, applying electrochemical
biasing, and controlling temperature. Yet, due to the inherently
confined nature of most equipment for operando measure-
ments, the environments implemented in operando experi-
ments lack the complexity of the bulk operating conditions.'®
Therefore, a comprehensive understanding of catalyst dynam-
ics can only be achieved through the cross-validation between
multiple complementary operando techniques. However,
integrating insights from multiple techniques introduces new
challenges in interpretation. The diverse nature of operando
data, ranging in spatial and temporal resolution, signal type,
and sensitivity to different catalytic properties, necessitates a
rigorous framework for correlation and validation. This is
where theoretical modeling becomes essential. Theoretical

approaches, such as density functional theory (DFT) and
molecular dynamics (MD) can help contextualize experimental
observations, clarify underlying mechanisms, and guide the
selection of relevant experimental parameters. Conversely,
operando data provide critical benchmarks for refining
theoretical models, improving their accuracy, and predictive
power. Yet, the increasing volume and complexity of operando
data also call for advanced data analysis strategies. As these
data sets grow in both size and dimensionality, traditional
manual interpretation becomes insufficient. Emerging machine
learning (ML) algorithms offer powerful capabilities to extract
patterns, classify dynamic behaviors, and even predict catalytic
performance based on multidimensional data streams.

In this perspective, we highlight strategies that leverage the
synergy between operando techniques, theoretical modeling,
and data-driven analysis to uncover the complex dynamics of
catalytic systems. We begin by surveying key operando
techniques, such as electron microscopy (EM), X-ray spec-
troscopy, and vibrational spectroscopy, that offer distinct yet
complementary views of catalyst behavior under working
conditions. When combined, these techniques can bridge the
gap between simplified operando models and real-world
catalytic environments. Next, we examine how operando data
fit into the iterative feedback loop between experiment and
theory. Real-time observations serve both to validate and refine
theoretical models, including those based on DFT, while
theoretical predictions help interpret experimental signals and
guide future measurements. Finally, we explore advanced data
analysis approaches designed to manage the volume and
complexity of operando data sets. Here, Al, particularly ML,
plays a pivotal role in uncovering trends, identifying reaction
patterns, and predicting catalytic outcomes from high-dimen-
sional, time-resolved data. By integrating these three pillars,
operando experimentation, theory, and ML-based data analysis,
we propose a unified framework to more effectively capture
and understand catalyst dynamics, ultimately driving the design
of more efficient and robust catalytic systems (Figure 1).
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Figure 2. Characterization of catalyst dynamics under controlled environmental conditions followed by multimodal outputs through
operando electron microscopy. (a) Pt nanoparticle dynamics under redox conditions in a gas environment. (b) Sintering and degradation of
support observed via HAADF-STEM (top) and SE (bottom) imaging. (c) Degradation of the electrocatalyst with high Pt (top) and low Pt
(bottom) loading on a carbon support, during electrochemical cycling under accelerated stress test (ACT) conditions in a liquid
environment. (d) Morphology evolution of Cu catalyst during electrochemical CO2RR captured through 4D-STEM. (e) Light-driven H,
absorption of Pd captured through optically coupled TEM. Adapted with permission from ref 81. Copyright 2021 American Association for the

Advancement of Science.

OPERANDO TECHNIQUES TO REVEAL CATALYST
DYNAMICS

To date, no single operando technique can capture the
complete picture of catalyst dynamics. By combining operando
EM, X-ray spectroscopy, and vibrational spectroscopy,
researchers can probe distinct aspects of catalyst behavior,
from atomic-scale structure to electronic states and molecular
interactions. This section outlines how each method offers
complementary insights and how their integration deepens our
understanding of dynamic catalytic processes.

Operando Electron Microscopy for Imaging Atomic
and Morphological Transformations. Operando electron
microscopy (EM), primarily utilizing scanning and trans-
mission electron microscopy (S/TEM), offers unparalleled
spatial (~0.5 A)"” and temporal (~1 ms down to subps)
resolution.””*" This technique enables near-real-time, nano-
scale visualization of catalytic processes under working
conditions. One of the key strengths of operando EM lies in
its multimodal capabilities: it simultaneously acquires struc-
tural and chemical information through imaging, diffraction,
and spectroscopy modes. By replicating realistic catalytic
environments, including exposure to reactive gases or liquids,
elevated temperatures, electrical bias, and even light stimuli,
operando EM captures a wide range of dynamic phenomena
such as morphology evolution, crystallographic transforma-
tions, atomic rearrangements, changes in size and shape
distributions, and compositional shifts.”'®**~** These diverse
capabilities, coupled with high spatial and temporal resolution,
make operando EM a uniquely comprehensive tool for studying
catalyst dynamics at multiple scales and dimensions, enabling

insights into mechanisms such as sintering, phase transitions,
metal—support interactions, and degradation processes that are
otherwise challenging to capture.

Operando EM has proven especially powerful for studying
catalyst dynamics in gas-phase environments, where precise
control over gas composition and temperature enables real-
time observation of structural and compositional changes
under reactive conditions.”*****~*" Through this approach,
operando EM has captured key gas-phase dynamics such as
compositional evolution,” sintering via Ostwald ripening and
coalescence,"”** and interaction between metal nanoparticles
and the support.**~* More recently, Frey et al. used operando
EM to investigate the dynamics of Pt nanoparticles on a TiO,
support under H, and O, environments, capturing strong
metal—support interaction (SMSI), a key phenomenon in
catalyst dynamics. They showed that SMSI between Pt and
TiO, is highly dynamic and reversible, depending on the redox
conditions. Under mixed H,/O, environments, redox-driven
reconstructions of TiO, destabilize the interface and cause
orientation-dependent particle migration, indicating that active
sites can shift significantly during reaction®’ (Figure 2a).
Researchers have also integrated conventional 2D STEM
imaging with secondary electron-based 3D topological
mapping to capture the spatial complexity of supported
catalysts. For instance, Lee et al.>' (Figure 2b) showed the
sintering of Pt nanoparticles and localized degradation of the
carbon support using the combined 2D and 3D images via
high-angle annular dark-field STEM (HAADF-STEM) and
secondary electron (SE) imaging equipped with differential
pumping for gas flows and temperature control up to 700 °C.
These advances highlight how operando EM in gas environ-
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ments provides a multidimensional view of catalyst evolution,
essential for decoding deactivation mechanisms and designing
stable, high-performance catalysts.

In parallel with advances in gas-phase operando EM,
substantial progress has been made in extending operando
EM capabilities to liquid-phase environments to study
electrocatalyst dynamics under realistic electrochemical con-
ditions.”*~ By integrating liquid flow systems with electro-
chemical biasing, operando EM enables direct visualization of
composition and phase evolution processes, which are the
major contributors to the performance and degradation of
electrocatalysts.””~° For example, a recent study by Kim et al.
elucidated the degradation pathways of Pt on carbon
electrocatalysts during accelerated stress test cycles for fuel
cell applications, which are responsible for the oxygen
reduction reaction (ORR). The authors periodically altered
the liquid electrolyte thickness to obtain both a high-resolution
image and signal from electrochemical biasing. From these
results, they quantified the degradation process of the catalyst,
revealing that smaller nanoparticles are more prone to
migration and coalescence, giving insights into size-dependent
durability (Figure 2¢).%° Moreover, diffraction such as 4D-
STEM can be combined with imaging to elucidate the
morphological evolution in complex catalytic structures.’’
For example, Yang et al. have shown the presence of metallic
Cu grains for electrochemical CO, reduction reactions
(CO2RR) using 4D-STEM images, showcasing the technique’s
ability to correlate phase transformation with electrocatalytic
function (Figure 2d).°® Ongoing developments are addressing
critical challenges in operando liquid-phase EM to evaluate
electrocatalyst dynamics correctly. For example, the electron
beam effect on the solution chemistry of the liquid environ-
ment during in situ and operando environments is often
considered challenging, but the pathways to overcome and
exploit them were also reviewed in a recent review article by
Fritsch et al.*””° Moreover, temperature control also functions
as a critical parameter in electrocatalysis, and traditional efforts
in implementing temperature control in liquid-phase TEM to
analyze the kinetics of the reaction’’”"® were incorporated
with electrochemical biasing to realize simultaneous temper-
ature control and biasing.”””7*®

In addition to traditional external stimuli such as gas, liquid,
temperature, and electrical biasing, light illumination has
recently emerged as a powerful tool in operando EM for
probing photocatalyst dynamics.”” The integration of light into
high-energy-resolution aberration-corrected STEM, enabled by
innovations such as the cryo-cathodoluminescence holder
developed by Vadai et al, allowed researchers to directly
identify optically active catalytic sites by coupling optical
excitation and collection with electron imaging.*’ This
optically coupled setup, which uses dual optical fibers and
parabolic mirrors surrounding the sample with a central
aperture for the electron beam, revealed critical light-driven
phenomena, such as the kinetics of Pd phase transformations
during H, desorption/absorption®’ and plasmon-induced
reaction localization at otherwise inactive sites (Figure 2e),”’
which demonstrates the unique capability of operando EM to
uncover photocatalytic mechanisms that are inaccessible
through conventional techniques.

Beyond imaging and diffraction, operando EM ofters
spectroscopic capabilities through techniques such as energy-
dispersive X-ray spectroscopy (EDS) and electron energy loss
spectroscopy (EELS), enabling comprehensive chemical

analysis alongside structural observations.”> These spectros-
copies are critical for understanding catalyst dynamics, as
catalysts often involve multicomponent systems with evolving
elemental compositions and bonding states during reactions.
EDS allows for spatially resolved elemental mapping, providing
insight into compositional changes linked to catalytic
activity.*>*»® EELS is suitable for revealing bonding types
and vibrational modes, and it has been found particularly
useful for catalyst reaction study as it can effectively quantify
the gas product compositions for operando TEM study of the
catalyst, which was demonstrated by Crozier et al.** High-
resolution EELS can also extract the response from adsorbates
on the catalyst surfaces. This is particularly important as the
information on the bonding of the adsorbate—surface interface
is the core of the catalyst activity.

Despite its powerful capabilities, operando EM has inherent
limitations that can be complemented by other techniques.
First, the intrinsic requirement for electron transparency
constrains sample geometry, while electron beam-induced
effects such as radiolysis remain a persistent concern in
sensitive materials or liquid environments. Moreover, achieving
atomic resolution under realistic operating conditions, such as
high-pressure or high-temperature gas environments or in thick
liquid layers for electrochemical studies, can be technically
demanding; often, these reactive environments compromise
the image quality. Furthermore, the simultaneous application
of multiple external stimuli including gas, liquid, heating,
electrical bias, and light illumination, still poses challenges for
implementation. Lastly, although operando EM excels at
visualizing structural and morphological changes, it needs to
be improved in capabilities for identifying reaction products or
probing vibrational signatures, requiring integration with
complementary tools such as mass spectrometry or vibrational
spectroscopy. These challenges highlight the importance of a
multimodal approach to fully understand complex catalytic
systems under operando conditions.

Operando X-ray Spectroscopy for Characterizing the
Local Environment and Electronic Structure. Among X-
ray spectroscopy techniques, X-ray absorption spectroscopy
(XAS) serves as a powerful complement to electron
microscopy. The technique offers quantitative insights into
the local chemical environment, with fewer constraints on
sample geometry, such as thickness, making it particularly
suitable for bulk-scale analysis.'®"”%"*~%” Widely adopted in
catalysis research, XAS encompasses two main techniques: X-
ray absorption near-edge structure (XANES), which probes
electronic structure and oxidation states, and extended X-ray
absorption fine structure (EXAFS), which reveals coordination
numbers and bond distances.*> With advances in operando
reactor cell designs, operando XAS can now be conducted
under realistic catalytic conditions.'”* Operando XAS has
contributed significantly to our understanding of gas-phase
catalytic systems such as CO, hydrogenation,™ as well as in
electrocatalysis, where complex, multistep charge transfer
mechanisms and dynamic redox behavior present unique
challenges.*****?° In particular, operando XAS has elucidated
the mechanisms of key electrochemical processes such as water
splitting involving oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER)”'~* and CO, reduction
reactions (CO,RR).”*"*

It is important to note that operando XAS provides
ensemble-averaged spectroscopic information, which limits its
ability to directly correlate with catalyst dynamics in terms of
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Figure 3. Probing the dynamic reaction mechanisms on the electrocatalytic interface using operando XAS. (a) Operando XANES
measurement (left) paired with operando EM (top right) and XM (bottom right) on the Cu,O catalyst under operating conditions of
NO;RR. (b) Steady-state operando XAS measurements on IrO,/graphene OER catalysts with different applied voltages (left), showing the
correlation of the charge accumulation to the electrochemical current (right). (c) Operando XANES (left) and EXAFS (right) spectra during
OER using the Li-IrO, catalyst showing the key role of the [IrO4] hydrophilic center in promoting the reaction. (d) Operando XANES
revealing the role of Ru and Ir in balancing reactivity and stability for OER. Adapted with permission from ref 107. Copyright 2020 Springer

Nature.

structure and morphology. However, this limitation can be
effectively complemented by operando EM, which offers
atomic-to-nanoscale spatial resolution.””'*’ For example,
recent work by Yoon et al.®' demonstrated the synergistic
effect of combining operando XAS, EM, and X-ray microscopy
(XM) in revealing the evolution of Cu,O structure and
morphology, as well as its role in electrocatalytic performance
for the nitrate reduction reaction (NO;RR) (Figure 3a).
Operando XAS has been extensively applied to investigate
the dynamics of OER, particularly in the context of water
splitting using the acidic polymer electrolyte membrane, where
OER presents a unique bottleneck due to its sluggish kinetics,
high overpotentials, and harsh operating conditions.'”" These
challenges have driven many research groups to utilize
operando XAS to establish structure—activity relationships

and identify stable, efficient catalysts under realistic operating
conditions.'””~'% Jones’ group demonstrated through com-
bined pulse voltammetry and operando XAS that charge
accumulation within iridium oxide catalysts, rather than direct
bias effects on the reaction coordinate, controls the electro-
catalytically generated current, revealing the major mechanism
to tune the electrochemical reactivity (Figure 3b).'7 Findings
from operando XAS, including XANES and EXAFS, have also
revealed the dependence of performance on the catalytic
structure, in particular the superior performance of amorphous
materials compared to their crystalline counterparts. Gao et al.
investigated amorphous Li-IrO, electrodes in acidic media,
revealing that these materials achieve superior OER activity
due to their “flexible” disordered [IrOg4] octahedrons (Figure
3¢).'% Unlike the “rigid” periodically interconnected octahe-
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drons in crystalline IrO,, these flexible structures undergo
oxidation to higher Ir oxidation states and Ir—O bond
contraction during OER conditions, creating more hydrophilic
centers that facilitate water oxidation turnover.

Insights from operando XAS can also be applied to design
new catalysts by learning which parameters tune the reactivity
and stability of the catalysts. Danilovic et al. found that in
acidic conditions, the valence is the key to the transition metal
cations for electrochemical OER."” The high valence usually
exhibits great reactivity but instability in OER, and vice versa.
Through the interrogation of Ru and Ir catalysts, the
intermediate oxide state of these metals improved the balance
between the reactivity and stability (Figure 3d). Kim et al.
enhanced OER performance by anchoring metallic Co
nanoparticles onto yttrium ruthenate pyrochlore oxide.''’
Their operando XAS measurements identified that facile
oxidation of Y and Ru cations under reaction conditions
reduces the formation energy of critical [CoOOH] inter-
mediates, thereby promoting catalytic activity. These studies
collectively demonstrate how operando XAS reveals the
dynamic nature of active sites, where local coordination
environment changes and oxidation state transitions directly
control catalytic reactivity.

Operando Vibrational Spectroscopy for Analyzing
Chemical Bonds and Adsorbates. While operando EM and
XAS probe the structure and electronic configuration of the
catalyst itself, vibrational spectroscopy excels in detecting the
chemical identity and dynamics of molecular species
interacting with catalyst surfaces. Infrared vibrational spectros-
copy, such as Fourier-transform infrared spectroscopy (FTIR)
and surface-enhanced Raman spectroscopy (SERS), probes the
molecular structural information, i.e., fingerprints, from
vibrational modes with frequencies typically at 4000—400
cm™". These techniques are complementary to XAS, enabling
the detection of dynamic adsorbate evolution on the catalyst

surface and at solid—liquid or solid—gas interfaces. Therefore,
vibrational spectroscopy adds a molecular-scale dimension to
operando studies, capturing dynamic interactions at the solid—
liquid or solid—gas interface that directly govern catalytic
performance. Similar to XAS, these methods have been
instrumental in real-time tracking of catalytic pathways by
identifying adsorbed intermediates in electrochemical pro-
cesses, including water splitting””''"""'* and CO,RR.”>7"'!!
For example, Yao et al.''” designed a fragmented Cu catalyst
with a low coordination number to enhance C—C coupling for
CO, reduction. Using operando FTIR and SERS in a CO,-
saturated 0.1 M KHCO; solution, they investigated the
regulation of Cu—CO accumulation under different potentials.
Their analysis revealed the C=O stretching mode of
*OCCOH intermediates, distinguishing the behavior of low-
coordination Cu from conventional Cu catalysts (Figure 4a).

Beyond its specificity in identifying molecular fingerprints,
SERS offers exceptionally high sensitivity, enabling detection
down to the single-molecule level.''* Brooks et al.''®
monitored the plasmon-driven intramolecular methyl migra-
tion of N-methylpyridinium (NMP) to 4-methylpyridine
(Figure 4b). SERS was crucial for confirming the product’s
identity by comparing experimental spectra with theoretical
studies and revealing the dependence of reaction yield on the
laser focus position. The analysis highlighted how the
distribution of enhanced electromagnetic fields on the
plasmonic Au-film-overnanosphere substrate influenced reac-
tion efficiency, with steric hindrance playing a crucial role at
the laser focus. SERS can also be applied in the study of
photocatalytic systems in nature, such as photosynthesis. For
example, Wilson and Jain used SERS to find the intermediate
states and the reaction cycle of the light-driven water splitting
catalyzed by the oxygen-evolving complex, which emphasized
the role of low-frequency SERS as a critical tool for elucidating
the catalyst dynamics.''®
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Vibrational spectroscopy also benefits from ultrafast
temporal resolution, allowing for the study of reaction kinetics
on the picosecond timescale and offering unique insight into
energy dissipation mechanisms during photochemical reac-
tions. Keller and Frontiera''” first measured the effective
temperature on the probe molecule at the Au dimer junction,
which is an electromagnetic hotspot under light irradiation
(Figure 4c). Through the measurements of the ultrafast Stokes
and anti-Stokes thermometry with the illumination condition
at peak flux values 10° times stronger than the focused sunlight,
the effective photothermal heating is less than 100 K and
dissipates within ~5 ps. This experimental observation shows
that photothermal heating is not a primary mechanism for
plasmon-driven chemistry. Other infrared spectroscopies, such
as infrared transient absorption spectroscopy, can also provide
valuable insights into the dynamics of the light-driven reaction
of photocatalysts. For example, Tagliabue et al. employed
ultrafast infrared transient absorption spectroscopy to reveal
the hot-carrier dynamics in metal—semiconductor hetero-
structures, which can serve as a foundation for designing
photocatalysts on ultrafast timescales.''®

Moreover, advanced forms of Raman spectroscopy, such as
electrochemical tip-enhanced Raman spectroscopy (EC-
TERS) equipped with a sharp metallic tip for nanoscale
resolution, can provide enhanced surface-sensitive character-
ization of electrochemical processes and catalytic reactions. For
example, Huang et al."'” used EC-TERS with 7.3 nm spatial
resolution to study the structural evolution of MoS, during the
HER (Figure 4d). They revealed that lattice deformation and
electron density variations extend from the edge into the basal
plane, with performance enhancements attributed to irrever-
sible reconstructions from sulfur atom loss, facilitating
hydrogen adsorption and reducing activation energy. In
summary, vibrational spectroscopy with its high sensitivity,
molecular specificity, and high temporal and spatial resolution
has become a powerful tool for investigating molecular
structures, dynamic processes, and interactions.

Together, these operando techniques form a complementary
suite that links structure, electronic state, and interfacial
chemistry across spatial and temporal scales. Their integration
enables a comprehensive view of catalyst dynamics that no
single technique can provide alone, setting the stage for theory-
guided interpretation and data-driven discovery described in
the following sections.

Theoretical Approaches to Link Operando Analysis
and Computational Modeling. Ab initio calculations have
become a cornerstone of catalysis research, as these
calculations offer insights into surface chemistry and reaction
mechanisms. Since the foundational work by Nerskov and co-
workers in the early 2000s, DFT has enabled qualitative
insights across a wide range of materials, from symmetric,
single-element metals to complex multielement systems, such
as oxides, perovskites, and transition metal dichalcoge-
nides."*°~"** However, its predictive accuracy remains limited
by the difficulty of capturing realistic operating conditions. It is
often challenging to incorporate key factors affecting the
reactant binding energies, such as surface reconstruction,
solvation, and local electric fields, into the standard DFT
frameworks. Most simulations still rely on idealized, energeti-
cally stable surface models that differ significantly from the
dynamic, heterogeneous surfaces under operando conditions.
Even noble metals, which are often regarded as chemically
stable, undergo substantial restructuring under reaction

environments. Migration, dissolution, and oxidation processes
are frequently observed during operation, and these trans-
formations diverge considerably from idealized surfaces,
thereby complicating predictive modeling. Furthermore, recent
theoretical studies have revealed that catalytic activities are
often dominated not by these majority stable sites but by
minority or transient active sites, which emerge dynamically
and transiently under reaction conditions."**™"*” These sites,
though challenging to directly observe using conventional
experimental techniques, which primarily capture only
abundant majority sites, play a critical role in driving catalytic
performance. Pioneering researchers have extensively com-
bined advanced computational modeling with operando
experimental techniques to unearth these elusive active sites
and demonstrate their significant impact. This growing body of
work highlights the inherent limitations of static models and
underscores the need for integrated theoretical—experimental
frameworks that can accurately capture the evolving micro-
environment and transient phenomena at the local catalyst
surface.

In this context, the operando techniques described above are
powerful tools for directly probing active sites, reaction
intermediates, and the evolving catalyst surface microenviron-
ment under realistic operating conditions. These experimental
insights serve not only as validation points but also as essential
baselines for refining ab initio calculations. Complementarily,
theoretical modeling continues to provide critical information
that remains experimentally elusive, such as reaction energy
landscapes,'”® hybrid molecular-catalyst orbitals,"*”"** and
catalyst—substrate interactions.'*"'** Recent efforts have
increasingly focused on closing the gap between simulations
based on ideal static models and dynamic systems under
realistic operating environments by integrating observations
from operando studies and computational modeling. The focus
of computational—experimental integration is defined in stages
of (1) precise prediction of the catalyst surface structure, (2)
identification and theoretical validation of reaction intermedi-
ates, and (3) investigation of the influence of the micro-
environment on catalyst behavior.

Understanding the precise atomic structure and activity of
catalytic sites is foundational for unraveling reaction mecha-
nisms and guiding catalyst design.'”” In this context, surface-
sensitive techniques such as scanning tunneling microscopy
(STM), combined with computational modeling, have been
instrumental in providing atomic-level insights under well-
controlled conditions. The works led by Hammer and co-
workers highlight the importance of accurately identifying
active edge sites and elucidating diffusion and adsorption
behaviors on model catalysts, such as single-layer MoS, and
anatase TiO, surfaces.'>*”'** These studies underscore how
detailed surface site characterization, including adsorbate
interactions and dynamic surface rearrangements, is critical
for constructing reliable reaction site models that inform both
experimental interpretation and theoretical predictions.
Advanced imaging techniques, particularly operando EM,
enable real-time visualization of surface atom arrangements
and dynamic reconstructions that are otherwise inaccessible.
These observations provide definitive structural evidence that
bridges theoretical predictions with experimental reality.
Avanesian et al. presented the surface reconstruction
mechanism of Pt nanoparticles under elevated temperature
with CO gas.”” High-resolution STEM (HRSTEM) images
revealed Pt migration upon CO exposure, resulting in the
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Adapted with permission from ref 153. Copyright 2021 Springer Nature.

transformation of the (100) surface into high-index facets
(Figure Sa). This structural evolution was supported by DFT
simulations, which showed that CO adsorption more
significantly stabilizes the surface energy of high-index facets
compared to the (100) surface. The stabilization of the
structure through Pt migration was further corroborated by
diffuse reflectance infrared Fourier-transform spectroscopy
(DRIFTS), which revealed a time-dependent increase in the
vibrational signal of CO on undercoordinated Pt (~2060
cm™"), typically found on high-index surfaces. Similarly, Vara
et al. investigated the deformation of Pd—Pt core—shell
nanoparticles under high temperatures. Operando STEM
analysis showed that cubic nanoparticles maintained their
core—shell structure even at high temperatures of 900 °C,
whereas octahedral particles lost their core—shell architecture
due to Pt diffusion at 600 °C. Based on these observations, the
mechanism of core—shell structure reconstruction was
investigated, revealing that the activation barrier for subsurface
vacancy-mediated inward diffusion of surface Pt atoms is
higher in cubic nanoparticles compared to octahedral ones.'*

The surface electronic structure plays a central role in
governing the adsorption behavior and reaction pathways.
Subtle changes in the electronic configuration, such as d-band
center shifts, charge redistribution, and local work function
variations, can significantly alter reaction energetics. These
changes directly impact the accuracy of computational models,
as electronic structure descriptors are often used to para-
metrize adsor;)tion energies and activation barriers in DFT
simulations."®” For example, variations in surface coordination

or local charge redistribution can shift adsorption energies by
several electron volts, directly influencing predicted reaction
mechanisms and rate-determining steps. Therefore, incorpo-
rating experimentally derived electronic structure data into
simulation workflows is essential for improving the computa-
tional models to reflect the real catalytic environments. One
key aspect of reaction environment-dependent electronic
structure is the dynamic interaction between the catalyst and
substrate. Recent studies using operando spectroscopy have
captured such substrate-induced electronic modulations,
providing essential descriptors for mechanistic simulations.
Rousseau’s group revealed that substrate—catalyst interactions
fundamentally modulate the electronic structure of single-atom
active sites, stabilizing them through charge transfer mecha-
nisms that enhance catalytic activity."*""*> Their findings
showed that increasing the density of active sites can lead to
cumulative electronic effects, causing overactivation and the
depletion of reactive species, which ultimately diminishes
catalyst performance. Complementing this, studies on catalyst
systems supported on another substrate demonstrated that
dynamic restructuring of the active metal atoms, driven by
interactions with the support under reaction conditions, shifts
electronic states and adsorption properties, thereby tuning
reaction energetics and improving activity. Operando spectro-
scopic techniques provided direct observation of real-time
changes in atomic coordination and oxidation states under
working conditions, while complementary DFT calculations
quantitatively linked these changes to adsorption energies and
reaction barriers, verifying their direct impact on catalytic
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performance. Friebel et al. also combined observations from
operando XAS and DFT to investigate a Pt monolayer
supported on a Rh(111) substrate. Their results showed that
compressive strain and ligand effects from the Rh underlayer
lead to a downshift in the Pt d-band center, which suppresses
the Pt oxidation.”® A similar modulation of the surface
electronic structure by the underlying substrate has also been
reported in CO,RR systems. A representative example is the
formation of Cu’Cu’* pair sites during electrochemical
CO,RR, as reported in a recent study by Zhang et al. on
exsolved Cu nanoclusters supported on CaCOj;. Using
operando XAS, they revealed the coexistence of metallic Cu
and partially oxidized Cu® species under reaction conditions.
DFT calculations showed that strong interactions between Cu
and the carbonate support stabilize this mixed-valence state by
suppressing complete reduction, thereby enhancing C—C
coupling activity."”” Similarly, Su et al. investigated the
structural evolution of Cu-based catalysts during CO,RR,
focusing on the coordination environment of Cu under varying
potentials.'** Operando XAS showed that a negative bias
induces a transition from Cu—N coordination to the formation
of Cu—Cu bonds, leading to the generation of Cu,-CuNj; (x =
1-3) active sites (Figure Sb). These structural changes were
inferred from operando electronic structure signatures from
XAS and served as the basis for subsequent DFT simulations.
Theoretical analysis showed that the Cu,—CuNj site exhibits
the optimal balance between adsorption strength and
intermediate stabilization for C—C coupling, consistent with
the experimentally observed maximum ethanol Faradaic
efficiency at —1.1 V, where the coordination structure of the
Cu,—CuN; motif dominates.

Beyond identifying the catalyst surface structure, investigat-
ing the actual reaction pathway remains one of the most
challenging and time-consuming tasks in theoretical catalyst
evaluation. For simple reactions such as HER, the mechanism
can be categorized into well-established two-step pathways, like
the Volmer—Heyrovsky or Volmer—Tafel pathways, making
simulations relatively straightforward. However, for more
complex reactions such as CO,RR, the diversity of possible
products leads to multiple competing pathways, each with
different intermediates and binding configurations. Even for a
single product, there often exist controversies regarding the
nature of key intermediates and their adsorption geometries.'*!
To address this uncertainty, integration with operando
vibrational spectroscopy techniques, such as FTIR and
Raman spectroscopy, has proven invaluable.'*> These methods
can directly capture the vibrational signatures of adsorbed
reaction intermediates, especially those involved in the rate-
determining step. By experimentally identifying these key
species, the scope of DFT simulations can be significantly
narrowed, focusing on the energetics of the most relevant
steps. For instance, Zhong et al. reported a collaborative study
on improving ORR activity by alloying Sn and Ag into a Pt-
based catalyst.'” Operando SERS revealed a peak shift
associated with weakened O—OH bonding in the *OOH
intermediate (Figure Sc). Based on this observation, DFT
simulations showed that the introduction of Co further
promotes *OOH destabilization, facilitating O—O bond
formation and accelerating the subsequent steps of ORR.

Understanding catalytic performance requires consideration
of reaction microenvironments, such as the interfacial solvent
structure, *'*° local ion effects,'*® and electrolyte dynam-
ics.""”'** These microenvironments profoundly influence

catalytic performance by modulating key interfacial processes.
The arrangement and orientation of solvent molecules at the
catalyst interface can affect reactant adsorption, intermediate
stabilization, and charge transfer pathways, thereby altering
catalytic activity and selectivity. Local ion concentrations and
distributions create specific electrostatic environments that can
promote or hinder reaction steps, impact proton-coupled
electron transfer, and influence the formation of reaction
intermediates.*”"** Additionally, electrolyte dynamics govern
mass transport and the distribution of reactive species near the
catalyst surface, affecting reaction kinetics and stability under
operating conditions."”' Despite its importance, integration of
experimental operando studies and theory at the microenviron-
ment level remains relatively underexplored, and the
corresponding analytical techniques are less standardized
compared to surface-level studies. Simulation approaches at
this scale often move beyond DFT, utilizing MD, COMSOL,
or finite-difference time-domain (FDTD) methods to capture
mesoscale behaviors. A representative example is the recent
work by Candeago et al. combining in situ neutron
reflectometry with ab initio MD, which revealed how solvation
structures and jon valency dictate redox-mediated electro-
sorption phenomena at electrified interfaces.'”” This study
exemplifies how theory and operando experiments together can
resolve solvent—ion interactions inaccessible to static DFT
models. In particular, the neutron reflectometry measurements
provided interfacial solvent layering and ion distribution
profiles, which were subsequently incorporated into the
AIMD simulations to reproduce redox-mediated electro-
sorption events under realistic conditions. In a related
direction, Wang et al. investigated the structure and dynamic
evolution of interfacial water on Pd single-crystal surfaces using
operando Raman spectroscopy and MD simulations (Figure
5d)."** They demonstrated how applied bias and Na* ion
interactions induce an ordering transition in interfacial water,
enhancing hydrogen bonding and orienting water dipoles
toward the Pd surface. This restructuring, supported by MD
results, promotes more efficient charge transfer in HER by
reducing the Pd—H distance. In follow-up work, Wang et al.
proposed a systematic protocol integrating operando electro-
chemical Raman spectroscopy and ab initio MD for studying
interfacial water structures.”* Operando EM can also be used
to explore interfacial structures, as demonstrated by the work
of Peng et al, which investigated the quasi-liquid-phase
behavior at the solid—liquid interface of In nanoparticles,
drawing insights from liquid-phase TEM.'>® Through MD
simulations, they found that only positively charged In ions,
not neutral In atoms, can sustain a stable quasi-liquid state,
highlighting the critical role of charge in interfacial phase
stability. Yang et al. employed operando confocal microscopy to
investigate catalyst flooding behavior in fuel cells."*® They
observed that droplets formed only on the ion-generating side,
such as during alkaline ORR or acidic hydrogen oxidation
reaction (HOR). MD simulations confirmed this mechanism
by showing that ion-rich interfaces facilitate water agglomer-
ation, with alkaline conditions producing larger droplets than
acidic ones. Extending beyond the catalyst surface itself, the
concept of microenvironment engineering has expanded to
include the design of membranes and solvent interfaces that
control mass transport and reactant flux on larger spatial scales.
With the widespread adoption of membrane electrode
assembly (MEA) cell structures, the microenvironment within
the membrane region has emerged as a critical factor
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Figure 6. Contribution of ML-based data analysis to in situ and operando techniques. (a) Schematic of the AutoDetect-mNP algorithm. (b)
Scheme of deconvoluting physically meaningful information from electron microscopy data. (c) Deep neural network model constructed for
the denoising process for the ADF STEM image of WSe,. Adapted with permission from ref 182. Copyright 2021 Wiley.

influencing overall catalytic efficiency. Walter et al. revealed
molecular-level interactions and dynamic rearrangements
occurring at the membrane-solvent-CO, surface with NMR
spectroscopy and MD simulations.'>” Their findings demon-
strate that CO, induces molecular reorganization at this
boundary, creating transient pathways that significantly
enhance CO, diffusion across the solvent interface. Addition-
ally, carbamic acid species formed during CO, capture disrupt
ionic cross-linking within the membrane, further facilitating
CO, transport.

Machine Learning Integration in Operando Analysis
Workflows. Prior to its integration with operando studies, ML
had already become a valuable tool in catalysis research more
broadly. Applications span from global atomic structure
optimization, where ML accelerates the exploration of complex
potential energy surfaces and the identification of stable or
metastable configurations, to the prediction and exploration of
catalytic reaction networks, the discovery of chemically
meaningful descriptors, and the reduction of complexity in
modeling heterogeneous catalytic systems.'**”'%” While these
studies highlight how ML has traditionally been used to
accelerate modeling and mechanistic understanding, in the
following, we focus on a different but increasingly important
direction: the application of ML to the analysis of complex
operando data sets. The increasing complexity and volume of
the data generated by operando techniques have outpaced the
capacity of manual quantification and interpretation, prompt-
ing a shift toward computational approaches. In this context,
ML methods have emerged as a powerful solution for
automating the analysis of data from operando experiments.

ML offers several distinct advantages over conventional manual
methods. It enables high-throughput processing, allowing rapid
analysis of large data sets that would otherwise demand
extensive time and labor. Moreover, ML minimizes human-
induced variability by applying consistent algorithmic criteria,
thereby enhancing the standardization and reproducibility of
data analysis. Multimodal data interpreted by ML can also lead
to automated experimentation, where real-time analysis of
outputs can dynamically inform and optimize subsequent
experimental parameters, significantly expediting experiment
optimization, such as by designing data-driven EM architec-
ture.'®!

Building on these advantages, ML methodologies have been
applied across a wide range of operando data types to enable
efficient, large-scale quantification. In spectroscopic inves-
tigations, ML algorithms have been used to identify and
quantitatively track temporal variations in Raman spectroscopy
peak intensities associated with specific reaction intermediates
or products.léz’163 Within the domain of imaging, particularly
operando TEM, ML facilitates extensive quantification tasks,
including automated detection, classification, and morpho-
logical analysis of catalyst nanoparticles.'* Notably, Wang et
al. developed the AutoDetect-mNP algorithm, an unsupervised
machine learning approach that classifies Au nanoparticles
based on multiple shape descriptors such as area, eccentricity,
aspect ratio, and circularity from bright-field TEM images
(Figure 6a).'® Beyond morphological quantification, ML
methods have been employed in high-resolution electron
microscopy to extract crystallographic details and identify
atomic-scale structural transformations, extending analysis
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down to crystal phases and defect states.'°>'%” In addition to

these static measurements, time-resolved EM studies have
leveraged ML to analyze image sequences in real time, enabling
the automated trackin% of catalyst dynamics and interactions
during reactions.'®*”'"" As these applications advance toward
increasingly fine spatial resolution and dynamic temporal
analysis, a persistent challenge emerges: the scarcity of well-
annotated training data sets needed to develop reliable
segmentation models. To address this, Vuijk et al. have
introduced a physics-based synthetic data generation frame-
work that produces realistic electron microscopy images for
training, thereby enhancing the accuracy and robustness of
automated segmentation in catalysis microscopy.171

Beyond data quantification, machine learning also plays a
pivotal role in the interpretation of operando data sets,
extracting a mechanistic understanding of dynamic catalytic
reactions. In operando XAS, where signal variations are often
subtle due to low catalyst loading and environmental
interference, ML provides a systematic approach to decode
complex spectral features. While most ML applications have
focused on XANES, efforts to apply these methods to EXAFS
are emerging.172 A common strategy involves combining ML,
either supervised or unsupervised, with ab initio simulations to
match theoretical and experimental spectra.'”*'”* This enables
the identification of key structural parameters such as the
oxidation state and coordination number under realistic
reaction conditions. Some studies further leverage ML to
uncover structure—activity relationships, identifying descrip-
tors that govern catalytic performance.'”> In imaging studies,
ML has also been applied to interpret real-time high-resolution
TEM data. Wang et al. employed variational autoencoders
(VAEs), an unsupervised machine learning model, to analyze
in operando HRTEM image sequences of nanocrystals. The
model extracted latent variables that correspond to physically
meaningful nanoscale phenomena such as lattice rotations and
particle ripening, enabling automated and unbiased mecha-
nistic interpretation without human supervision (Figure
6b).176

Such ML-driven insights into reaction mechanisms and
active site dynamics can further serve as a foundation for de
novo catalyst design. Here, de novo refers to designing entirely
new catalysts from first-principles rather than modifying
existing ones. By integrating structural and electronic
descriptors derived from operando data interpretation,
generative models, including VAEs and diffusion-based
architectures, can propose novel catalyst structures tailored
to exhibit desired reactivity or selectivity. This approach
parallels recent advances in protein design, where a
mechanistic understanding informs the generation of func-
tional biomolecules."””~""” In catalysis, this strategy holds
promise to rationally explore vast chemical spaces beyond
conventional intuition-based design.'®

In addition to data interpretation, ML also contributes to
improving the quality of operando analyses. One of the major
challenges in operando imaging lies in balancing realistic
operating conditions with maintaining high spatial and
temporal resolution. Increasing temporal resolution often
requires sacrificing signal intensity, and the reactive environ-
ment may require low-dose imaging to minimize beam-
induced radiolysis, which leads to noisy and blurred images.'*’
To overcome these limitations, ML-based denoising techni-
ques have been developed to enhance image quality, enabling
the extraction of important structural information such as

crystallinity, morphology, and atomic structure from raw data.
Yang et al. proposed a convolutional neural network (CNN)
denoiser for 2D transition metal dichalcogenide images, which
isolates and subtracts statistical noise from annular dark-field
images to restore true atomic contrast.'*> Through supervised
training, this method successfully produced sharper, higher-
quality images (Figure 6¢). Efforts to advance such denoising
algorithms continue actively, encompassing both super-
vised'*'** and unsupervised'*>'* training.

CONCLUSIONS AND OUTLOOK

The advancement of operando techniques has fundamentally
reshaped our understanding of catalyst dynamics by enabling
real-time observation of structural, chemical, and physical
transformations under realistic operating conditions. These
approaches reveal that catalysts are not static entities but
inherently dynamic systems that continuously respond to
changes in potential, temperature, reactants, and local
environments. This challenges conventional, static models of
catalysis and emphasizes the need for frameworks capable of
spatiotemporal complexity. Moreover, when combined with
computational modeling, operando studies provide a powerful
feedback loop, where experimental data inform and validate
theoretical models, while simulations offer mechanistic insights
that guide interpretation and further experimentation.
Similarly, the integration of ML into operando workflows
enables analysis of complex data sets, which facilitates the
automated experiment design and discovery through data-
driven feedback.

A compelling example of this integrative approach is the
recent study on Cu nanocube catalysts under CO, reduction
reaction (CO,RR) conditions, which combined operando
electrochemical liquid-cell STEM, synchrotron X-ray spectros-
copy, ML-enhanced 4D-STEM, in situ Raman spectroscopy,
and DFT calculations."®” This multimodal framework revealed
a complete structural transformation of (100)-faceted Cu@
Cu,0 nanocubes into polycrystalline metallic Cu nanograins,
with the extent and nature of reconstruction strongly
dependent on particle size and applied potential. Importantly,
ML-assisted 4D-STEM enabled nanoscale classification of
crystalline vs amorphous grain formation, which gives insights
not accessible via imaging or spectroscopy alone. At the same
time, Raman and DFT uncovered CO-driven Cu atom ejection
and migration pathways. This example mainly showcases how
integrating multiple operando methods with theory and data
can unravel complex catalytic dynamics inaccessible to any
single technique.

Despite these advances, operando studies remain hindered by
a lack of standardization. The diversity of experimental setups
and data acquisition often leads to issues with reproducibility
and compatibility across studies. In contrast to ex situ
techniques, where analytical protocols are well-established
and cross-validation is routine, operando studies still rely
heavily on customized configurations, limiting their general-
izability.” Establishing standardized protocols for measure-
ment, data processing, and interpretation is therefore essential
to ensure the reliability and interoperability of operando results.
Equally important is the development of robust strategies for
cross-validation across different operando techniques.

In addition to standardization, operando studies face several
experimental and computational limitations that must be
addressed to broaden their applicability and reliability. For
example, electron beam-induced effects in operando EM, such
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as radiolysis and knock-on damage, can alter the intrinsic
behavior of sensitive catalysts, especially in liquid or gas
environments. Careful control of beam dose and under-
standing of the beam effect on the physical and chemical
environment inside EM would be one avenue to mitigate this
issue, along with other complementary measurements on
different length-time scales for cross-validation. Variability in
sample geometry and reaction conditions across operando
platforms also complicates reproducibility, emphasizing the
need for standardized protocols and cross-validation using
complementary techniques. On the computational front, while
machine learning has emerged as a powerful tool for high-
throughput data analysis, model interpretability and general-
izability remain open challenges. Transparent benchmarking,
physically informed model constraints, and integration with
theoretical frameworks like DFT can enhance robustness.
Overall, addressing these limitations requires a combination of
technical innovation, data standardization, and interdisciplinary
collaboration.

Looking ahead, the integration of standardized protocols
with automation and data-driven methods can open up a
pathway to make operando studies on catalysis more
reproducible, scalable, and impactful. High-throughput exper-
imental operando platforms, coupled with ML-based data
analysis and interoperable databases, will not only accelerate
academic discovery but also contribute to the transition from
isolated and fragmented case studies to systematic, general-
izable insights. These developments will form the foundation
for next-generation catalyst design, founded by reproducible
science and powered by real-time, automated analysis pipe-
lines.
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