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ABSTRACT: Operando measurements have rapidly expanded the scope
of electrocatalysis by enabling direct observation of catalytic interfaces
under working conditions and by linking structural, compositional, and
spectroscopic observables to activity and selectivity. However, the growth
of operando methods has outpaced the adoption of broadly shared experi-
mental standards, creating persistent challenges in reproducibility, interpre-
tation, and comparison across laboratories and platforms. This perspective
synthesizes discussions from the 2025 National Science Foundation
Workshop on Rigor and Reproducibility in Electrocatalysis and outlines a
practical framework for the rigorous use of operando measurements in elec-
trocatalysis. We highlight three recurring needs: careful implementation of
complex methods to avoid overinterpretation; recognition that (subtle) dif-
ferences in reactor architecture, hydrodynamics, and electrical boundaryV
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conditions can alter apparent kinetics and selectivity; and transparent reporN
I

r 
op
 ting standards that enable meaningful cross- comparison

without constraining measurement-specific cell innovation. Focusing on widely used techniques (including X-ray and vibrational spec-
troscopies, mass spectrometry, and electron microscopy), we discuss technique-specific pitfalls, cross-validation strategies, and recur-
ring platform-agnostic considerations such as mass transport, current distribution, temporal-resolution mismatches, and catalyst
evolution. This Perspective aims to strengthen the mechanistic inference and improve the reproducibility, comparability, and predic-
tive value of operando electrocatalysis research.
KEYWORDS: electrocatalysis, operando electrocatalysis, in situ characterization, operando spectroscopy, X-ray absorption spectroscopy,
vibrational spectroscopy, electrochemical mass spectrometry, reproducibility
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■ INTRODUCTION measurements are defined correctly as those conducted under
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Over the past decade, electrocatalysis research has been trans-
formed by the rapid expansion of numerous in situ/operando
(i.e., operating) metrologies.1–3 These techniques provide
unprecedented access to the dynamic evolution of structure
and composition of catalytic interfaces under working condi-
tions, and new insights into how molecular transformations
relate to catalytic function. Yet, as operando techniques have
proliferated and diversified, their implementation has outpaced
the establishment of broadly adopted rigorous experimental
standards. As a result, challenges persist in reproducibility, data
interpretation, and cross-platform comparability that limit the
ability to translate operando observations into broadly validated
mechanistic understanding.4–6

In 2025, the National Science Foundation Workshop on
Rigor and Reproducibility in Electrocatalysis convened domain
experts to, in part, identify persistent challenges and community
needs surrounding operando measurements. Here, operando
working catalytic conditions while directly correlating structural,
compositional, or spectroscopic observables with quantitative
measures of activity or selectivity, such as current density, prod-
uct formation rates, or faradaic efficiency. In contrast, in situ
measurements are more broadly applied to experiments
performed under an applied electrochemical bias or controlled
environment that may deviate from reaction conditions (e.g.,
no substrate, differing mass transport conditions), and/or do
not simultaneously verify catalytic turnover or product
formation. Workshop discussions produced consensus around
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three key themes. First, the rapid expansion of complex oper-
ando methods, while uniquely insightful, are susceptible to
misinterpretation when not rigorously implemented. Second,
different laboratories may produce conflicting results due to
subtle differences in experimental design, such as reactor config-
uration or hydrodynamic environment, which can obscure
intrinsic kinetics of an electrocatalytic reaction. Third, enhanced
community standards and best practices must be leveraged to
reliably compare, validate, and translate operando insights into
meaningful advances in energy and chemical technologies.
Given the inevitable diversity of operando cell designs driven
by measurement-specific innovation, these standards should
emphasize rigorous and transparent reporting of experimental
configurations, rather than prescriptive standardization of reac-
tor geometries. Detailed documentation of cell architecture,
electrode placement, and transport-relevant dimensions, includ-
ing the use of schematics or digital 3D representations where
feasible, would enable meaningful cross-platform comparison
and support emerging data-driven and machine learning
approaches that rely on well-annotated experimental metadata.

This Perspective synthesizes the workshop outcomes and
proposes a holistic framework for operando metrology, cen-
tered on widely adopted electrocatalysis techniques, such as
X-ray and vibrational spectroscopies, mass spectrometry, and
electron microscopy probes, with an emphasis on experimental
rigor, cross-validation, and transparent data reporting (with a
best practice checklist provided in the Supporting
Information). Technique-specific considerations and potential
pitfalls are provided to guide experimental design, execution,
and interpretation, anchored by established references. This
document serves as an open invitation to both new and experi-
enced practitioners to reflect on operando techniques as quan-
titative measurements so they may be reliably correlated with
electrocatalytic performance. An emphasis is placed on recur-
ring cross-platform concerns, such as mass transport, current
distribution/electric field, temporal resolution mismatches,
and catalyst evolution that demand attention regardless of the
technique. Establishing common metrological foundations
across diverse operando tools—and intentionally integrating
results across modalities—will help transform these techniques
from primarily descriptive probes into quantitative, predictive
measures of electrocatalytic active sites.

■ CROSS-PLATFORM CHALLENGES

Operando electrocatalytic measurements often require cell
designs and methods that deviate from routine laboratory prac-
tices to accommodate spectroscopic probes, time-resolved
product detection, and microscopic spatial imaging. In this sec-
tion, we highlight common aspects (Figure 1) across operando
measurement platforms that pose challenges to rigorous data
interpretation and reproducible results.

Mass-Transport Limitations

Many operando electrochemical cells employ thin electrolyte-
layer designs that have large electrode surface area to electrolyte
volume ratios. This can induce mass-transport limitations dur-
ing operation that would otherwise not be encountered in a
standard electrochemical cell. Mass transport of reactant species
influences the electrochemical measurement when the concen-
tration of that species at the electrode surface differs signifi-
cantly from that in the bulk electrolyte (Figure 1a). For a
B

steady-state measurement, a calculation of the limiting current
density (i.e., complete mass transport control, A m–2) can be
made according to: ilim = nF

s
DC
δ

� �
, where n is the number of

electrons involved in the reaction, F is Faraday’s constant, s is
the stoichiometric coefficient of the reactant, D is its diffusivity
(m2 s–1), C∞ is its bulk concentration (mol m–3) and δ is the
concentration boundary layer thickness (m). For a flowing elec-
trolyte, δ can be estimated based upon the geometry and hydro-
dynamics of the system—for example, it should be ≈10×
smaller than the hydrodynamic boundary layer formed by fluid
flow,8,9 or the ratio of D/δ can be estimated from correlations
of system physical properties, like the Sherwood number.10 In
quiescent electrolyte, the thickness of the electrolyte in the
thin-layer cell can be used as the upper limit of δ, although it will
typically be smaller if there is a sufficient reservoir of electrolyte/
reactant connected to the thin layer. For non-steady-state mea-
surements, the concentration boundary layer will grow with time
as δ≈

ffiffiffiffiffi
Dt

p
. In general, if intrinsic kinetic measurements are

desired, experiments are commonly designed to operate at cur-
rents not to exceed ≈10% of the limiting current density, a
widely used heuristic corresponding to <10% reactant depletion
at the electrode surface. Operation beyond this regime intro-
duces increasing mass-transport coupling and requires explicit
modeling or correction. If such operation cannot be achieved
or is not desired, non-uniformities should be considered and
explicitly reported in catalyst performance analysis. The same
considerations apply for local pH changes (in which H+/OH–

are generated or consumed at the electrode) that can alter reac-
tion mechanisms and kinetics, but there are homogeneous buffer
reactions to consider when determining such pH gradients and
can be employed to account for and interpret substantial pH
gradients. There is a need to clearly define the local pH under
operating conditions, and understand its impact on catalytic
behavior to meaningfully interpret electrochemical performance.

Current Distribution

The local current density at an electrode surface can vary signif-
icantly due to geometric configuration (discussed in the
“Auxiliary Electrode Choice/Position section”), fluid flow, and
electrode resistivity (Figure 1b).7,11 If concentration gradients
can be neglected, the degree of current uniformity can be esti-
mated by the ratio of charge transfer resistance (RCT) to ohmic
resistance (RΩ), sometimes called the Wagner number

Wa= RCT
RΩ

� �
.12,13 RCT is determined as the inverse slope of

the polarization curve for the electrochemical reaction of inter-
est or via electrochemical impedance spectroscopy (EIS), and
RΩ is the characteristic length of the electrochemical system
(sometimes the electrode radius) divided by electrolyte conduc-
tivity. IfWa is much smaller than 1, the current distribution will
be very non-uniform. Greater uniformity can generally be
achieved with more conductive electrolytes, smaller electrodes,
and smaller current densities. If concentration gradients cannot
be neglected, the fluid flow can induce further non-uniformities,
often with higher local currents at the leading edge of the elec-
trode with respect to the direction of fluid flow. Lastly, if a thin
layer electrode is deposited on a less-conductive substrate (such
as in some preparations of attenuated total reflection surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS)
electrodes on silicon), the current density will tend to be higher
near the current collector. This can be mitigated by increasing
https://doi.org/10.1021/acscatal.6c01946
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Figure 1. Graphic depicting best practice considerations for electrocatalytic measurements in operando cells. Considerations such as, (a) mass trans-
port conditions, (b) current distribution over the electrode surface, (c) temporal resolution of the measurement, (d) electrode morphology over the
duration of the measurement, and (e) relative positioning of (and choice of auxiliary) electrodes.5 (b) reproduced from ref 7. Copyright 2024
American Chemical Society. (e) Adapted from ref 5. Available under a CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/
deed.en). Copyright 2022 G. Smith and E. J. F. Dickenson.
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the metal film thickness to increase total electrode conductivity
or decreasing length to the current collector. In a similar vein,
because the resistances of operando cells often exceed those
of standard electrochemical cells, explicit characterization and
reporting of uncompensated resistance (iR drop) is critical.
Rigorous measurements should provide both measured and
iR-corrected potentials, along with a description of the compen-
sation protocol used, recognizing that such corrections typically
account for a lumped series resistance and may not capture
spatial variations in potential across the working electrode in
non-uniform or confined operando geometries.

Temporal Resolution

Electrochemical signal responses (current, potential, charge) are
orders of magnitude faster than typical operando measurements,
which create an inherent challenge for temporally syncing the
electrochemical event to its corresponding operando signal
(Figure 1c). The nature of this mismatch changes depending
on the cell design and the measurements being made, with some
having more complex time delay than others—for example,
mass spectrometer signal detection depends on species mass
transport through various phases. Rigorous data reporting there-
fore calls for explicit description of the synchronization protocol
used for any given measurement.

Catalyst Morphological Evolution

The collection time for certain operando measurements may
exceed that of a standard electrocatalytic measurement, which
could result in morphological changes to the catalyst under
operando conditions that would not otherwise be observed
(Figure 1d). To properly attribute catalyst function to a
steady-state structural ensemble under operating conditions—
recognizing that this ensemble may be dynamic or fluxional—
good practice is to assess reversibility and repeatability of the
operando measurement. For example, if measurements are
made during a series of monotonically increasing potential
steps, the reversibility can be tested by making the same mea-
surements during the descending series of potential steps.
Alternatively, measurements can return to a reference state
C

between potential steps. Reproducibility can be assessed by
repeating this process again, however, this can be logistically dif-
ficult for synchrotron-based measurements due to the limited
availability of beamtime.

Auxiliary Electrode Choice/Position

The selection and configuration of auxiliary electrodes (both
reference and counter) are central to establishing rigorous
potential control, current distribution and ensuring artifact-
free interpretation of operando results (Figure 1e).5,14 The rel-
ative placement of the auxiliary electrodes is the first consider-
ation for understanding current distribution and the measured
electrode potential. In general, the reference electrode sensing
point should be positioned as close as feasible to the working
electrode to minimize uncompensated resistance, often using
a Luggin–Haber capillary where compatible with the operando
probe (e.g., not blocking the beam in spectroscopic/e-beam
measurements). At the same time, the reference geometry
should avoid shielding the electric field or disturbing local mass
transport near the measurement region.
A conventional reference electrode with a stable and chemi-

cally compatible junction should typically be preferred to an
internal pseudo-reference. However, even conventional refer-
ence electrodes that perform reliably in standard electrochemi-
cal cells can behave unpredictably when incorporated into
specialized operando geometries, sometimes even requiring
capacitors15 between the counter and reference to stabilize the
electrochemical signal (e.g., when referencing working elec-
trodes in thin resistive channels). Additionally, reference-
electrode selection should therefore be dictated jointly by elec-
trolyte compatibility and cell geometry: for example, chloride-
containing references are convenient but may be inappropriate
when chloride can poison the catalyst, alter dissolution equilib-
ria, or drift under alkaline exposure. A primary example are
commercial Ag/AgCl electrodes, many of which have ceramic
frits for the junction. Though widely used, these particular elec-
trodes are prone to frit dissolution in hydroxide and to chemical
drift arising from AgO/AgCl equilibria when hydroxide enters
the reference compartment, leading to systematic shifts in the
https://doi.org/10.1021/acscatal.6c01946
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reference potential that may exceed the magnitude of subtle
spectral or structural changes under study.14,16 These effects
underscore the importance of explicitly verifying reference sta-
bility and conducting routine calibration against appropriate
and well-defined redox couples (e.g., Pt–H underpotential
deposition, Cu2+/Cu, or ferri/ferrocyanide) throughout an
experiment to monitor long-term drift and contamina-
tion.5,14,17,18 Liquid-junction potentials, which can be substan-
tial in non-standard electrolytes or confined geometries,
should be estimated or reported when relevant, as they add tens
of millivolts of uncertainty to the applied potential.19 In many
custom operando cells, spatial constraints necessitate the use
of internal pseudo-reference electrodes (e.g., Pt, Au, Ag wires),
but these systems are not true references: their potentials are
sensitive to preparation conditions, electrolyte composition,
and electrochemical cycling, and can drift by >100 mV during
extended measurements.20–22 Thus, pseudo-references require
pre- and post-experiment calibration and must be treated as
approximate indicators rather than absolute potential scales.
Furthermore, their composition, placement, calibration proto-
col, and drift should be reported explicitly.

Counter electrodes warrant equal scrutiny. Decreasing the
counter–working separation can reduce ohmic loss and enable
higher accessible current densities, but it may also exacerbate
non-uniform current distribution and increase the likelihood
that species generated at the counter electrode reach the work-
ing electrode. Even trace amounts of dissolved species crossing
from the counter to the working compartment can alter cata-
lytic pathways, poison reactive sites, or introduce spurious fea-
tures in operando X-ray absorption and vibrational spectra. Pt
counter electrodes, in particular, are known to undergo trace
dissolution, leading to solution-phase Pt concentrations at the
sub-nanomolar level that can redeposit on the working elec-
trode surface, yielding vibrational signatures that are easily mis-
assigned to intrinsic catalyst behavior.23 Such crossover can
occur even in cells with modest hydrodynamic coupling,
emphasizing the need for careful physical separation of the
counter electrode via salt bridges, ion-exchange membranes,
or flow-separated architectures. When possible, chemically
defined counter electrodes—such as graphite, glassy carbon,
or noble metal coated Ti mesh—should be used to minimize
contamination pathways. Ultimately, the unusual geometries
of operando cells can also exacerbate potential gradients along
the working electrode or between the working and reference
electrodes, reinforcing the principle that operando cell design
must be organized around the perturbation of current flow.
Collectively, careful selection, calibration, isolation, and docu-
mentation of reference and counter electrodes are essential for
achieving reproducible potential control and avoiding parasitic
processes that can propagate through all operando measure-
ment platforms.

Probe/Beam Effects

Techniques that involve X-ray or electron probes are inherently
subject to beam-induced damage that can artificially influence
measurements. In X-ray and electron microscope-based oper-
ando studies, irradiation can alter the electronic structure of cat-
alysts, drive unintended redox processes, or promote the
formation of reactive species in the electrolyte. As a result, rapid
or repeated scans, and/or sampling new areas of the electrode,
and comparative beam-off studies are often required to identify
D

unexpected spectral evolution and to distinguish intrinsic elec-
trochemical changes from probe-induced effects. It is therefore
prudent to monitor electrochemical performance and product
formation for deviations that correlate with beam exposure, as
identified in comparative beam-off studies, or that depart from
behavior observed in conventional benchtop cells. If materials
are found to be radiation sensitive, an appropriate mitigation
strategy should be implemented. Many strategies exist, includ-
ing minimizing the dose a region on the sample receives by
defocusing the beam or frequently translating to fresh regions
on the sample. Alternatively, changes to the environment may
be needed, such as leveraging electrolyte flow to flush radicals
away from the electrocatalyst’s surface,24 minimize local heating,
or lower liquid temperature to suppress beam damage.25–28 As
the cause and severity of beam-induced damage depends
strongly on the measurements and materials in a given study,
testing and consideration is required to select the optimal miti-
gations. Once selected, the mitigation strategy should be
reported with sufficient detail to evaluate its effectiveness.
Importantly, beam effects are not limited to high-energy

probes. Although vibrational spectroscopies employ lower-
energy photons, intense optical fields can still perturb the elec-
trochemical interface through localized heating, plasmonic
enhancement, photochemical reactions, or laser-induced
adsorption and desorption processes.29–31 Such effects may lead
to apparent potential-dependent spectral features that do not
reflect intrinsic interfacial chemistry. Consequently, operando
vibrational measurements similarly require control experiments,
including variation of laser power density, beam position, and
exposure time, to establish that observed spectral changes are
not probe-induced artifacts.

Device-Level Architecture

As electrocatalysis moves toward device-relevant architectures
(e.g., membrane electrode assemblies and zero-gap cells) the
cross-platform considerations discussed become increasingly
important. In these systems the factors governing current distri-
bution, transport, and interfacial chemistry are more convolved,
being influenced by parameters such as the membrane/ionomer
phase, porous transport layers, feed humidification, and flow-
field design. Consequently, liquid-water management, gas cross-
over, salt precipitation or flooding, and local pressure gradients
can strongly influence the device’s performance under practi-
cally relevant operating conditions. Operando measurements
are especially valuable in this context because these architec-
tures create environments most relevant to industrial relevant
performance; however, that same complexity makes robust
interrogation more challenging. For example, optical probes
can be challenged by backside gas channels, membrane-backed
catalyst layers, and ionomer-covered porous electrodes that
restrict line-of-sight access and preclude measurement configura-
tions commonly used in liquid-phase cells. As a result, specialized
cell designs are often required that enable alternative illumination
geometries or more optically accessible current-collector archi-
tectures.32 A full discussion of the many practical device configu-
rations is beyond the scope of this Perspective. Readers are
directed to recent reviews for more information.33–36 The central
principle, however, remains unchanged: if a measurement is to be
considered truly operando, the integrity of the device-level elec-
trochemical configuration should be preserved and the methods
https://doi.org/10.1021/acscatal.6c01946
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employed to perform the operando measurement should be thor-
oughly reported.
■ TECHNIQUE-SPECIFIC CONSIDERATIONS

X-ray Absorption Spectroscopy

The information accessible to a particular X-ray absorption
spectroscopy (XAS) method determines where and how it
can be rigorously applied. Soft X-rays (≲2 keV) often reveal
Figure 2. (a) Depiction of states often probed by XAS, including a simplified
DOS) accessible to a dipole transition. Example data show (top) soft XAS in t
when direct 2p–3d transitions are accessible, and (bottom) hard XAS collec
lected by detecting electrons or fluorescence and for hard XAS via fluoresce
energies, incident and exit angles, and which electrons are collected (i.e., A
Copyright 2024 American Chemical Society. (c) Three topics that req
Cu(111)/Si(110) catalyst corresponding to the first and last XAS scans in an
to constantly monitor electrochemical data for unexpected or evolving results
well-below the critical angle to limit bulk penetration. The copper sample was
products. The second scan shows a gradually higher fluorescence signal above
gradually increasing signal, persists until a similar energy in the third scan. Th
9000 eV are due to bubbles releasing from the surface. Notably, during back
fluorescence signals if absorbing gases like argon are used. (Bottom) While
a metal oxide catalyst, including (i) photoreduction/oxidation, (ii) defect f
(iii) radical or peroxide formation in the electrolyte.

E

the chemistry of adsorbates/electrolytes, and/or the electronic
structure of catalytically relevant metals. This information is elu-
cidated by the near-edge X-ray absorption fine structure
(NEXAFS) of K-edges of light elements (e.g., C, O, N) and
L-edges of first-row transition metals dominated by 2p–3d
transitions.37–40 Hard X-rays (≳4.5 keV) can probe transition
metal K- or L-edges, see Figure 2a. Hard X-ray absorption spec-
tra are partitioned between the X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) to survey electronic and atomic structure,
orbital diagram for CuO and the unoccupied partial density of states (p-
otal electron yield demonstrating the sharp resonance features observed
ted in transmission. (b) Nominal information depths for soft XAS col-
nce. The precise information depth depends on compositions, photon
uger, secondary, and/or photoelectrons).45 Reproduced from ref 44.
uire persistent monitoring: (Top) cyclic voltammetry curves for a
experiment. The CV curves reveal catalyst restructuring. It is prudent
. (Middle) XAS data collected via fluorescence with the incident beam
in KOH solution at sufficiently negative potentials to generate gaseous
9000 eV as bubbles disrupt the optical path. Bubble accumulation, and
e discontinuities in the second scan at 9125 eV and in the third scan at
illumination of catalysts on gas diffusion layers, bubbles can decrease
the specifics of beam damage vary,60 three mechanisms are shown for
ormation (which can be related to photoreduction/oxidation),61 and

https://doi.org/10.1021/acscatal.6c01946
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respectively.41 Results from XANES or EXAFS can bolster
interpretation of the other. For example, oxides, hydroxides
and oxyhydroxides may have similar features in their XANES
spectra, yet detailed EXAFS modeling can break this ambiguity
through comparison of fitted scattering path lengths and coordi-
nation (notably the first metal–O path(s)) to the bulk crystal
structures. Moreover, complementary soft and hard X-ray mea-
surements strengthen structural assignments of complex active
sites, and measurements surveying the edges of multiple
elements probe complementary cation/anion pairings.42–44

Thoughtful sample preparation tailored to the specific mea-
surement is also critical. For soft X-rays, absorption is frequently
measured indirectly by collecting emitted photons (fluores-
cence), the photoelectric current, or emitted Auger electrons.45

For hard X-rays, spectra are often collected in transmission or
fluorescence yield. Notably, the latter is preferred for samples
that are dilute or thin compared to the attenuation length of
the material,41 and also for operando studies in which cell com-
ponents and electrolytes prevent transmission of X-rays.46 Soft
and hard X-ray studies encounter similar sample preparation
challenges. Transmission experiments require samples to be
homogeneous in thickness, free of pinholes, and of appropriate
particle size.49 Especially absorbing samples can disproportion-
ately transmit high-energy harmonics or show spectral distor-
tions.50,51 Likewise, concentrated fluorescence samples exhibit
“self-absorption”, resulting in a nonlinear relationship between
the fluorescence intensity and absorption coefficient. When
possible, it is preferable to prepare samples so that self-
absorption is negligible. Otherwise, spectra require corrections
that may be particularly sensitive to the sample’s composition,
the experimental geometry, or other approximations.43,52–55

Fluorescence measurements should also consider whether the
entire system under study contains elements with competing
fluorescence lines and whether the detector has sufficient
energy-resolution to isolate the fluorescence of interest.56

Finally, electron yield measurements in operando studies are
complicated by the need to facilitate the escape of weakly-
penetrating electrons.

The operando aspect of electrochemical XAS studies
imposes several additional challenges. First, soft X-ray studies
in vacuum chambers need robust cells free of leaks or window
defects to maintain the integrity of the beamline and minimize
in-air cell adjustments; successful designs are available.57,58

Second, experiments should be monitored for electrochemical
performance matching expectations (Figure 2b). Notably, it is
best practice to verify that electrochemical performance in the
XAS cell is consistent with a standard electrochemical cell in
the researcher’s laboratory prior to the experiment. Third, it
is often necessary to monitor bubble formation, especially
for gas-evolving reactions at large overpotentials, as any dis-
ruption of the optical path can distort experimental spectra.
Two common mitigations are the use of faster acquisition
rates that allow for isolating periods without bubbles and/or
implementing cell designs that rapidly sweep bubbles away.3,59

Experiments should also be monitored for unexpected spectral
changes from beam damage.60,61 Similarly, unnormalized spec-
tra (i.e., before pre- and post-edge normalization) should be
monitored for changes in the magnitude of the edge step, a
function of the amount of the measured element,40 to identify
potential metal dissolution. Finally, operando XAS studies
should use cells enabling appropriate mass transport.3

Indeed, consistent mass transport control and sample
F

preparation are also essential to studies pairing non-
simultaneous measurements across complementary tech-
niques, with beamlines spanning the edges/spectroscopies of
interest offering one solution.47,48

When analyzing operando XAS measurements of electrocata-
lysts, interpretations should take into account how rapidly the
measurement is performed, how deeply into the material the
X-rays probe, and how rigorously the findings can be verified
via simulations. First, traditional step-scanning XAS beamlines
often require several minutes to collect a spectrum, but fly-
scanning, high-flux beamlines enable sub-minute acquisition
rates, and beamlines equipped with a specialized quick-
scanning monochromator enable millisecond temporal resolu-
tion.62 This enables close monitoring of catalyst reconstruction
and evolution, with the caveat that measurements still reflect
the volume- and time-weighted average of chemical species
within the illuminated region. As a result, spectators can still
mask transient species unless a perturbation is leveraged, such
as in modulation excitation spectroscopy.63,64 Second,
Figure 2c stresses the attenuation lengths typical of different
energy regimes and measurement modes and highlights that
choices typically extend well past the surface processes of inter-
est. Nanoparticles are often employed to enhance interfacial
phenomena, however the associated XANES spectra often differ
from the corresponding bulk counterparts.65 Such spectral dif-
ferences can highlight the unique electronic structure assumed
by a nanomaterial, but complicate interpretations relying on
bulk empirical standards. In such instances, theoretical simula-
tions can be particularly useful in interpreting the spectra of
interest. Third, DFT modeling is often needed to confirm the
presence/absence of species associated with a proposed mecha-
nism, a valuable piece of information for kinetic models.66

Codes such as NWChem and OCEAN can calculate XAS spec-
tra of anticipated structures to compare hypotheses with exper-
imental results.67,68 Alternatively, researchers can test
hypotheses by estimating parameters relevant to coordination
chemistry.69 In particular, CTM4XAS allows users to tune
crystal-field and charge-transfer parameters to reproduce XAS
spectra,70 and the bond lengths and coordination numbers cor-
responding to FEFF-calculated scattering paths can be fit to
EXAFS data.71 Beyond the information covered here, a discus-
sion on the limitations of XAS analysis can also be found in a
recent perspective focusing on thermal catalysis.72 There, rec-
ommendations can be found on evaluating signal-to-noise in
XAFS data, constructing EXAFS models beyond the first coor-
dination shell, and best practices for data reporting, which may
serve as a useful supplement to the present article for interested
readers.

Vibrational Spectroscopy (Raman/IR/SHINERS/SFG)

While operando X-ray spectroscopies provide powerful insight
into catalyst coordination environments and oxidation states,
researchers often employ more accessible vibrational spectros-
copies to probe the molecular-level structure of interfacial spe-
cies central to electrocatalytic mechanisms. Vibrational
spectroscopies, such as infrared, Raman, and nonlinear optical
probes (e.g., sum-frequency generation (SFG))73–75 provide
molecular-level details of the electrochemical interface and
nearby electrolyte, including the identities and configurations
of adsorbates, reaction intermediates, and solvent species.
Whereas SFG is intrinsically interface-selective due to the
absence of inversion symmetry at interfaces, surface-enhanced
https://doi.org/10.1021/acscatal.6c01946
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Figure 3. (a) Schematic depicting sum-frequency generation (SFG), surface-enhanced infrared absorption spectroscopy (SEIRAS), shell-isolated
nanoparticle-enhanced Raman spectroscopy (SHINERS), and surface-enhanced Raman spectroscopy (SERS) including approximations of the length
scale of vibrational information reported. (*) The “hotspot” or plasmonic response of the particle used in SHINERS is a tunable parameter (e.g., size
of the particle, laser wavelength). (b) Schematic depicting the dependence of electric field (hot spots) as a function of wavelength used. Reproduced
from ref 77. Copyright 2016 American Chemical Society. (c) ATR-SEIRA spectra showing the irreversibility of the ν(O–H) of interfacial water col-
lected using a Au electrode in 0.1 mol L–1 phosphate buffer (pH 7).88 Reproduced from ref 88. Copyright 2026 American Chemical Society.
(d) Raman spectra depicting photoinduced CO adsorption to a Cu surface as a function of laser dose at 0.1 V versus the reversible hydrogen elec-
trode (RHE). Reproduced from ref 29. Copyright 2025 American Chemical Society. (e) Schematic demonstrating use of polarization to determine
surface adsorbate vibrational bands and electrolyte vibrational bands. Isotopic experiments to study (f) water structure96 or (g) surface hydride for-
mation on Cu(111).97 (f) is reproduced from ref 96. Copyright 2016 American Chemical Society. (g) is reproduced from ref 97, Copyright 2021
American Chemical Society.
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methods such as SEIRAS,76 surface-enhanced Raman spectros-
copy (SERS), and shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS) achieve sensitivity through plas-
monic or field-enhancement effects that amplify signals from
surface or near-surface species. Together, these techniques
bridge a wide range of probing depths—from a few molecular
layers in SFG to tens of nanometers in SEIRAS (Figure 3a)—
providing a continuum of information that is invaluable, but
also challenging to interpret. The same sensitivity that makes
these tools indispensable also renders them particularly vulner-
able to artifacts arising from optical coupling77,78 (Figure 3a,b),
electrode morphology, and the strong vibrational response of
the surrounding electrolyte.

A key challenge to rigor and reproducibility in operando
vibrational spectroscopy lies in defining what portion of the sig-
nal truly reflects the interfacial/surface events of interest, rather
than contributions from spectator species or the bulk
G

electrolyte. In SEIRAS, for example, the penetration depth of
the evanescent field (≈5 to 100 nm) exceeds the typical width
of the electrochemical double layer by one to two orders of
magnitude (Figure 3a).79,80 Observable peaks and their line-
shapes sensitively depend on the properties of the thin film
electrode.81,82 Consequently, even subtle changes in the elec-
trode–electrolyte interface (arising from surface reconstruction,
nanostructuring, local pH drift, or gas evolution) can compli-
cate subtraction of bulk solvent contributions, producing
potential-dependent spectral features whose interfacial versus
solution-phase origins must be carefully disentangled
(Figure 3c). Likewise, in Raman spectroscopy, fluorescence
background, laser induced heating, and photoinduced chemistry
can distort both intensities and frequencies.30,31,83–85 Indeed,
laser-induced adsorption events (e.g., stochastic CO adsorption
on Cu) have been directly observed in operando Raman mea-
surements and were only identified as artifacts through
https://doi.org/10.1021/acscatal.6c01946
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complementary SERS and SEIRAS performed in the same elec-
trochemical cell (Figure 3d).29

These effects underscore the necessity of rigorous control
experiments—such as isotopic substitution, potential cycling
to assess reversibility, alternating potential sequences to test
for hysteresis, and direct comparison of catalyst-coated and bare
substrates—to discriminate true interfacial chemistry (particu-
larly weak or emergent bands) from extrinsic perturbations of
the optical or electrochemical environment (e.g., dipole–dipole
interactions).86–89 Such effects are well established for surface-
adsorbed CO, where dynamical dipole coupling and intensity
borrowing can break simple relationships between band area
and coverage.90,91 Furthermore, discriminating vibrational
bands associated with surface-adsorbed species from an evolv-
ing spectral background (arising from bulk and interfacial sol-
vent vibrations, refractive-index changes, and field-induced
intensity variations that evolve with applied potential) remains
central to the reliable interpretation of operando vibrational
spectra. Under simple circumstances adsorbed species can be
directly distinguished from dissolved species (e.g.,
ATR-SEIRAS and adsorbed/dissolved carbonates),92 however
this still requires explicit measurement of solution reference
spectra and transparent reporting of electrode activation proto-
cols and stability, including electrochemical conditioning proce-
dures and the temporal persistence of the catalytic surface
under operando conditions.

An adsorption band attributable to a surface-bound species
reflects a discrete vibrational mode with well-defined frequency
and symmetry, typically exhibiting characteristic isotope shifts,
polarization dependence, or reproducible potential dependence,
whereas background contributions often arise from bulk solvent
responses that vary with refractive index, solvation environ-
ment, or interfacial pH, all of which can evolve with applied
potential. These background variations are frequently misinter-
preted as interfacial chemistry even in the absence of surface
adsorbates. Polarization-dependent measurements can provide
useful constraints for vibrational band assignment; however,
their interpretation depends on the specific cell/electrode
geometry and local field distribution. For example, in many
thin-film SEIRAS configurations, p-polarized light preferentially
couples to surface-normal components of transition dipole
moments and is therefore often used to enhance sensitivity to
interfacial species, while s-polarized light can be more strongly
influenced by bulk electrolyte contributions (Figure 3e).93,94

Direct comparison of s- and p-polarized spectra can thus aid
discrimination between interfacial and solution-phase
responses. Nevertheless, this distinction is not universal: for cer-
tain SEIRA-active film morphologies or field distributions,
s-polarized light can also yield strong signals from surface-
adsorbed species.95 Accordingly, polarization dependence
should be interpreted as a supporting diagnostic rather than a
definitive criterion, and is most powerful when combined with
strategies discussed in the preceding paragraph.

Isotopic dilution of H2O provides one of the clearest demon-
strations of how vibrational coupling and solvent background
can confound interpretation (Figure 3f).96 SEIRAS studies per-
formed in isotopically dilute electrolytes have produced funda-
mentally different conclusions regarding interfacial water
structure compared with conventional H2O electrolytes, reveal-
ing the dominant role of intra- and intermolecular vibrational
coupling in shaping observed spectra.98 Similarly, SFG
H

measurements at the air–water interface show that both inter-
and intramolecular coupling strongly influence spectral line
shapes and intensities, effects that can be minimized through
isotopic dilution.99 Often, vibrational coupling effects are also
present in other systems involving a (locally) high density of
oscillators with significant oscillator strength, surface-adsorbed
CO being a prominent example. Here, dynamical dipole cou-
pling can affect peak frequencies and break linear scaling
between total peak area and surface coverage.91,100

Quantitative comparison of vibrational intensities across
materials presents an additional challenge. Researchers fre-
quently compare integrated band intensities in SEIRAS, SERS,
and SHINERS as proxies for relative surface coverage.
However, plasmonic enhancement factors are acutely sensitive
to local nanostructure, composition, and morphology, and even
modest compositional changes in alloys or supports can
strongly alter enhancement efficiency. Consequently, direct
comparison of integrated band intensities can be rendered effec-
tively meaningless unless enhancement factors are indepen-
dently constrained. Such comparisons must therefore be
approached with caution and supported by complementary nor-
malization strategies or independent surface coverage measure-
ments. Interpretation of absolute intensity is particularly fraught
in vibrationally resonant-SFG due to the heterodyne nature of
the signal and the strong dependence of the non-resonant back-
ground on local field/potential via electric-field induced second
harmonic generation (EFISH) like mixing. Proper spectral fit-
ting,101 heterodyne detection,102 and/or non-resonant back-
ground suppression103 techniques should be used.
Reproducibility also depends critically on transparent report-

ing of optical and electrochemical parameters. Robust optical
alignment, calibration of the wavenumber and intensity scales,
and explicit quantification of laser power density at the elec-
trode surface are essential for meaningful cross-comparison
between laboratories. When enhancement effects are exploited,
reproducibility must also be demonstrated across independent
substrates and over extended cycling (or time), as nanostruc-
tured plasmonic surfaces may undergo electrochemical restruc-
turing (Figure 3c).88 Reporting the synthesis history,
morphology, and electrochemical conditioning of SERS and
SEIRAS substrates—together with verification that observed
signals originate from the catalyst rather than the support—
substantially strengthens interpretability. Complementary vali-
dation through isotope labeling97 (Figure 3g), differential
capacitance measurements, spectral normalization, or compari-
son with simulated spectra further mitigates ambiguities associ-
ated with solvent and co-adsorbate contributions, thereby
strengthening the quantitative interpretation of operando vibra-
tional methods as probes of interfacial chemistry enabling more
robust discrimination between specific surface species and
broader, correlative spectral changes.104–106

Finally, a coordinated effort to establish open, community-
curated spectral databases would significantly advance repro-
ducibility and mechanistic consensus in the field. Existing repos-
itories such as the National Institute of Standards and
Technology (NIST) Chemistry WebBook (https://
webbook.nist.gov/chemistry/) and the RRUFF* Raman data-
base (https://www.rruff.net/) provide valuable reference spec-
tra for molecular systems, but lack data acquired under
electrochemical conditions. A dedicated community database
for in situ and operando spectra collected in well-defined
https://doi.org/10.1021/acscatal.6c01946
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electrochemical environments, with parameter tabulation,
would enable systematic cross-validation of both experimental
and computational assignments promoting reproducibility and
comparability across laboratories.

Mass Spectrometry (EC-MS/DEMS)

Although X-ray and vibrational methods can probe catalysts
under electrochemical bias, their interpretation as operando
measurements is most rigorous when paired with product-
resolved detection that directly links structural or spectroscopic
observables to catalytic turnover. Mass spectrometry contrib-
utes as a leading tool to link structural and interfacial signatures
to quantitative partial currents and product formation in real
time. Electrochemical mass spectrometry (EC-MS), or differen-
tial electrochemical mass spectrometry (DEMS), enables sensi-
tive and rapid detection of volatile species evolved or otherwise
generated at an electrode under operando conditions
(Figure 4). Typical configurations position a working electrode
in close proximity to a gas-permeable membrane leading to a
vacuum chamber that houses a mass spectrometer
(Figure 4a,b). Volatile and gaseous products are pervaporated,
enter the vacuum chamber, and are detected by mass spectrom-
etry (Figure 4c). Alternatively, mass spectrometry on liquid
phase products can directly inform catalyst or solvent stabil-
ity,107,108 but such operando techniques for liquid phase prod-
ucts are not yet widely available and have different operating
principles that will not be considered here. Because mass spec-
trometry offers faster time resolution than most other analytical
techniques, EC-MS is suitable for product measurement under
Figure 4. (a) Schematic diagram of a typical electrochemical mass spectrom
Chemistry. (b) Examples of common inlet interface configurations for electr
interface membrane, positioned a short distance away from the membrane, o
probe near the electrode. Adapted from ref 114. Copyright 2024 Royal Socie
chamber that can generate product detection inaccuracies. Reproduced from
signal broadening induced by mass transport effects in electrochemical mass sp
https://creativecommons.org/licenses/by-nc-nd/4.0/.

I

transient conditions, such as the application of a potential step
or sweep (Figure 4d). This capability is complementary to other
time-resolved operando electrocatalytic techniques, like vibra-
tional spectroscopy and X-ray absorption spectroscopy, which
provide information about adsorbates and the electronic state
of the catalyst material.109–113 Because EC-MS uniquely
resolves product masses, it is a particularly powerful tool for
investigations that involve isotopically labeled species.
The major challenges for practitioners of EC-MS are: (1) the

method is highly sensitive to trace impurities, (2) detection by
mass spectrometry results in spurious artifacts and convoluted
signals, (3) EC-MS calibration is subject to ionization chamber
pressure and composition that vary widely among configura-
tions and experiments, (4) specific cell geometries induce mass
transport and current inhomogeneities, and (5) the time distri-
bution resulting from species traveling along slightly different
paths from electrode to detector must be considered for
dynamic measurements. Modern EC-MS systems are sensitive
to pmol s–1 of product evolution, meaning trace impurities will
be readily observed and can lead to data misinterpretation. Even
in high purity aqueous electrolytes, this manifests in the detec-
tion of CO2 at oxidative potentials, which results from the oxi-
dation of unavoidable hydrocarbon impurities, especially on Pt
electrodes. Organic impurities are difficult to remove from elec-
trolytes, and while all techniques discussed thus far are sensitive
to impurities that impact the electrochemical behavior, EC-MS
measurements are particularly sensitive to trace quantities, thus
requiring rigorous benchmarking of such background impurity
signals. Electron ionization of product mixtures can fragment
eter apparatus. Adapted from ref 114. Copyright 2024 Royal Society of
ochemical mass spectrometry with the electrode placed directly on the
r in a configuration where a small inlet membrane is fixed to capillary
ty of Chemistry. (c) Depiction of chemical reactions in the ionization
ref 115. Copyright 2025 American Chemical Society. (d) Depiction of
ectrometry. Adapted from ref 116, licensed under CC-BY-NC-ND-4.0,
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dissimilar products into ions of the same m/z ratio, which rep-
resents a major challenge for determining the initial product
concentration. In some cases, linear combinations of reference
mass spectra can be used to deconvolute relative contributions
from multiple species, but this generally requires knowledge
of species identity and tends to be sensitive to drifts in mass
spectrometer performance. Complementary product quantifica-
tion methods may be required to fully attribute mass spectra of
unknown product mixtures. Additionally, ionized fragments can
undergo chemical reactions within the ionization chamber, lead-
ing to fragment masses that are unrelated to electrocatalytic
processes. An understanding of fragment reactivity, combined
with complementary product detection, is therefore essential
for accurate EC-MS data interpretation. Further obstacles to
data interpretation arise from the inherent difficulty of accu-
rately calibrating mass spectrometers for the analysis of product
concentrations. Product analysis in EC-MS takes place under
significant partial pressures of solvent within the vacuum system
and under varying chamber pressures that can (dynamically)
influence analyte sensitivity. Accurate calibration and error
estimation is thus critical for product quantification and faradaic
efficiency estimation. Lastly, in some cell designs the close
proximity of the working electrode to the permeable membrane
induces significant inhomogeneities in mass and charge trans-
port, which were already discussed in the section on Cross-
Platform Challenges. Unique to electrochemical mass
spectrometry, however, is the influence of cell geometry on
the time required for species to travel from electrode to detec-
tor. Molecular diffusion within the electrochemical cell and in
the vacuum system results in a distribution of travel times for
species originating from a specific electrode process, resulting
in signal broadening. This broadening needs to be considered
if one wants to accurately relate the amount of product formed
to the measured current, which typically requires performing a
deconvolution of travel times. This is mathematically challeng-
ing and only possible for a limited set of experimental
conditions.

Best practices to maintain rigor and reproducibility of
EC-MS measurements start with awareness of the pitfalls
described above. A series of recent publications address a subset
of these challenges. A review by Yan highlights the most com-
mon contemporary EC-MS configurations, along with their typ-
ical applications and limitations.114 Specific examples of
operational practice for recently developed systems are pro-
vided by Clark and Trimarco.117,118 Additionally, while the
geometry of each apparatus is unique, a framework to evaluate
the time delay between species generation at the electrode
and its detection in the mass spectrometer was proposed by
Krempl.116 Lastly, Qiao critically assessed the formation of m/
z signals unrelated to electrochemically generated analytes, con-
cluding that such phenomena are highly system dependent,
making reproducibility inherently challenging.115 As such Qiao
et al. propose to employ a series of careful benchmarking steps
to identify species produced from reaction between fragments
in the ionization chamber. We finally note that the methods,
implementations, and applications of electrochemical mass
spectrometry continue to face limitations but are rapidly evolv-
ing. Best practices and optimal operating conditions will likely
be refined as EC-MS technology matures and its application
widens. We encourage readers to actively contribute to this pro-
cess and consider emerging literature to carry out EC-MS mea-
surements with the highest degree of rigor and reproducibility.
J

Operando Electrochemical TEM

Operando electrochemical liquid-cell scanning/transmission
electron microscopy (EC-TEM or EC-STEM) enables direct,
nanoscale visualization of electrocatalyst structure and composi-
tion at the single-particle level under reactive liquid environ-
ments, providing insights that cannot be captured with bulk
or ensemble techniques.119–123 While conventional bright-field
TEM, based on a parallel beam, is widely used to image light
elements in biological samples,124 scanning TEM (STEM)
focuses an electron beam into a sub-Ångström probe and scans
samples to acquire imaging, diffraction and spectroscopy-based
signals analyzed by various detectors.125 Imaging catalyst evolu-
tion in real time has proven especially powerful for nanostruc-
tured systems, which often undergo rapid morphological,
structural and compositional changes during electrocatalytic
operation. However, this capability comes with unusual con-
straints: the liquid environment must be confined within a
sub-micrometer chamber to allow electron penetration, and
electron doses must remain significantly lower than those used
in conventional TEM images of dry samples to avoid undesired
side reactions driven by beam-induced radiolytic species in liq-
uids. Additionally, electrochemical control must be maintained
so that measurements in the miniaturized liquid cell remain
comparable to those performed in conventional electrochemical
cells.126 As with operando X-ray methods, thoughtful
EC-STEM experimental design and transparent reporting are
central to ensuring reproducible, interpretable results.
In the early 2000s, Ross and coworkers reported the first

homebuilt in-situ liquid-cell TEM study of Cu electrodeposi-
tion.127 Similar to the early liquid-cell, modern
EC-STEM127,128 employs a microelectromechanical-system
(MEMS) liquid-cell composed of two thin SiNx windows that
enclose sub-μm of electrolyte, creating a sealed liquid environ-
ment stable under high vacuum (Figure 5a).126,128–131 The
pressure difference between the liquid-cell and ultra-high vac-
uum condition of TEM column leads to window bulging,
increasing the effective liquid thickness, which further reduces
spatial resolution and modifies electron scattering conditions.
This architecture imposes fundamental limits on spatial resolu-
tion, which is governed not by the instrumental resolution
limits but by the maximum tolerable beam dose in liquids.
While atomic resolution is routinely achieved in dry samples
at ≈106 e–/nm2 or higher, operando liquid-cell imaging typi-
cally uses a low beam dose of ≈1 to 10 e–/nm2 to avoid
radiolysis-driven chemistry, bubble formation, and/or window
damage. Because these parameters vary from chip to chip (leav-
ing a need in the community for more refined chip production),
and even throughout a single experiment, reproducibility is
strengthened when users characterize thickness and beam dose
limits across various batches of liquid cells.
Electrochemical control presents an additional layer of

complexity. Early liquid-cell studies used two-electrode configu-
rations, which have been proven to be able to simulate two-
electrode battery operation. However, it is insufficient for
catalyst studies because quantitative analysis is hindered by con-
voluted polarization from the working and counter/reference
electrodes. Modern EC-STEM liquid cells employ integrated
three-electrode microchips with patterned working electrodes
(WE), a large-area counter electrode (CE) surrounding the
working electrode, and a Pt pseudo-reference electrode (RE)
(Figure 5b). The Pt reference electrode is central to establishing
https://doi.org/10.1021/acscatal.6c01946
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Figure 5. Operando/in situ electrochemical liquid-cell scanning/transmission electron microscopy (EC-S/TEM) for time-resolved nanoscale elec-
trochemistry. (a) Schematic of the EC-STEM liquid cell encapsulated by two SiNx windows, which enables quantitative electrochemistry
(b) three-electrode EC-STEM electrochemical microchip with a large circular CE surrounding the WE and a Pt pseudo-RE. (c) CV profiles at
100 mV s–1 of Cu nanocatalysts supported on a glassy carbon WE using a EC-STEM liquid cell and in CO2 saturated 0.1 mol L–1 KHCO3 with
a Pt RE that was converted to an estimated RHE scale. Operando EC-STEM images showing dynamic evolution of Cu (d) and Cu2O
(e) nanocubes during CO2RR, respectively. Machine-learning-assisted 4D-STEM structural mapping of polycrystalline Cu dendrites (f) and repre-
sentative electron diffraction patterns (g) corresponding to the numbers 0, 2, and 7 in (f) based on k-means hierarchical clustering. (a–c)
Reproduced from ref 129. Copyright 2023 American Chemical Society. (d) is adapted with permission from ref 132. Copyright 2025 Springer
Nature. (e) is adapted from ref 133. Available under a CC-BY 4.0 license (https://creativecommons.org/licenses/by/4.0/). Copyright 2021 P.
Grosse, A. Yoon, C. Rettenmaier, A. Herzog, S. W. Chee, B. Roldan Cuenya. (f, g) Reproduced from ref 25. Copyright 2025 American Chemical
Society.
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an operando reference point of potential, yet remains one of the
primary sources of uncertainty. Its potential is known to vary
with pH, degree of surface oxide formation, and temperature.
Comparisons of Pt electrode potentials with benchtop Ag/
AgCl or reversible hydrogen reference electrodes show batch-
dependent uncertainties on the order of ≈100 mV.21

Figure 5c exhibits an example of a Cu+/Cu redox couple in
pH neutral CO2 saturated 0.1 mol L–1 KHCO3 during a CV
measurement of Cu nanocatalysts.134 Although this level of
error may be tolerable for reactions with large overpoten-
tials—such as oxygen evolution or CO2 reduction—it is insuffi-
cient for reactions that are highly sensitive to potential, such as
hydrogen evolution/oxidation or Li deposition. Accordingly,
rigorous EC-STEM studies explicitly report reference calibra-
tion procedures, frequently using HUPD features on Pt or well-
defined redox couples such as Cu2+/Cu,135 as well as assessing
temperature and pH dependent shifts in the Pt pseudo-RE.25

Beam-induced effects represent another major challenge to
rigor, as 100–300 keV electron irradiation generates solvated
electrons and radicals that can alter catalyst structures or local
chemistry, even at low doses. EC-STEM therefore requires
systematic beam-on/beam-off control experiments to confirm
that imaging does not introduce spurious electrochemical signa-
tures or morphological changes. Gas evolution compounds
K

these issues. Radiolysis or electrocatalytic reactions routinely
produce bubbles that modify local liquid thickness.136 While
bubble-induced thinning can sometimes improve spatial resolu-
tion, it also perturbs the electrochemical environment.
Reproducibility demands explicit reporting of whether imaging
was performed in “as-assembled thick liquid” or “thin liquid”
conditions, as these regimes differ substantially in beam scatter-
ing, local resistance, and mass transport.136

Despite extreme confinement in scale, several studies have
shown that mass transport near the working electrode can,
under appropriate conditions, resemble bulk diffusion behavior.
For example, Fe(CN)6

3–/ Fe(CN)6
4– redox kinetics measured

at various scan rates in EC-STEM yield diffusion coefficients
comparable to benchtop measurements.126 This agreement
likely arises because both the electrode dimensions and electro-
lyte thickness scale down together, preserving the ratio between
diffusion length and electrode size. Nonetheless, the
ultramicroelectrode-like WE geometry means that even small
obstructions—such as bubble formation at the counter elec-
trode or restricted electrolyte pathways—can cause significant
mass-transport artifacts. Reporting electrolyte geometry, diffu-
sion pathway length, and any flow conditions is therefore essen-
tial for reproducibility.
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Because the liquid volume near the working electrode is only
on the picoliter-level, reaction products formed during
EC-STEM experiments cannot be detected directly by mass
spectrometry, or spectroscopy. Thus, rigorous operando studies
must be benchmarked against parallel benchtop electrochemical
measurements. These comparisons should verify that redox fea-
tures, catalyst evolution pathways, and steady-state catalytic
behaviors are consistent across the two environments.
EC-STEM experiments often monitor structural changes—such
as the transformation of Cu and Cu2O nanocubes into polycrys-
talline metallic nanoscale grains (Figure 5d,e)25,132,133—on
timescales of seconds or minutes whereas benchtop experi-
ments can take place over hours. Such discrepancies underscore
that strong electric fields in thin electrolyte layers accelerate cer-
tain electrochemical processes, and that operando interpreta-
tions must be cross-validated with macroscale experiments
step by step.

A major strength of EC-STEM is its access to multi-modal
structural and chemical information beyond imaging.
Electrogenerated gas bubbles often reduce the liquid layer to
≈100 nm, enabling four-dimensional-STEM (4D-STEM) dif-
fraction mapping,136 energy dispersive X-ray spectroscopy
(EDX)137 or electron energy loss spectroscopy (EELS) elemen-
tal analysis.128,138 4D-STEM acquires a 2D STEM image in real
space and simultaneous 2D electron diffraction in reciprocal
space at each pixel of the image.139,140 Advances in direct elec-
tron detectors allow gigabyte-scale 4D-STEM datasets to be
collected within minutes, capturing grain-boundary formation,
crystallographic orientation, and morphological transitions with
nanometer resolution. 4D-STEM reveals the formation of
μm-sized Cu dendrites with preferential crystallographic orien-
tation on top of the granular Cu nanostructures in thin liquids
(Figure 5f) based on machine-learning-assisted clustering of
various electron diffraction patterns (Figure 5g). Machine-
learning workflows are increasingly essential for analyzing these
gigabyte-to-terabyte-level datasets and identifying robust, repro-
ducible structural fingerprints. These techniques can be powerful
when tightly coupled to well-calibrated electrochemistry—but
require strict control of dose, acquisition time, and beam-
induced chemistry—highlighting that although operando
EC-STEM uniquely resolves nanoscale catalyst evolution with
high temporal and spatial resolution, its inherent constraints
demand rigorous controls and systematic validation against
benchtop electrochemistry for quantitative, reproducible inter-
pretation alongside complementary operando probes.141
■ CONCLUSION AND OUTLOOK

The continued expansion of operando electrocatalytic methods
has fundamentally reshaped how catalytic interfaces are interro-
gated under working conditions. Yet, as emphasized throughout
this Perspective, the power of these techniques is jeopardized by
their susceptibility to misinterpretation when experimental
rigor, validation, and transparent reporting are not prioritized.
Across X-ray/vibrational spectroscopies, mass spectrometry,
and electron microscopy platforms, recurring challenges—mass
transport limitations, non-uniform current distribution, tempo-
ral mismatches, auxiliary electrode artifacts, catalyst evolution,
and probe-induced effects—emerge regardless of the specific
modality. Addressing these issues is therefore not a technique-
specific exercise, but a unifying metrological imperative.
L

Moving forward, the most robust operando studies will
increasingly rely on multimodal integration and cross-valida-
tion, rather than isolated measurements. Correlating surface-
sensitive vibrational signatures with electronic and structural
descriptors from X-ray spectroscopies, or pairing nanoscale
imaging with quantitative product detection, provides a path-
way to discriminate true catalytic phenomena from experimen-
tal artifacts. Such integration also imposes a higher bar for
experimental design: electrochemical performance must be
benchmarked against conventional cells, synchronization proto-
cols (e.g., governing the timing and alignment of electrochemi-
cal stimuli, spectroscopic/imaging acquisition, and product
analysis) must be explicit, and assumptions inherent to each
technique must be openly acknowledged. In a similar way, the
impact of emerging operando methodologies142–146 will be
increasingly contingent on rigorous experimental design, valida-
tion, and reporting practices, including the general reporting
checklist provided in the Supporting Information.
Ultimately, advancing rigor and reproducibility in operando

electrocatalysis will depend as much on community behavior
as on technical innovation. Greater willingness to share cell
designs, operational constraints, calibration procedures, and
negative results would substantially lower barriers to reproduc-
ibility across laboratories. In parallel, the establishment of
community-curated repositories, including reference spectra
acquired under well-defined electrochemical conditions, bench-
mark datasets that link electrochemical performance to struc-
tural or spectroscopic observables, and fully documented
operando protocols (cell geometry, electrode preparation, cali-
bration procedures, and transport conditions), would provide
a durable foundation for cross-platform comparison and inde-
pendent validation.
By consistently applying operando techniques as quantitative

measurements rather than relying on qualitative or correlative
interpretation alone, and by embedding rigor, transparency,
and cross-validation into their routine use, the electrocatalysis
community can ensure that operando insights translate into
reproducible mechanistic understanding and, ultimately, into
reliable guidance for catalyst design. We hope this Perspective
serves both as a practical reference and as an invitation for con-
tinued collective effort toward a shared metrological framework
for operando electrochemistry.
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