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Abstract

One of the grand challenges facing electrochemistry is to
directly resolve the complex nature of (electro)catalyst active
sites and capture real-time “movies” of reaction dynamics, i.e.
“watching chemistry in action’”. The need for such fundamental
understanding has stimulated the development of operando/in
situ methods, which have greatly enhanced our ability to
identify activity descriptors of electrocatalysts and establish
structure—property relationships of energy materials. This
review summarizes the frontiers of operando electrochemical
liquid-cell scanning transmission electron microscopy and
correlative synchrotron X-ray methods, which are comple-
mentary tools to comprehensively investigate reaction dy-
namics across multiple spatiotemporal scales. In an effort to
encourage greater adoption of advanced operando methods
by the general electrochemistry community, this review points
out the need to benchmark electrochemistry in confined and
heterogenous liquid environment with minimal beam-induced
damage. We anticipate that multimodal operando methods will
become indispensable for understanding interfacial reaction
mechanisms for the broad chemistry and energy materials
communities.
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Electrochemistry lies at the interfaces among chemistry,
physics and materials science and represents one of the
more promising approaches for enhancing energy effi-
ciency, mitigating environmental impacts and carbon
emissions, and enabling renewable energy technologies,
such as fuel cells, CO; and N; reduction, water splitting
and post lithium-ion secondary batteries [1,2]. The past
decades have witnessed the tremendous development
in analytical instruments in the context of measurement
science [3]. Recent advances in scanning transmission
electron microscopy (STEM) and synchrotron X-ray
methods have revived the field of electroanalytical
chemistry [4]. Here, we review the latest breakthroughs
of operandofin situ methods with an emphasis on elec-
trons and X-rays as complementary structural probes of
solid—liquid interfaces. For other analytical techniques,
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2 Innovative Methods in Electrochemistry (2023)

interested readers are encouraged to read reviews on
operandolin situ optical microscopy and spectroscopy
(UV—Vis, IR and Raman), differential electrochemical
mass spectrometry (DEMS), scanning electrochemical
microscopy (SECM), scanning electrochemical cell mi-
croscopy (SECCM), nanoimpact electrochemistry and
electrochemical quartz microbalance (EQCM) [1,4—8]
(see Scheme 1).

First, we would like to give a clear definition of ex sizu, in
situ and operando. Ex situ methods provide a baseline
understanding of pristine or postmortem samples. /7 situ
methods simulate one or some of the reaction conditions
but still deviate from realistic (device-level) operating
conditions. Operando methods emphasize achieving
multiple experimental conditions to fully sustain a
working (electro)catalyst in an operating device [5,8].
Given the term  situ has been widely used in the past
decades and operando is just emerging and requires
considerable efforts to achieve device-level operation,
this review provides flexibility regarding the precise
boundary between i situ and operando methods and
serves primarily as a roadmap to inspire readers to
contribute to the advancement of operando methods. For
electrochemistry, operando methods are defined here as
analytical techniques that provide a comparable driving
force (applied potential) to achieve a comparable reac-
tion rate (current density), relative to standard elec-
trochemical cells [4]. This review will first introduce
recent breakthroughs in developing multimodal oper-
andofin situ methods [9,11], particularly operando elec-
trochemical liquid-cell STEM (EC-STEM) and
correlative synchrotron X-ray methods. Selected exam-
ples of representative STEM or TEM (S/TEM), hard
and soft X-ray methods will be discussed in detail.
Particular attention is paid to beam-induced effects on

Schematic 1

XAS
XRD
RSoXS
STXM
XPS

Synchrotron
X-rays

4D-STEM, EELS...

Current Opinion in Electrochemistry

Multimodal operando STEM and correlative X-ray methods: A powerful
complementary toolbox. The upper left schematic includes a variety of
stimuli (temperature, pressure, light, magnetic fields, electrical bias, liquid
or gas environment) that may alter (electro)chemical reaction dynamics at
solid—liquid interfaces (Copyright by the authors).
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samples in liquid cells [12]. It remains necessary to
convince the electrochemistry community that operando
EC-STEM and X-ray methods can deliver comparable
electrochemical results to bench-top electro-
chemical measurements.

Electrons and X-rays are complementary tools for
probing electrochemical reaction dynamics at
solid—liquid interfaces across multiple spatiotemporal
scales. The customized electrochemical liquid cell
serves as a multimodal platform to combine those two
powerful structural probes (Schematic 1). In general,
electron probes provide nm-to-atomic scale information
of individual nanoparticles (NPs) in a localized envi-
ronment, while synchrotron based X-rays interrogate a
large ensemble of NPs with statistical analysis. For both
electrons and X-rays, beam-induced damage needs to be
minimized in order to reliably probe electrochemical
reactions without perturbing them. Conventional TEM
uses a parallel electron beam while STEM focuses an
electron beam into a sub-Angstréom probe, which scans
across the sample and is then analyzed by an electron
detector [13,14]. Operando EC-STEM enables quanti-
tative electrochemistry and simultaneous acquisition of
quantitative STEM imaging, four-dimensional (4D)
diffraction imaging, electron energy loss spectroscopy
(EELS) and energy dispersive X-ray (EDX) spectros-
copy [9,15—17]. In comparision, synchrotron based X-
rays are divided into hard X-rays (>5 keV), tender X-rays
(1-5 keV) and soft X-rays (<1 keV). High-energy hard
X-rays can penetrate mm or thicker samples in standard
electrochemical cells or operating energy devices. Soft
X-rays are more advantageous as a probe for surface and
thin film electronic structures due to their large ab-
sorption cross-section and chemical sensitivity. Operando
X-ray methods include X-ray absorption spectroscopy
(XAS), X-ray diffraction (XRD), resonant soft X-ray
scattering (RSoXS), scanning transmission X-ray mi-
croscopy (STXM), X-ray photoelectron spectroscopy
(XPS), among others.

State-of-the-art  operandofin  situ S/TEM and X-ray
studies are summarized in Table 1. Given the concise
scope of this review, the table only includes reports that
have demonstrated operando/in situ S/TEM or X-ray
methods in liquid under electrochemical conditions. A
comprehensive summary of early operando/in situ STEM
and X-ray studies can be found in our early review [4].
Rows 2—5 cover the real- and reciprocal-space resolu-
tions, temporal and energy resolutions of electron or X-
ray probes in the presence of liquid. Rows 6—7 include
the output information of chemical compositions and
crystal structures. The ideal multimodal operando
methods are expected to resolve morphological and
compositional changes in real space and structural
changes in reciprocal space at high spatiotemporal res-
olutions without beam damage in liquid. The overview
of Table 1 delivers the important message that no single
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Summary of state-of-the-art operandolin situ SITEM and correlative X-ray methods in liquid under electrochemical conditions. Electrons
and X-rays serve as complementary probes to study solid-liquid interfaces across multiple spatiotemporal scales.

Operando Methods Real-Space Reciprocal-Space Temporal Energy Chemical Crystal Structure

in Liquid under Resolution Resolution Resolution Resolution Composition

Electro- chemical

Conditions

STEM imaging nm to atomic No Second-level N/A Quantitative No
[9,15-24] scalescale imaging

4D-STEM diffraction nm to atomic sub-A Seconds to N/A No Yes
imaging [9,16,17] scale minutes

STEM-EELS nm to atomic No Minute-level ~0.5 eV (without Yes No
[22,24,28,59] scale monochromator)

~0.1 eV (with
monochromator)

STEM-EDX [16,59] nm-scale No Minutes to hours ~100 eV Yes No

TEM imaging nm-scale No Milliseconds to N/A No No
[21,31-36,59,71] seconds

Selected Area No sub-A Milliseconds to N/A No Yes

Electron Diffraction seconds
[35,59]

Hard XAS (XANES) No No Seconds to ~1.5eV Yes No
in conventional minutes (Conventional)
[36—42], HERFD 0.5-0.75 eV
[9,43,44] modes) (HERFD)

Hard XAS (EXAFS) No No Minutes to hours N/A Yes No
[9,36—44]

Hard XRD (CTR or No sub-A Milliseconds to N/A No Yes
XSWs) [46,47] seconds

Hard X-ray 2 um sub-A Minutes to hours  N/A Yes Yes
Microscopy
(Coupled XRD or
XRF) [48,50]

Soft XAS (TFY or No No Minutes to hours ~0.1 eV Yes No
TEY) [51-55]

RSoXS Coupled Soft No sub-nm Milliseconds to ~0.1 eV Yes Yes
XAS [56] seconds

Soft STXM [10,57] 50 nm No Minutes to hours ~0.1 eV Yes No

Coupled Soft XAS

AP-XPS [58] No No Minutes to hours 0.1-0.5eV Yes No

technique can possibly satisfy such an ideal require-
ment. Therefore, multimodal techniques are highly
desirable to provide comprehensive information and
approach a complete understanding of complex
solid—liquid interfaces [11]. Although aberration-
corrected STEM imaging can routinely achieve sub-A
spatial resolution in vacuum, the imaging resolution of
EC-STEM is often limited to a few nanometers by
counting statistics, at a beam dose of 1—10 e /A or
lower to reliably study beam-sensitive samples in liquid
[12,15—17]. Similarly, despite recently developed
electron detectors achieving a kHz-level or higher im-
aging frame rate (ze. ms-level or higher temporal reso-
lution), most S/TEM studies in liquid are limited to
second-level temporal resolution in order to achieve a
sufficiently high signal-to-noise ratio (SNR) when im-
aging nanoscale features in liquid. In other words, the
spatial and temporal resolutions are often determined by
the maximum beam dose allowed in liquid samples

rather than instrumental resolutions. Recently, the
maximum useable imaging speed (MUIS) has been
proposed as a new information metric to integrate the
spatial and temporal resolutions of electron detectors
[14]. The MUIS, as a function of the SNR, determines
the precision and accuracy of  quantitative
STEM measurements.

High-angle annular dark-field (HAADF) STEM imag-
ing, based on elastic scattering of electrons, is quanti-
tative since imaging intensity scales with atomic
number (I o« Z" ) [13]. Quantitative STEM imaging
has been used to investigate dynamic metal electrode-
position [15], structural evolution of nanoscale electro-
catalysts [9,16—19] and solid-electrolyte interphase
formation of lithium batteries [20,21], among other
energy applications [4,22]. HAADF-STEM imaging can
maintain a high spatial resolution, particularly for high-Z
nanoparticles in thick liquid, when compared to
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conventional bright-field (BF) TEM imaging [23,24].
The latest development in 4D-STEM significantly ex-
pands the capability of STEM from conventional imag-
ing to enable structural analysis in liquid [25,26]. 4D-
STEM, based on electron microscopy pixel array de-
tector (EMPAD), can achieve single electron sensitivity,
high dynamic range and fast readout speed (up to 10,000
frames/second) [14], which are crucial for low-dose
clectron diffraction of beam-sensitive samples in
liquid. While 4D-STEM diffraction imaging in vacuum
has been demonstrated to achieve sub-A real-space
resolution and sub-pm reciprocal-space resolution
[27], 4D-STEM in liquid has revealed valuable struc-
tural information already with nm-scale real-space res-
olution and sub-A reciprocal-space resolution [9,16,17].
STEM based core-loss EELS signals (>50 eV) are
compromised by multiple inelastic scattering in liquid
and only resolvable when liquid layers are thinner than
200—300 nm below which mass transport for electro-
chemistry becomes challenging [23,24,28]. In compari-
son, valence EELS, below the optical gap of the
electrolyte (about 1—6 €V), is effective to resolve fea-
tures through liquid thickness up to 500—600 nm.
Operando  energy-filtered TEM imaging, based on
valence EELS, was used to track rapid de-/lithiation
dynamics of LiFePOy4 nanoparticles and corresponding
concentration/depletion of the diffuse layer in liquid
during battery cycles [24]. STEM-EDX analysis is
particularly powerful for analyzing heavy elements due
to the high penetration depth of X-rays through thick
samples. Recent technical developments addressed the
shadowing problem of the liquid-cell holder tip and
enabled more X-rays to reach the EDX detector [29]. In
addition, the equipment of dual or quadruple EDX de-
tectors can achieve a high collection efficiency with a
large solid angle of one Steradian or above, which can
significantly lower the beam dose in order to achieve
desirable nm-scale spatial resolution. When compared to
the relatively slow scanning mode of STEM imaging,
conventional bright field (BF) TEM imaging can serve
as a complementary imaging mode to achieve a sub-
second-level or higher temporal resolution with faster
electron detectors. The spatial resolution of TEM im-
aging is limited by chromatic aberration due to multiple
inelastic scattering in liquid [30], which can be miti-
gated through energy filtering or chromatic aberration
correction [23]. Since the pioneering work by Ross et al.
[31], TEM imaging has been widely used to probe
interfacial electrochemical dynamics [32—36]. Selected
area electron diffraction (SAED), despite the absence of
spatial resolution, has been used to reveal valuable
structural information on electroreduction of Cu,O
nanoparticles [35]. TEM imaging and SAED have the
merit of being widely accessible to most institutions as
long as a conventional TEM is available. In general,
electron diffraction is more dose efficient than S/TEM
imaging for retrieving structural information of crystal-
line materials in liquid [13,14]. This review anticipates
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that the continuous development of STEM techniques
in liquid, especially 4D-STEM diffraction imaging, will
make significant contributions to the electrochem-
istry community.

Operando synchrotron X-ray methods have been devel-
oped over a long period of time and are instrumental in
understanding electrochemical reactions at solid—liquid
interfaces (Table 1). Hard XAS, including X-ray ab-
sorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS), is the most
widely used operando X-ray method for reliably probing
electrochemical reactions due to the high penetration
depth and minimal beam damage [36—44]. Hard XAS
excites core electrons of bulk samples, e.g. 3d metal K
edges, and can be used to probe the site symmetry and
oxidation state of an absorbing atom as well as the dis-
tances and identities of its nearest neighbors. For
example, XAS can probe electrochemically induced
surface changes of NPs, which are sufficient to trigger
spectroscopic differences in XANES for quantitative
analysis of valence states due to the high surface-to-bulk
ratio of NPs. EXAFS, on the other hand, is more useful
for detecting surface undercoordination for nano-
particles smaller than about 20 nm (one monolayer
(~3A) of a20 nm or larger spherical NP corresponds to
less than 10% contribution from the surface) [9].
XANES of first—row transition metals, collected in
transmission mode, has an edge energy resolution of
~1.5 eV using a conventional solid-state detector with
an energy resolution of 50—200 eV. The recent devel-
opment of detecting XAS using a high resolution crystal
spectrometer has given rise to high-energy-resolution
fluorescence detected (HERFD) XAS, which enables
much higher energy resolution—on the order of
0.5—0.75 eV— and allows for unprecedented informa-
tion to be extracted from pre-edges [9,43—45]. This
improved resolution comes at the price of signal in-
tensity: While high qualitcy HERFD XANES can be
collected quickly, HERFD EXAFS requires significantly
more time in order to achieve good SNR at high k for
high resolution data. Hard X-ray diffraction, in particular
crystal truncation rod (CTR) and X-ray standing waves
(XSWs), enable an atomic-scale understanding of the
electrode—electrolyte interfaces by decoupling surface
changes from the bulk substrate. Both CTR and XSWs
require well-defined, ideally single-crystal metal or
oxide electrode surfaces [46,47]. Hard X-ray microscopy
and correlative XRD have been used to penetrate mm-
thick electrode samples and electrolytes and provided
tm-level spatial resolution for dynamic de-/lithiation
processes in batteries and oxygen evolution electro-
catalysts [48—50]. In comparison to hard X-rays, soft
XAS offers the twin advantages of producing much
higher resolution spectra (~0.1 €V) and directly, via
dipole-allowed transitions, probing the d orbital mani-
fold of an absorbing 3d metal, which is sensitive to
changes of metals’ chemical environment. The main
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challenges facing soft X-ray studies are the beam-
induced damage due to larger inelastic scattering cross
section and the design of vacuum-compatible liquid
cells [51—55]. Soft XAS can be collected in either bulk-
sensitive (hundreds of nm) total fluorescence yield
('TFY) or surface-sensitive (<10 nm) total electron yield
(TEY). Electron-yield XANES (EY-XANES) has been
developed to probe interfacial water structure under
electrochemical conditions [51]. Recently, operando
resonant soft X-ray scattering (RSoXS) was developed to
combine soft XAS studies of chemical environment and
X-ray scattering of interparticle dynamics using a similar
liquid-cell holder as EC-STEM [56]. Soft scanning
transmission X-ray microscopy (STXM) was developed
to provide nm-scale spatial resolution with simultaneous
acquisition of an XAS spectrum [10,57]. Given an
intense soft X-ray beam is focused into a nanoprobe, soft
STXM has a high demand for sample stability in liquid
under long-time beam exposure. Finally, 77 sizu ambient
pressure X-ray photoelectron spectroscopy (AP-XPS)
can partially simulate electrochemical reaction condi-
tions (a few torr with a thin liquid film) and has been
reported to investigate chemical bonding on electrode
surfaces [58].

Operando EC-STEM enables quantitative electrochem-
istry and simultaneous STEM imaging, 4D-STEM
diffraction, EELS and EDX spectroscopy (Figure 1a)
[9,15—17]. The central component of the EC-STEM is
an electrochemical liquid cell with a three-electrode
system of a carbon working electrode (WE), Pt
counter and reference electrode (CE, RE, Figure 1b)
[17]. A common EC-STEM holder often encapsulates
electrolyte between two electron-transparent SilNy
windows with a spacer of 500 nm. Figure 1c presents a
cyclic voltammetric (CV) profile of Cu NPs with well-
defined redox couple of Cu;O/Cu with the conversion
from Pt pseudo-RE to reversible hydrogen electrode
(RHE) estimated to be around 0.8 V [17]. The natural
formation of electrogenerated H; bubbles under
reducing potentials generates a thin-liquid layer
(~100 nm) that remains electrochemically accessible
(Figure 1d) [16,17]. This unique strategy enables oper-
ando EC-STEM to expand beyond conventional imaging
of morphological changes and allows for 4D-STEM,
EELS and EDX analysis (Figure 1e—f) [14]. The first
demonstration of operando 4D-STEM in liquid was
performed to reveal crystallographic orientation map-
ping of Au—Pt bimetallic alloys during cathodic corro-
sion (Figure 1e). The thin-liquid layer also enables the
acquisition of STEM-EDX mapping of heterogeneous
Au—Pt nanostructures in liquid (Figure 1f). Recently,
operando EC-STEM, equipped with 4D-STEM, and
correlative X-ray methods were employed to elucidate a
longstanding challenge of identifying Cu active sites for
CO; reduction reaction (CO;RR) to multicarbon prod-
ucts [9]. This study provides, for the first time, the
definitive evidence of metallic Cu nanograins, rich in
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nanograin boundaries, supporting undercoordinated Cu
active sites for C—C coupling (Figure 1g). Operando
correlative methods provide a comprehensive life cycle
of Cu nanocatalysts in which NP ensembles evolve into
metallic Cu nanograins under CO;RR before complete
oxidation to single-crystal Cu;O nanocubes upon air
exposure [9]. Two false-color operando 4D-STEM
diffraction imaging in liquid shows the complex struc-
ture of metallic Cu nanograin boundaries as possible
active sites for CO,RR.

The customized electrochemical liquid-cell holder is
compatible with not only operando EC-STEM but also
resonant soft X-ray scattering (RSoXS, Figure 2a, c)
[56]. Operando RSoXS provides a statistically robust
analysis of dynamic aggregation processes of large en-
sembles of Cu NPs, complementing operando EC-STEM
studies of individual Cu NPs. The major modification of
the liquid-cell microchip for soft X-rays is the design of a
dual carbon WE. Given the soft X-ray beam size is
comparable to the electrode size, Cu NPs on window 1
are exposed to soft X-rays while those on window 2
experience the same electrochemical conditions but
without X-ray exposure. Such a rigorous control experi-
ment is essential to reliably investigate Cu@Cu,0O NPs
that are subject to rapid soft X-ray beam-induced
oxidation to CuO in the eclectrolyte [56]. Operando
RSoXS enables simultaneous acquisition of soft XAS to
study valence state during electroreduction of Cu,0O and
X-ray scattering to study interparticle dynamics
(Figure 2b, d). The NP-NP distance of 18 nm NP en-
sembles was measured to be 2.5 nm and decreased by
3 A during COzRR. To accurately quantify valence state,
HERFD was employed to enable hard X-rays with
<1 eV-level energy resolution by exclusively selecting
particular emission lines, such as Cu Ko and thus
suppressing the 1s core-hole lifetime broadening [4].
The pre-edge peaks are barely resolvable between Cu
and Cu;0O in conventional XANES (Figure 2e). In
comparison, the pre-edge peaks in HERFD XANES
become markedly different (8979.9 eV for Cu; 8981.0 ¢V
for Cu,0O, Figure 2f). The pre-edge peak of CuO at
8977.6 eV, due to Jahn-Teller distortion, is clearly shown
in HERFD XANES but absent in conventional XANES.
Quantitative analysis of operando HERFD XANES shows
that all 7 nm NPs are converted to fully metallic Cu
nanograins (Figure 2g—h) [9]. Such comprehensive
multimodal operando methods represent a milestone in
providing critical evidence of metallic Cu as active sites
for CO,RR. We anticipate that the continuous advances
in operando X-ray methods, together with operando EC-
STEM, will be instrumental in tackling the complex
dynamic evolution of nanoscale electrocatalysts.

The level of impact of operando EC-STEM and X-ray
methods on the electrochemistry community depends
on how quantitatively we understand the electro-
chemical behaviors in liquid cells that are customized
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Figure 1
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Selected examples of operando STEM under electrochemical conditions. (a—c) Operando EC-STEM setup with a three-electrode system and CV profiles
of Cu NPs in CO,-saturated 0.1 M KHCO3; (adapted from a study by Yang et al. [17]. Copyright (2023) American Chemical Society). (d—f) Electro-
generated H, bubbles under reducing potentials create a native thin liquid layer (~100 nm), which enables 4D-STEM diffraction imaging (e) and STEM-
EDX (f) of Au—Pt bimetallic alloys formed under electrochemical conditions (adapted from a study by Yang et al. [16]. Copyright (2022) American
Chemical Society). (g) Compared to limited insights from ex situ methods, operando/in situ electrochemical 4D-STEM and correlative X-ray methods
uncovered the dynamic evolution from Cu@ Cu,O nanoparticles to metallic Cu nanograins under bias and transformation to Cu,O cubes upon air
exposure (adapted from a study by Yang et al. [9]. Copyright (2023) Springer Nature).

for operando measurements [17,21]. In order to
encourage the general electrochemistry community to
adopt operando EC-STEM and X-ray methods, it is
necessary to better understand how mass transport and
kinetic equations of standard electrochemistry experi-
ments change as a result of the unique geometry of
operando cells, i.e. it is necessary to benchmark electro-
chemistry in confined and heterogenous liquid layers.
Figure 3a presents the well-defined redox couple of Cu
electrodeposition and stripping on Au nanocube elec-
trode surfaces as a function of scan rate. A log—scale plot
of the reduction peak current vs. scan rate shows a

square-root relation, which 1is characteristic of a
diffusion-controlled process [15]. Further analysis based
on the Randles—Sevcik equation estimated the diffu-
sion coefficient of Cu?™ to be 3.4 x 107> cm?%/s. This is
within the same order of magnitude when compared to
the value reported in the literature (7.4x 10~ cmz/s)
for 1 mM Cu®* in standard (bulk) cells, which suggests
that the microelectrode in EC-STEM shows a bulk
diffusion behavior, despite the confined sub-pm thick
liquid layer [15]. The window bulging, a result of
pressure differences between the liquid cell and the
TEM chamber, makes the liquid thicker in the middle
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Selected examples of operando soft and hard X-ray methods under electrochemical conditions. (a—b) Operando RSoXS using the same liquid-cell holder

as EC-STEM with a three-electrode system including a dual carbon WE. (c—d) Operando RSoXS enables the simultaneous acquisition of soft XAS and
X-ray scattering (Figures a—d were adapted from a study by Yang et al. [56]. Copyright (2022) American Chemical Society). () Working principle of
HERFD XAS (f—g) Comparison of XANES spectra of Cu, Cu,O and CuO in conventional and HERFD modes. Inset in (f) showing the presence of a

unique pre-peak of CuO only detectable in HERFD mode (Figures e—h were adapted from a study by Yang et al. [9]. Copyright (2023) Springer Nature).
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Figure 3
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Benchmark electrochemistry in confined and heterogenous liquid environment. (a) CV profiles of Cu electrodeposition and stripping in 1 mM CuSO,/0.1 M
NaClO4 in EC-STEM holder (adapted from a study by Yang et al. [15]. Copyright (2022) American Chemical Society). (b) EELS measurements of liquid
thickness variation for water with a 150 nm spacer in between two 25 x 25 um? SiN, windows (adapted from a study by Holtz et al. [20]. Copyright (2013)
Microscopy Society of America). (c) Finite element simulation of the heterogeneous electric field distribution in vacuum of a three-electrode system with a
WE potential of —1 V vs. RHE and CE potential of 2 V vs. RHE (Copyright by the authors). (d) Numerically simulated flow velocity profile of a liquid cell
(LC) with realistic consideration of 2% off-chip bypass (BP) and a spacer of 150 nm. Red lines indicate direction and background color represents relative
magnitude of flow velocity. The black square in the center reflects 20 x 20 um? viewing window (adapted from a study by Merkens et al. [62]. Copyright
(2023) Elsevier). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

of the window and, thus, more challenging to resolve
nanoscale features (Figure 3b) [20]. Liquid thickness
can be estimated using the plasmon peak in the EELS
spectrum and applying Beer’s Law. The strategy of
electrogenerated H, bubbles works well for electro-
chemical applications wunder reducing potentials
[16,17], but there is a need to advance nanofabrication
for a pristine liquid layer of 100 nm or thinner without
forming gas bubbles [59].

In confined liquid cells, the electric field distribution
and liquid flow are spatially heterogeneous [4,21].
Figure 3c shows the electric field map of the three-
electrode system in vacuum using finite element sim-
ulations assuming a typical CO;RR condition with a WE
potential of —1 V vs. RHE (reversible hydrogen elec-
trode). The significantly higher electric field around the
tip of the WE has a profound tip-enhanced effect on the

evolution dynamics of nanoparticles. Recent liquid-cell
TEM studies show pronounced aggregation of nano-
scale features at the edge or tip of the WE while particle
evolution in the central part of the WE shows a more
homogenous and better potential-dependent control
[9,34]. Thus, we emphasize the need to report the
relative imaging location in the electrochemical chip and
make close comparisons between evolution dynamics in
liquid-cell STEM and that in standard electrochemical
cells. Liquid flow is typically applied for continuous
supply of fresh electrolyte and/or removal of species
created in electrochemical (or radiolytic) processes in
the liquid cell, but also allows to change the composition
through solution replacement and /# situ mixing
[30,59,61]. Solute diffusion is an inherent mass trans-
port mechanism induced by concentration gradients
arising either due to external supply of solutes or their
local generation during (electro-)chemical reactions.
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Figure 3d presents the hydrodynamic quantification of a
realistic liquid-cell flow setup based on its experimen-
tally validated 3D flow channel geometry and reveals
significant heterogeneity in mass transport rates across
the nanochannel [62]. The relative velocity is noticeably
higher on the side of the microchip than the middle
region with realistic consideration of liquid bypassing
along the chip edge. Continuous development of new
liquid-cell geometries will provide EC-STEM setups
with a well-defined mass transport and microfluidic
dynamics [63].

In conclusion, this review summarizes recent advances
in developing operando STEM based imaging, 4D-
STEM diffraction, EELS and EDX spectroscopy, and
correlative synchrotron hard and soft X-ray based ab-
sorption, diffraction, scattering and microscopy in liquid
under electrochemical conditions. Multimodal operando
EC-STEM and X-ray methods have been demonstrated
to serve as complementary probes to elucidate the
complex nature of active sites and dynamic evolution at
unprecedented spatiotemporal resolutions. We empha-
size the importance of demonstrating faithful electro-
chemical results in liquid cells without interference of
beam-induced damage and the need for close compari-
sons to standard electrochemical measurements. We lay
out several key points for operando EC-STEM and
correlative X-ray methods to be widely accessible with
simple and reliable operation for the broad chemistry
and energy materials community:

(1) The spatial resolution of STEM in liquid is often
limited to a few nanometers by maximum beam
dose applied to samples rather than instrument
resolutions. The low beam dose (a few e_/AZ) in
EC-STEM often requires a beam current of a few
pA or lower [9,15—17,24]. Thus, EC-STEM has the
potential to be widely applicable with a more
affordable non-aberration-corrected STEM and a
normally bright electron gun instead of an expensive
aberration-corrected STEM with a very bright
electron gun. Additional benefits of non-aberration-
corrected STEM are a larger depth of focus [64],
particularly useful for thick liquid samples, and
easier alignment and maintenance for general use.

(2) Quantification of electrochemistry by developing
standard reference electrodes with mV-level po-
tential stability to replace Pt pseudo RE [65].

(3) Correlations of multimodal operando methods across
fields: Correlation of individual STEM and/or X-ray
techniques, correlation of electrons and X-rays as
structural probes with molecular probes (vibrational
spectroscopy) [1,5,8], online product detection
(DEMS) [9,66,67], online inductively coupled
plasma (ICP) MS [68] and local activity (SECM)
[10,69,70]. This combined approach will contribute
to elucidating complex structural evolution under
realistic  electrochemical  conditions,  which
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otherwise will be impossible to comprehend with
individual techniques [11,71].

(4) Synchronization of electrochemical measurements
with EC-STEM or X-ray data acquisition with the
development of integrated and automated data
processing software.

(5) Rapid processing and feedback of large 4D-STEM
and X-ray datasets as the demand for spatial and
temporal resolutions continues to increase the data
size, which has the potential to incorporate the
latest developments in machine learning [72].
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