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Abstract: It is of great interest to the energy community to understand how the mechano-physico-chemical phe-
nomena that eventually lead to device degradation are related to the startup, operation, and shutdown phases.
For electrocatalytic systems operating in liquid electrolyte environments, the understanding of these phenome-
na at each stage can pave the way for the tailored design of efficient and commercially viable electrocatalysts.
Transmission electron microscopy plays an important role in the investigation of local electrocatalytic effects,
complementing other operando characterization techniques. Herein, after attempting to define the meaning
of operando methodologies in relation to electron microscopy studies, the progress in the field is reviewed in
terms of the knowledge gained about the catalysts, the solid-liquid interfaces, and the solid-liquid-gas interfacial
phenomena for several electrocatalytic reactions. Finally, the parameters that require consideration in quasi-
operando ec-LPTEM studies of electrocatalytic systems are discussed.
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1. Introduction
The real-time monitoring and manipulation of solid-liquid in-

terfaces in catalytic materials under changes induced by the ap-
plication of voltage is considered to be of critical importance to
the energy community.[1] In particular, with respect to heteroge-
neous metal and metal-oxide catalytic systems,[2,3] insights into
the processes that take place during reactions including oxygen
evolution, oxygen reduction, CO

2
reduction, hydrogen evolu-

tion, and nitrate reduction (OER, ORR, CO
2
ER, HER, and NRR)

can pave the way for the design of efficient electrocatalytic sys-
tems that can contribute to the urgent challenge of keeping our
planet afloat by relying entirely on sustainable energy sources
and eventually eliminating fossil fuels. This need has led to im-
portant advances in operando characterization techniques, with
X-ray and optical spectroscopies leading the way in their applica-
tion to catalytic systems.[4-6] Based on these experiments, about
20 years ago, Miguel A. Bañares introduced protocols regard-
ing the terminology associated with operando methodologies.[7]
He stated that for a measurement to be described as operando,
the real-time acquisition of data relating to a property, such as
stability information in the native environment of the process,
must be accompanied by simultaneous activity (and/or selectiv-
ity) measurements of the catalytic systems under investigation.
In recent years, electrochemical liquid-phase transmission elec-
tron microscopy (ec-LPTEM) has become increasingly popular
for the real-time study of electrocatalytic phenomena, due to
the availability of commercial equipment and miniaturized cells
that allow the study of catalysts with an abundance of acquired
signals.[8,9] Although many articles have been published, the use
of the term operando is a grey area when referring to EM-based
studies, and is sometimes used loosely. This is because, unlike
X-ray and other spectroscopies, activity measurements in TEM
microcells that contain liquids, are not possible a priori, at least
at the time of publication of this perspective and for the foresee-

able future. Therefore, this review will first attempt to provide
a framework for the concept of operando as it can be applied to
EM-studies, prior to revisiting the results that have already been
obtained using ec-LPTEM applied to electrocatalytic systems in
liquids and that can be considered operando.

2. On the Term Operando in Electron Microscopy
Diagnostics of Electrocatalysts

Activity or selectivity measurements of catalysts in electroca-
talysis laboratories are carried out in dedicated cells where con-
ditions are well controlled in each experiment. For example, a
common way to evaluate the activities of metal-oxide particles for
oxygen electrocatalysis is to use the rotating disc electrode (RDE)
cell, Fig. 1a. This three-electrode electrochemical cell, described
in detail previously,[10] includes a working electrode (WE), which
is typically inert to the reaction of interest, a counter electrode
(CE), which is chosen to promote the reaction at the WE, and a
reference electrode (RE), which is used to calibrate the potential
and needs to remain chemically intact during the process. Fig. 1b
shows theWE (grey interior), where a compact layer consisting of
the catalyst powder, a binder and carbon black is deposited to es-
tablish electrochemical contact between the catalyst and the elec-
trode. In this configuration, the disc substrate electrode is a few
millimeters (of the order of 3 mm) and the loading of the catalyst
ink is such that it forms a thick layer (as seen in the cross-sectional
schematic of Fig. 1c) and thus overtakes the current response of
the substrate electrode. The ability to perform quantitative activ-
ity measurements lies in the determination of the electrochemical
surface area (ESCA), which allows the conversion of the current
measured by cyclic voltammetry or galvanostatic hold to current
density. Methods for calculating the ESCA have been detailed in
Trassati and Petrii.[11] On the other hand, the microcells devel-
oped for liquid-phase TEM studies[12] have a completely different
configuration, mainly due to the volume constraints that have to
do with their insertion into the TEM polepiece. Fig. 1d depicts
the co-planar configuration of the three-electrode TEM microcell
system, where typically only the WE is in the field of view of
real-time electron imaging. The electrochemically active surface
area of the WE is restricted to a small area with the addition of
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their morphological and structural changes, while being imple-
mented for a wide range of reactions over the entire pH range of
electrolytes.

3.1.1 Morphological and Structural Analysis of OER
Catalysts

OER in alkaline environment (0.1 M KOH, pH 13) in the
TEM was first reported by Pena et al. in a study that used spinel
Co

3
O

4
nanocatalysts to investigate morphological changes under

OER-like conditions.[13]The authors performed a series of control
experiments where it was shown that cyclic voltammetry (CV)
measurements in a three-electrode system exhibited a drift in the
potential scale with time. Instead, the operando acquisition was
performed using chronopotentiometry (CP) which showed an ir-
reversible and extended amorphization matrix of the metal-oxide
catalysts after the first two minutes. The image transformation
was attributed to the oxyhydroxide phase formation. Cobalt ox-
ides were also used for the OER study by Shen et al. where their
electrochemical response was imaged in a customized three-elec-
trode system under CV measurements between 1.0 V and 1.8 V
against the reversible hydrogen electrode (RHE) at pH 13.[14] In
this work, no visible morphological changes were observed dur-
ing the first 15 cycles. Operando structural analysis using elec-
tron diffraction of Ba

0.5
Sr

0.5
Co

0.8
Fe

0.2
O

3-d
particles showed that the

bulk perovskite core remained stable, while the surface spinel
reflections redistributed during cycling, revealing a rotation of
the surface atomic positions via a surface reconstruction mecha-
nism. Finally, Balaghi et al. performed ec-LPTEM experiments in
a copper complex using phosphate buffer as the electrolyte (pH
7).[15] The spatial resolution inhibited the imaging on the working
electrode, while reprecipitated particles were seen to form outside
the electrode area, an insulating region that does not experience
the reaction potential. The authors also reported the structural
transformation of the copper complex to the copper (II) oxide as
revealed by electron diffraction experiments.

Overall, morphological changes of OER catalysts are subtle
effects that are difficult to monitor in detail in the case of the time-
limited experiments carried out by ec-LPTEM.

3.1.2 Morphological Evolution in Pt-based ORR Catalysts
One of the first experiments performed with ec-LPTEM in

catalytic systems was reported 10 years ago with the advent of
the mainstream TEM add-on equipment. The study involved the
simultaneous electron imaging and CV measurements of Pt-Fe
nanoparticles on carbon supports in perchloric acid (pH 1.1).[16]

an insulating passivation layer. The area of the substrate work-
ing electrode that participates in the reaction is of the order of a
few hundred of µm2, where the pure catalyst (or catalyst ink) is
deposited by dropcasting with a loading that is typically much
less than a monolayer (Fig. 1e), as allowed by the vertical dimen-
sions (a couple of µm max, Fig. 1f) and as imposed by the ability
to image in transmission or scanning transmission mode. Thus,
the calculation of ESCA mainly involves the area of the substrate
electrode participating in the reaction and not the area of the de-
posited catalyst particles, which is small and difficult to assess ac-
curately. Therefore, the current density calculations cannot reflect
the properties of the catalysts.

Hence, according to the definition by Bañares, the term oper-
ando is rendered unusable for TEM diagnostics of electrocatalysts
in liquids since they cannot be directly related to activity. At the
same time, operando etymologically refers to ‘action’, i.e. dur-
ing operation. Hitherto, for TEM studies that can be applied to
electrochemical processes that are monitored continuously from
start to finish, during operation, a more appropriate term may be
quasi-operando, i.e. almost operando. Otherwise, if the catalysts
cannot be imaged throughout the application of the electrochemi-
cal potential, but only in parts, then the methodology can be de-
scribed as in situ, i.e. in location. On the basis of this distinction,
this review is dedicated exclusively to studies reporting on the
evolution of the catalytic system as imaged or probed by TEM
methodologies, when the evolution is followed for the totality of
the electrocatalytic process that is induced by the application of
bias through electrodes (and not the electron beam). It should be
noted that this is irrespective of whether the term operando ap-
pears in the title or in the main text of published articles.

3. Aspects of Quasi-operando Electrocatalytic
Diagnostics with ec-LPTEM

Electron imaging, diffraction, and spectroscopy have all been
realized in quasi-operando mode for catalyst evolution studies in
liquid-phase TEM.The investigations concern transformations re-
lated to the morphology and/or structure of the solid catalysts, the
solid/liquid interactions, and the solid/liquid/gas interactions. Fig.
2 compares the implementation of quasi-operando ec-LPTEM on
OER, ORR, CO

2
ER, and HER catalytic systems and summarizes

the main results, which are described below.

3.1 Catalyst (Solid) Evolution
As the radar plot in Fig. 2a shows, ec-LPTEM has primarily

provided insight into the evolution of electrocatalysts in terms of

Fig. 1. (a) Schematic depicting the configuration of the RDE setup for catalyst activity measurements, (b) top-down view of the area corresponding
to the bare working electrode surface (grey disc) in contact with the electrolyte (in light blue), and (c) cross-sectional view of the catalyst loading on
the working electrode. (d) Top-down view of the electrochemical TEM chip showing the area of the working electrode that is exposed to the electro-
lyte and (e) cross-sectional view of its catalyst loading. (f) Overview illustration of the TEM microcell used to perform electrochemical experiments.
The schematics are not-to-scale and the dimensions given are indicative.
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using a direct electron detection camera. Their results showed that
the nanocube catalysts remained stable for 150 cycles, after which
subtle Pt dissolution (Fig. 2b) began and further aging resulted in
merging of the structures. Finally, in a different approach, Impag-
natiello et al. deposited an ink containing the entire cathode side
of a proton exchange membrane fuel cell with the Pt nanopar-
ticles, the carbon support and the ionomer network on the TEM
electrochemical chip.[19] Using the same acidic electrolyte, they
performed up to 500 CVs, adjusting the electron beam conditions
during the process and thus continuously changing the total elec-
tron dose that irradiated the area of interest. While this allowed
for better imaging conditions by controlling the thickness of the
liquid, the variation in the number of electrons impinging on the
specimen can influence the link between the applied potential and
the imaged degradation mechanisms. The authors reported that
their observations showed a stable Pt nanoparticle size up to 200
cycles which then tripled in size but remained stable for the next
300 cycles. It was concluded that dissolution, reprecipitation, and
coalescence by Oswald ripening occurred in parallel.

Therein, Zhu et al. used a two-electrode configuration system and
absolute voltage values were reported as no reference electrode
was used to calibrate the voltage. Additionally, the recorded 100
cycles showed unexpected, large variations in the CV curves and
therefore the interpretation of the dissolution/reprecipitation of the
nanocatalysts that was evident in the TEM recorded images was
difficult to relate directly to the electrochemical stimuli. In a very
similar approach, Beermann et al. investigated Pt-Ni catalysts on
carbon supports at acidic conditions, where this time they per-
formed CV cycling with a calibrated potential for up to 20 cycles
and included holds at upper potentials.[17]The authors reported the
calibrated potential as a function of time profiles, but the operando
CV curves were not reported. The authors concluded that Ni-rich
particles would dissolve during catalyst activation and that the Pt-
Ni particles tended to aggregate at extreme upper potentials. In the
same lines, Shen et al. performed CV measurements with a three-
electrode system in model, free-standing Pt nanocube catalysts at
pH 1.1.[18]The authors were able to maintain a stable CV response
for 350 cycles by low-dose electron imaging in transmissionmode

Fig. 2. Comparative overview of the implementation of quasi-operando ec-LPTEM for electrocatalytic systems. (a) Radar plot separating the publis-
hed contributions of quasi-operando TEM in terms of the morphology, structure, solid/liquid, and solid/liquid/gas insights for ORR, CO2ER, HER, and
OER. (b-e) Simplified schematics depicting the imaged/probed transformations of (b) noble metals (Pt nanocubes) under ORR, (c) non-noble metals
(Cu nanospheres) under CO2ER, and oxides (perovskite nanoparticles) under OER for (d) wetting and (e) product evolution phenomena.
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for reasons related to imaging instabilities and potential microcell
burst. However, the correlation of the gaseous products of het-
erogeneous electrocatalytic reactions with the applied stimuli and
with the local surface sites of the catalyst has proven to be the
most powerful diagnostic of ec-LPTEM.

3.3.1 Spectroscopy for Product Detection in OER Catalysts
To probe the evolved molecular oxygen from cobalt-oxide

catalysts and confirm the activity of the dropcasted particles
on the WE of the microcell, Shen et al. used electron energy
loss spectroscopy (EELS) with a static electron beam parked
near the particle surface.[14] A fingerprint pre-peak in the O K
edge was probed above 1.65 V vs RHE., which was interpreted
to correspond to the evolution of molecular oxygen, Fig. 2e.
This process was also shown to be fully reversible. In a simi-
lar experiment, Shen et al. performed a two-dimensional EELS
scan on the more robust IrO

2
and evaluated the evolution of mo-

lecular oxygen from the different facets of the particles.[18] It
was shown that the molecular oxygen was probed in the liquid
phase and its signal became progressively weaker away from the
catalyst surface, while efforts to quantify this signal could be
promising.[25] These results demonstrated the sensitivity of
EELS measurements in detecting the product of the electrocata-
lytic reactions in the absence of any imaging contrast associated
with gas or local bubble formation.

3.3.2 Imaging H2 Bubble Formation in MoS2 During HER
Kim et al. investigated the HER properties of MoS

2
flakes in

acid (0.1 NH
2
SO

4
, pH 0.7).[26]They used a three-electrode system

and applied a negative potential of up to -3.7 V vs RHE, while
performing constant potential measurements to follow the bubble
dynamics starting from their nucleation. Their results indicated
that hydrogen bubble formation was influenced by the presence
of various defects in the two-dimensional lattice, and their pos-
sible effects to the kinetics of HER were discussed. The authors
reported that the bubble formation and evolution during the pro-
cess disturbed liquid flow and electrolyte contact with the active
sites of the catalyst, potentially inhibiting the local activity and
continuous hydrogen evolution from the entire flake.

4. Outlook and Conclusion
There are many reasons for the paucity of quasi-operando-

based TEM studies of electrocatalytic systems in liquids. Some
of these have to do with the difficulty of dealing with the liquid
and the inevitable electron scattering and radiolysis effects,[27]
which can produce a background signal leading to one of two
things; either the inhibition of the desired signal or the inability
to follow the processes under realistic conditions and for their
duration. Recognizing the limitations of microcell design for ec-
TEM studies, particular attention should be paid to the follow-
ing factors: 1) Appropriate substrates and calibrated stimuli are
critical factors for mimicking realistic electrocatalytic conditions
in the microcells. Recent advances in two-dimensional substrate
electrodes combined with improvements in spatial resolution are
promising;[28] 2) The effects of the electron beam in synergy with
the applied potential require care in the choice of operating mode
(transmission vs scanning transmission mode).A recent study has
shown that diffusion transport of the radiolysis species in the liq-
uid electrolytes is sufficient to replenish the electrolyte,[29] but
the effect of the radiolysis products on the local pH cannot be
excluded;[30] 3) The use of model catalysts is useful for calibrating
the system. However, real catalysts whose activity and selectivity
are determined electrochemically would be preferable to obtain
meaningful ec-LPTEM results that can be related to their perfor-
mance. Of course, coherence between the conditions of the bulk
and microcell setups conditions remains a goal, especially since
the as-synthesized non-noble metal and metal-oxide catalysts

Overall, all ORR studies have focused on morphological sta-
bility insights, while the link between the onset of the degradation
phenomena and the electrochemical inducing potential is difficult
to establish.

3.1.3 Dissolution, Reprecipitation, and Restructuring
of Cu CO2ER Catalysts

In recent years, much research has been devoted to monitor-
ing the degradation processes of Cu nanocatalysts for the CO

2
ER

using ec-LPTEM. Aran-Ais et al. used electrodeposited cubic
CuO

2
particles and imaged their morphological changes in CO

2
-

saturated 0.1 M KHCO
3
(pH 7) at the reducing, uncalibrated po-

tential of -0.7 V.[20] However, the interpretation and association of
the changes with the CO

2
ER effects were limited due to the use

of structures with unknown activity or selectivity performance.
Further morphology-based studies from the same group discussed
similar effects in various systems.[21,22] Electrochemically tested
Cu nanospheres were the focus of the experiments by Li et al.[23]
which were performed at -0.6 V with respect to the internal ref-
erence electrode (i.e. less negative potential was used to avoid
HER). They showed that 20 nm particles began to grow within
fractions of a second. A more detailed study byVavra et al.[24] us-
ing 7 nm Cu nanospheres, demonstrated the ability to perform the
experiments at the more relevant potential of -0.8 V vs RHE by
using in-house fabricated electrochemical chips with an extended
inert window. Following a protocol of performing linear sweep
voltammetry (LSV) and subsequent chronoamperometry (CA),
they monitored the dissolution, reprecipitation, and growth of
secondary particles, which took place by Ostwald ripening, while
operando electron diffraction was also used to follow the change
in structure from an initial Cu (II) to Cu (0) over the potential-
induced cathodic process, Fig. 2c.

Overall, Cu nanocatalysts are an ideal system for the imple-
mentation of ec-LPTEM for monitoring morphological and struc-
tural changes, as long as appropriate electrochemical protocols
are followed.

3.2 Catalyst/Electrolyte Interactions
Information about the way in which the liquid electrolyte in-

teracts with the catalytic surfaces is essential for understanding
the active sites. These interactions can be short-range (related to
the formation of the electrical double layer, which ec-LPTEM
cannot probe, as yet) and long-range (related to the total surface
capacitance and charge distribution). Changes in these catalyst/
electrolyte interactions are electrochemically-driven and precede
the electrocatalytic reactions.

3.2.1 Wetting Properties of Cobalt-Oxide OER Catalysts
Shen et al. used TEM imaging to study the liquid-surface in-

teractions of OER catalysts during CVmeasurements at pH 13.[14]
By optimizing the functionalization of the substrate electrode,
they were able to achieve thin liquid layer conditions whose for-
mation around the cobalt-oxide particles could be switched during
cycling between 1.0V and 1.8V vsRHE. They attributed the over-
all change in the liquid interaction with the surface to electrowet-
ting and the voltage relationship to the capacitance of the oxide
surface. Interestingly, the authors showed that the steep change in
the wetting properties at 1.2 V vs RHE was related to the change
in oxidation state and surface reconstruction of the surface spinel
layer to the oxyhydroxide phase (Fig. 2d), a known active phase
for OER metal-oxide catalysts. They also demonstrated that the
process was fully reversible for the duration of their experiment,
approximately for the first 15 cycles.

3.3 Catalyst/Electrolyte/Gaseous Product Evolution
The formation of gaseous products in TEM microcells dur-

ing imaging of the electrocatalytic reactions is typically avoided
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undergo changes prior to the application of the electrochemical
stimuli.[31]

In conclusion, as illustrated in Fig. 2a, there is a vast space
to be explored with atypical signal acquisition and data analysis
using quasi-operando ec-LPTEM applied to electrocatalysts. The
power of TEM over other operando characterization techniques,
lies in its ability to collect signals at the single particle level, which
can provide information not only about the morphology and struc-
ture of the catalysts during operation, but also about the chemical
environment and charge distribution at a very local scale. This
unique combination of information obtained from a single char-
acterization technique for surface and interfacial phenomena can
unlock our fundamental understanding of the processes underly-
ing the electrocatalytic systems in liquids.
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