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Kostya (Ken) Ostrikov, *d Yong Zhao*ae and Fengwang Li *a

Recently, electrocatalytic reactions involving oxygen, nitrogen, water, and carbon dioxide have been developed

to substitute conventional chemical processes, with the aim of producing clean energy, fuels and chemicals. A

deepened understanding of catalyst structures, active sites and reaction mechanisms plays a critical role in

improving the performance of these reactions. To this end, in situ/operando characterisations can be used to

visualise the dynamic evolution of nanoscale materials and reaction intermediates under electrolysis conditions,

thus enhancing our understanding of heterogeneous electrocatalytic reactions. In this review, we summarise

the state-of-the-art in situ characterisation techniques used in electrocatalysis. We categorise them into three

sections based on different working principles: microscopy, spectroscopy, and other characterisation

techniques. The capacities and limits of the in situ characterisation techniques are discussed in each section to

highlight the present-day horizons and guide further advances in the field, primarily aiming at the users of these

techniques. Finally, we look at challenges and possible strategies for further development of in situ techniques.

1. Introduction

Ever-increasing industrial activities consume large amounts of
fossil fuels and induce energy shortage and global climate
change.1,2 Renewable energy conversion and storage technolo-
gies have the potential to address these challenges and under-
pin a net-zero emission future. One promising approach is
based on electrochemical conversion that utilises renewable yet
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intermittent electricity to upgrade Earth-abundant resources
into valuable chemicals and fuels. Nature has used this
approach for photosynthesis and nitrogen fixation on the basis
of electrochemistry involving water, carbon and nitrogen cycles
for billions of years. In the past few decades, significant
progress has been made in artificialising those natural electro-
chemical conversions, including the hydrogen evolution reac-
tion (HER) and the oxygen evolution reaction (OER) in water
splitting for fuel generation, the oxygen reduction reaction
(ORR), and the hydrogen oxidation reaction (HOR) in fuel cells
for power generation, as well as the carbon dioxide reduction
reaction (CO2RR) and the nitrogen reduction reaction (NRR).3–9

These electrochemical processes take place at an electrified
electrode/electrolyte interface, the structure of which governs
the operating performance, e.g., activity, selectivity, and stabi-
lity. The surface structures and surroundings of electrocatalysts
play decisive roles in lowering the reaction energy barriers,
facilitating electron and mass transfer, and prolonging
lifetime.10–12 The most crucial task in the field of electrocata-
lysis lies in the study of the physicochemical properties and
establishment of accurate and reliable structure–performance
relationships at the electrified interface.13

Considerable progress has been made in probing structural,
molecular, atomic, and electronic information of electrocata-
lysts. However, those measurements are mainly carried out in
an ex situ manner, which limits the relevance of as-obtained
information to realistic working scenario. The characterization
of electrochemical reactions at electrified interfaces using
in situ/operando techniques are desired, which still remain
underdeveloped due to the challenges in detection accuracy,
mode, and reaction environments.14 Both operando and in situ
mean in the ‘‘working’’ state: in situ refers to a measurement
performed under relevant reaction conditions, while operando
combines in situ with simultaneous measurements of catalytic
performance.15 Advancing these in situ/operando characterisa-
tions allows for the identification of active species and
intermediates, mechanistic elucidation of electrochemical reac-
tions, associated dynamics of physicochemical properties, and

surface morphology and structure,16–19 collectively establishing
reliable structure–performance relationships under working
conditions.15,20,21

Although several papers have reviewed in situ techniques for
specific electrochemical reactions or a specific in situ charac-
terization technique,8,9,15,22 providing diverse electrochemical
reactions and characterization techniques with timely update
to reflect state-of-the-art in this rapidly evolving field holds high
value.23–25 This review aims to overview the state-of-the-art
techniques for in situ characterisation of the electrified inter-
faces that drive renewable energy relevant reactions, with the
objective to identify the dynamic structure of reactive sites with
high spatiotemporal resolutions and to provide horizons of
reliable structure–performance relationships during practical
operations. We highlight the latest advances in mechanistic
understanding and electrocatalyst development that are pro-
moted by insights gained from in situ characterisations. Based
on the working principles of different characterisation techni-
ques, our discussion is categorised into three sections: micro-
scopy, spectroscopy, and other characterisation techniques
(Scheme 1). The capabilities and shortages of each technique
are covered, aiming to provide a purpose-directing basis for
electrocatalysis researchers to choose the technique most
appropriate for their need. The review is concluded by discuss-
ing the remaining barriers and an outlook of promising solu-
tions for further advancing in situ characterisations.

2. Microscopic characterisation
techniques

Microscopic characterisation enables the visualisation of electrified
interfaces at the molecular/atomic scale, which could relate catalysis
performances with electrocatalytically active microstructures. This
relation further serves as the basis for the rational design of next-
generation electroactive materials. In the past few years, in situ
mapping microscopy has witnessed significant progress, and has
been widely applied for the investigation of dynamic changes of
electrode materials under working conditions.16,19,20,26–28

2.1. Electronic microscopy

Electronic microscopy methods generally consist of an acceler-
ated electron beam (high-voltage electrons with an energy of
5–100 keV from a heated tungsten or field emission filament)
and a signal detector, operating at scanning, transmission, or
scanning transmission modes. Implementing these character-
isation tools at an electrified interface enables the in situ or
operando track of morphological transformation, physical
migration, and phase evolution of electrocatalysts under oper-
ating conditions, thus offering unique insights into the struc-
tural dynamics of functional materials and reaction pathways
of targeted processes.26,29

Such insights have greatly advanced mechanistic under-
standing and established more reliable structure–performance
relationships towards CO2RR on Cu-based electrocatalysts.
In situ scanning transmission electron microscopy (STEM) was used

Fengwang Li

Fengwang Li is a Lecturer and
DECRA Fellow in the School of
Chemical and Biomolecular
Engineering at the University of
Sydney (USYD). His research aims
for a ‘‘greener’’, carbon-neutral
future relying on electrochemical
energy. Dr Li received his
bachelor’s and master’s degrees in
chemistry at Renmin University of
China and obtained his PhD in
chemistry from Monash University
in 2017. Before joining USYD, Dr Li
completed his postdoctoral research

at the University of Toronto in 2018–2020.

Minireview Nanoscale Horizons

Pu
bl

is
he

d 
on

 1
3 

D
ec

em
be

r 
20

22
. D

ow
nl

oa
de

d 
on

 4
/2

3/
20

24
 2

:4
2:

28
 P

M
. 

View Article Online

https://doi.org/10.1039/d2nh00447j


148 |  Nanoscale Horiz., 2023, 8, 146–157 This journal is © The Royal Society of Chemistry 2023

to image the dynamic morphological transformation of Cu2O cubes
under CO2RR conditions.30 The migration of Cu2O cubes and their
transformation to dendritic structures as well as dissolution and
redeposition of Cu were in situ observed (Fig. 1a), revealing time-
dependent dynamic reconstructions of Cu2O cubes. Observing CuO
nanosheet catalysts for the same reaction using in situ liquid TEM
showed the fragmentation of the nanosheets and further conversion
to a stable large dendritic Cu structure (Fig. 1b).31 Both in situ
studies demonstrate that Cu catalysts prefer kinetically to form a
dendritic morphology under CO2RR working conditions. In situ
environmental TEM was utilised to visualise the morphology change
of RuO2 nanomaterial decorated carbon nanotube cathodes
(CNTs).32 The dynamic expansion and shrinkage of RuO2 spherical
particles were tracked during the redox processes (Fig. 1c). A
diffusion-controlled kinetics was elucidated by calculating the
change of surface area and quantifying the growth rate of particles.

Recent intense developments in this field enable compat-
ibility of key in situ set-ups (especially the in situ TEM cells) with
ordinary TEMs. Further efforts are needed to overcome chal-
lenges related to the highly scattered electron beam and
sacrificed resolution under low vacuum conditions needed for
real-time in situ characterisation.

2.2. X-Ray microscopy

Compared to electron sources, X-ray beam (soft, tender, or hard
X-ray with energy range up to 180 keV) is advantageous in that a

high vacuum is not needed for operation. X-Ray beam first
penetrates the sample at the desired depth, and then projects
onto signal detectors, in either transmission or fluorescence
mode.28

The operational principle of transmission X-ray microscopy
(TXM) is similar to that of optical microscopy, except that the
former uses hard X-rays, instead of visible light, to illuminate
the samples.23,28,33 TXM is a full-field imaging technique, and
the spatial resolution is typically 20–30 nm. The highly pene-
trative, non-destructive hard X-ray beam and the high flux of
synchrotron X-ray sources together render TXM suitable for
in situ/operando characterisation. A typical in situ TXM techni-
que is X-ray tomography measurement, which takes projections
of a rotating sample at each fraction of a degree. The 2D images
collected at all angles are then assembled into a 3D image, thus
delivering a 3D structure with morphological information of
the sample. For example, it was utilised to monitor the domain
of local cathode catalyst degradation in fuel cells during voltage
cycling (Fig. 2a).34

Scanning transmission X-ray microscopy (STXM) employs a
focused X-ray beam to scan across the sample and builds up a
microscopic image by recording the transmission X-ray inten-
sity of each scanning area. It is widely adopted within the soft
X-ray range because it is easier to fabricate the high-resolution
(typically 12–40 nm) optics, and is thus suitable for mapping
light elements, e.g., carbon and oxygen. In a recent study,

Scheme 1 In situ techniques to visualise the electrode/electrolyte interface and electrocatalysts under operating conditions.
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operando STXM was used to obtain a 50 nm spatially resolved
phase map of the Co oxidation state at the Co LIII-edge across a
platelet-like OER model catalyst.24 The heterogeneity of oxida-
tion state has been observed within a single nanoparticle
during the OER process. The higher oxidation state is prefer-
entially located in the interior of the materials, while lower
oxidation state is easy to be detected in the edge (Fig. 2b).
However, the STXM image is typically built up pixel-by-pixel by
rasterizing the X-ray beam across the sample, which however
requires a long acquisition time, limiting its wide applications
to the in situ characterisation of transient changes of catalysts
under operating conditions.

Owing to its low noise, high sensitivity, and high transmit-
tance, X-ray fluorescence microscopy (XFM) can be used to

quantitatively analyse specific elements, thus enabling the
monitoring of phase segregation and structural evolution under
electrochemical processes of interest.35 Synchrotron XFM was
used to unravel the reversible phase separation in mixed Ni–Fe
hydroxide electrocatalysts during the OER by imaging the
evolution of metal distribution and concentration (Fig. 2c).25

2.3. Force based microscopies

Force based microscopy employs a tip to probe and scan across
sample surfaces with superior scanning accuracy and it is
based on the attractive forces between the tip and the surface.
It allows for the tracking of electrocatalyst morphologies and
adsorbate-induced reconstruction under operating conditions.

Fig. 1 (a) Evolution of Cu2O cubes under reducing conditions at�0.7 V in a CO2-saturated 0.1 M KHCO3 solution imaged by in situ STEM. This figure has
been adapted from ref. 30 with permission from SPRINGER NATURE, copyright 2020.30 (b) Real-time imaging of morphology evolution of CuO
nanosheet catalysts under CO2RR probed by an in situ TEM Echip flow cell. This figure has been adapted from ref. 31 with permission from SPRINGER
NATURE, copyright 2021.31 (c) Time-resolved in situ environmental TEM observation of the CNTs/RuO2 cathode morphological evolution of the
discharge–charge products. This figure has been adapted from ref. 32 with permission from SPRINGER NATURE, copyright 2017.32
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Atomic force microscopy (AFM) is widely adopted to collect
atomic-resolution pictures of targeted surfaces for diverse
applications.39 In situ electrochemical AFM (EC-AFM) was used
to dynamically monitor the morphological evolution of Cu
nanocubes under CO2RR conditions by Cuenya’s group
(Fig. 3a).36 The observed formation of cracks and surface
roughening using EC-AFM were linked to the change of Cu
oxidation state and lowered selectivity of C2+ products. Similar
EC-AFM was also used to study the effect of subsurface oxygen
in Cu-based electrocatalysts on performance of CO2RR
(Fig. 3b).37 Complemented by other time-dependent character-
isation methods, surface morphology and roughness of poly-
crystalline Cu and thick Cu2O were not dominant factors in the
C2+ production rate. The catalysts of b-Co(OH)2 for the OER
gradually underwent structural and phase changes to expanded
a-CoO2H1.5�0.5H2O, and then a stabilized b-CoOOH structure
(Fig. 3c). Operando EC-AFM was also used to monitor this
detailed transformation process as well as the dynamics of
local heterogeneity in b-Co(OH)2 particles.24

Another typical force-based microscopy is the lateral mole-
cular force microscopy (LMFM). It is a kind of uncontacted
technique based on the optical vertical feedback mechanism,
possessing exceptional spatial-temporal resolution. Operando
high-speed LMFM technique with vertically oriented probes
was first used by the Fermı́n group in 2017, to track the
stochastic Cu nucleation process on indium tin oxide (ITO)
by detecting the local hydration layer fluctuation in real time
(Fig. 3d).38 Powerfully, the detailed evolution of materials can
be captured and presented in the form of a real-time video.

2.4. Electrochemical microscopy

Electrochemical microscopy is functioned based on the collec-
tion and differentiation of locally site-dependent electrochemi-
cal responses. Two prevalent electrochemical microscopies are
scanning electrochemical microscopy (SECM) and scanning
electrochemical cell microscopy (SECCM).40–44

SECM basically consists of four components: an ultramicroelec-
trode as the SECM tip, a position controller for accurate probe

Fig. 2 (a) Degradation of a cathode catalyst layer in a membrane electrode assembly captured by operando XTM. This figure has been adapted from ref.
34 with permission from ELSEVIER, copyright 2017.34 (b) Steady-state voltage-dependent Co oxidation state phase maps of b-Co(OH)2 particles via
operando STXM. This figure has been adapted from ref. 24 with permission from SPRINGER NATURE, copyright 2021.24 (c) Ni and Fe elemental
distribution evolution during the OER visualised by synchrotron XFM. The atomic ratio of Ni/(Ni + Fe) increased gradually with continuous anodic
polarization, reflecting reversibility of phase segregation and a dynamic dissolution and redeposition of Fe between charged and open-circled conditions.
This figure has been adapted from ref. 25 with permission from SPRINGER NATURE, copyright 2020.25
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movement, a bipotentiostat to control the current-potential, and a
data acquisition system (Fig. 4a).27,45 Recently, SECM was used to
probe the local pH of an electrified interface. With a modified gold
ultramicroelectrode as the probe in SECM, Koper and co-workers
measured the interfacial pH at a fixed distance from the electrode
during CO2RR, revealing a pH-buffering region due to the reversible
switch of CO2 and HCO3

�.48 Currently, SECM is mainly constrained
by the low spatial resolution which was determined by the tip
dimensions.49,50

SECCM is a scanning-droplet-based technique equipped with a
mobile meniscus cell, which controls the potential bias between
quasi-reference electrodes in the barrel and collects current response
across the liquid meniscus formed at the end of the pipette
(Fig. 4b).46,51,52 This configuration allows for tracking the surface
topography and activity simultaneously with a more stable response
and higher spatiotemporal resolution than SECM. In situ high-
resolution SECCM equipped with a 200 nm diameter tip has been
used to record spatially resolved videos of the CO2RR and HER by
Unwin and co-workers and the role of grain boundaries in CO2RR
was elucidated (Fig. 4c).47 More recently, SECCM with a 440 nm
diameter nanopipette tip was utilised to visualise the OER activity of
b-Co(OH)2, associating local activity and bulk reaction (Fig. 4d).24

3. Spectroscopic characterisation
techniques

While microscopic techniques are commonly used for investi-
gating the dynamic transformation in materials shape and

morphology, spectroscopic techniques are able to provide more
chemical information that is critical to identifying intermedi-
ates/products and exploring reaction mechanisms.15,22 Spectro-
scopic characterisations focus on the evolution of molecular
and atomic properties, e.g., chemical states, and electronic
structures, of involved reactants, intermediates, and products.
Such information is crucial to revealing thermodynamic and
kinetic parameters of any electrochemical process.53,54

3.1. X-Ray based spectroscopic techniques

X-Ray absorption spectroscopy (XAS) is one of the most widely
used X-ray spectroscopic techniques in in situ electrocatalysis.
XAS can be divided into two absorption regions: X-ray absorp-
tion near-edge structure (XANES) is sensitive to the electron
transition from occupied to unoccupied orbital, thus providing
the information of the local symmetry and the oxidation state;
while extended X-ray absorption fine structure (EXAFS) reflects
the coordination between the core and the nearby atoms, thus
providing the information of coordination number and dis-
tance between the core and the neighbouring atoms. The X-rays
generated through synchrotron radiation are usually involved
because of their high brightness, wide energy range and
coherence of synchrotron X-rays. This offers the capability of
probing interface molecular and electronic structures as well as
charge transfers under a working status.22,55–57

In recent years, operando or in situ hard XAS has been widely
used to monitor the dynamic change of electrocatalysts at
the nanoscale. For instance, an active CuX–CuN3 cluster which
only exists under electrochemical reducing conditions was

Fig. 3 (a) Dynamic morphological changes of Cu nanocubes during CO2RR using in situ EC-AFM in a CO2-saturated 0.1 M KHCO3 aqueous solution. Cracks were
observed to form on the (100) facets of Cu nanocubes, which was ascribed to the mechanical stress due to the removal of Cl� ions (introduced by the
electrodeposition of Cu cubes) from the cubes. This figure has been adapted from ref. 36 with permission from Wiley-VCH, copyright 2018.36 (b) Monitoring surface
topography or roughness over polycrystalline Cu and thick Cu2O under CO2RR using quasi in situ EC-AFM in 0.1 M CO2-saturated K2CO3 electrolyte (pH 7) at�0.8
VRHE. This figure has been adapted from ref. 37 with permission from NATIONAL ACAFEMY OF SCIENCES, copyright 2021.37 (c) This figure has been adapted from
ref. 24 with permission from SPRINGER NATURE, copyright 2021.24 (d) Birth and growth of a copper nucleus (46� 46 nm2 cropped regions) via in situ high speed
LMFM. This figure has been adapted from ref. 38 with permission from SPRINGER NATURE, copyright 2017.38
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identified by operando XAS and its presence led to a high
ethanol selectivity in CO2RR (Fig. 5a).58 Operando/in situ soft
XAS is more sensitive to investigate the oxidation, aggregation
and deactivation mechanisms of electrodes during electro-
chemistry processes. Compared with hard XAS, soft XAS with
lower energy provides more horizon of the d orbital of the
materials. Due to forbidden bipolar, the excitation of electron
from 1s to 3d orbital is not allowed with hard X-ray excitation
whereas the electrons in the 2p orbital can be directly excited
via soft X-ray to fill the 3d unoccupied orbital. A high-resolution
spectrum with low-energy excitation can be detected to amplify
the measurement of atomic structure changing of transition
metals. Wu et al. used in situ soft XAS to investigate the
oxidation state of the Cu electrode during the CO2RR, and the
co-existence of Cu(I) and Cu(0) was found in an electrochemi-
cally processed Cu (Fig. 5b and c), further establishing the
relationship between the Cu(I)/Cu(0) species and the C2 product
selectivity.59

X-Ray emission spectroscopy (XES) is a kind of photon-in
and photon-out spectroscopy in which a core electron is excited
by an incident X-ray photon to its excited state and then decays

by emitting an X-ray photon to fill the core hole. XES is useful to
track electronic structures. For example, a wavelength disper-
sive multi-crystal spectrometer was used to collect operando
XES signals from multiple elements simultaneously and the
images of local structure and oxidation state around Mn and Ni
in a Ni-doped MnOx ORR/OER bifunctional catalyst were visua-
lised (Fig. 5d).60

There is no doubt that X-ray spectroscopy techniques play a
crucial role in identifying local geometric and electronic struc-
ture of solids. Two challenges remain: first, the synchrotron
radiation at high dosage imposes unavoidable and unreversible
damage to materials under examination; second, it is challen-
ging for the detection and monitoring of adsorption of reac-
tants or generation of gas or liquid intermediates/products,
which are usually present in trace amounts or reside at the
solid/gas or solid/liquid interfaces.

3.2. Optical spectroscopies

In contrast to X-ray, optical light is a kind of non-ionising
radiation with a wavelength ranging from 10 nm (ultra-violet) to
1 mm (far-infrared, far-IR). Two main tools, infrared (IR)

Fig. 4 (a) Schematic of a SECM instrument. This figure has been adapted from ref. 45 with permission from AMERICAN CHEMICAL SOCIETY, copyright
2016.45 (b) Schematic of SECCM with a single-channel and dual-channel pipette probe. This figure has been adapted from ref. 46 with permission from
WILEY-VCH, copyright 2021.46 (c) Microstructural origin of locally enhanced CO2RR activity on gold electrode grain boundaries via SECCM. This figure
has been adapted from ref. 47 with permission from SPRINGER NATURE, copyright 2021.47 (d) SECCM of bulk redox transformations and the OER activity
of b-Co(OH)2 particles. This figure has been adapted from ref. 24 with permission from SPRINGER NATURE, copyright 2021.24
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spectroscopy and Raman spectroscopy, have been reported for
localised studying bond break/formation, electron/proton
transfer and adsorbed species at electrochemical reaction
interfaces, which are complementary tools to uncover and
verify reaction mechanisms.16,61,62

In situ IR spectroscopy is one of the most widely used
techniques for surface analysis, including revealing active sites,
tracing surface structures and adsorbed species at the molecu-
lar level. However, IR is susceptible to water and is difficult to
access the low wavenumber region, in which rich information
of hydroxy groups, oxygen species, and metal–molecule bonds
on surfaces are present.63,64 In situ Raman spectroscopy is an
effective and precise technique used to study catalyst evolution
and adsorbed species on the catalyst surface in aqueous
systems due to its low scattering and cross-section for water
adsorption. Compared to IR spectroscopy, Raman spectroscopy
can collect vibration signals at low wavenumber region, while
the low scattering of water limits the time-resolution. Although
surface-enhanced Raman spectroscopy (SERS) has been
employed to improve the sensitivity for higher signal noise
ratio, it is restricted to a few metals (primarily Au, Ag, and Cu)
with rough surfaces or nanostructures.65,66 As an example, in
Bender’s group, the impact of bare spots (harmful defects and
harmless coating irregularities) on the lifetime of cathodic
electrodes in proton exchange membrane fuel cells was identi-
fied via quasi in situ IR thermography.67 Analysed by the IR
thermal map, hydrogen crossover was observed on several
failure point locations (Fig. 6). Furthermore, the lifetime of
membrane electrode assembly cells was strongly linked to the
position of irregularities, especially with a dramatic decrease
located at the electrode inlet region.

4. Other characterisation approaches

In addition to microscopic and spectroscopic characterisations,
other techniques have been developed and applied in in situ

characterisation of electrified interfaces using methods such as
X-ray powder diffraction (XRD),56 NMR, electrogenerated che-
miluminescence (ECL), and electrochemical impedance
spectroscopy (EIS).68

Conducting XRD under electrochemical conditions can be
used to monitor structural dynamics of electrocatalysts (typi-
cally in crystalline phase), particularly in terms of phase transi-
tion, atomic occupancy, crystallinity degree, and lattice
parameters.69–71 By relating these crystalline parameters with
the corresponding electrocatalytic performance (selectivity,
activity and stability), it enables the identification of real
reactive sites and prediction of more promising electrocatalytic
structures.69

NMR is sensitive to the magnetic properties of the atomic
nuclei that absorb electromagnetic radiation, and thus provides
information about nuclear spins and their surroundings. This
enables operando NMR to track reactants, products, environ-
mental molecules and even reaction intermediates during
electrolysis. For example, Mustarelli’s group used operando
electrochemical NMR as a diagnostic method to monitor the
evolution of protons in PEMFCs by tracking the 1H zero time
echo images72 (ZTE, Fig. 7a). Although in situ NMR cannot
differentiate protons originating from water or phosphoric
acid, it opens the possibility of investigating water and other
small-molecule products, such as methanol, ethanol, ethylene,
etc. in electrochemical devices.73,74 Further efforts in advancing
operando NMR lie in developing high-resolution magic angle

Fig. 5 (a) Proposed scheme for the reversible formation of the catalytically active CuX–CuN3 cluster based on operando XAS (rufous, O; grey, C; purple,
N; blue, Cu bond to both N and Cu; green, Cu just bond to Cu). This figure has been adapted from ref. 58 with permission from SPRINGER NATURE,
copyright 2022.58 Contour plots of in situ Cu LIII-edge XAS of the (b) as-prepared Cu and (c) CV-treated Cu cycled between 0.3 and �1 V. In situ Cu LIII-
edge XAS were collected in total fluorescence yield mode. This figure has been adapted from ref. 59 with permission from AMERICAN CHEMICAL
SOCIETY, copyright 2020.59 (d) Absolute values of integrated spectral differences using the XES spectrum at 0.4 V as the reference and images of
sequential phase transitions upon changing potential. This figure has been adapted from ref. 60 with permission from ROYAL SOCIETY OF CHEMISTRY,
copyright 2015.60
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Fig. 6 IR thermography capturing the onset of failure for a pristine membrane electrode assembly operated in the counterflow configuration. This figure
has been adapted from ref. 67 with permission from ELSEVIER, copyright 2018.67

Fig. 7 (a) 1H ZTE images and axial slices extracted from the corresponding 3D dataset obtained from the PBI_5N fuel cell operating at 47 degrees. During
operation the current was maintained constant at 5 mA. This figure has been adapted from ref. 72 with permission from ROYAL SOCIETY OF CHEMISTRY,
copyright 2015.72 (b) 2D and 3D ECL intensity diagrams of Au–Pt JNPs, Pt NPs, and Au NPs. This figure has been adapted from ref. 77 with permission
from WILEY-VCH, copyright 2018.77
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spinning NMR approaches, differentiating various signals in
static NMR experiments, and synchronising NMR with electro-
chemical responses.

ECL, also known as electrochemiluminescence, is a kind of
emission of photons from luminophore following an electron
transfer process triggered by an electrochemical reaction.75

This technique can help understand complex mechanisms
where leads to the electrochemical generation of light in a
visible fashion.76 Xu and co-workers visualised the lumino-
phore evolution on monometallic Au, Pt, and double-faced
Au–Pt Janus nanoparticles using the ECL approach.77 Optical
information of reactant catalytic activity can be directly read out
when the luminophores (e.g., Ru(bpy)3

2+) react on the surface of
the electrode and produce emissive excited-state products.
Recording the ECL emission ratio in the local redox reaction,
time-resolved 2D and 3D ECL intensities were imaged on these
nanoparticles, showing the lifetime stability and electrochemi-
cal activity (Fig. 7b).

5. Conclusions and outlook

Operando/in situ characterisation techniques have facilitated
the understanding of not only the final/steady status of electro-
catalytic reactions but also the connection of catalyst structural
evolutions with electrocatalytic performances. They can be used
to construct the dynamic structure–activity relationship, iden-
tify active structures and origin of local active centres, and
clarify reaction pathways in the electrocatalysis process. There
are some limitations owing to inherent challenges related to
the limited in situ equipment setup, dimension of observation
windows, time resolution, and the measuring environment.

Instrument setup and time resolution

Real-time characterisation is desirable for electrocatalytic pro-
cesses because of the fast kinetic nature: elementary reactions
involved with key intermediates can be completed from milli-
seconds to seconds. It is difficult for most existing structural
and product analysis equipment to achieve such fast time
scales, and special designs of in situ electrochemical cells add
complexity to the quality of signals and time resolution. It is
necessary to develop an all-purpose in situ reactor for multi-
modal characterisation, which is compatible with different
beamlines/signals simultaneously. In terms of time resolution,
not only ultrafast studies within hundreds of picoseconds that
rely on improvement of pump-and-probe approach and syn-
chrotron equipment should be explored, but longer time scales
also should be emphasised for studying the degradation and
consumption of catalytic systems that are relevant to real-world
applications.

Complementary techniques (microscopy–spectroscopy–X)

Despite these remarkable examples for in situ/operando
characterisation, single approach is still difficult to obtain the
full picture of the mechanism of an electrochemical reaction.
This shortfall can be overcome by complementing multiple

techniques, providing multidimensional information simulta-
neously with high spatial and time resolution. Recently, few
such examples have been demonstrated to track in real time the
whole picture of electrochemical process including the elec-
trode, intermediates, and products. There is growing interest in
combining microscopy, spectroscopy, and next-gen X technol-
ogy as novel tools to open new characterisation ways.

Data analysis

Microscopy cameras are fast evolving to enhance the quality of
acquired images and videos. Along with these improvements is
a concomitant increase in the associated data size. For
instance, a Gatan K3 IS can produce up to 150 frames
per second at full resolution, which means that a 20-MB frame
image would increase to around 200 GB for a one-minute video,
meaning that TB-size data for a single in situ TEM investigation
can be easily generated. There needs to be a clear strategy for
data storage, transferring and processing – the latter now
typically requires high-performance computing.78

AI or ML assisted modelling and simulation

Nowadays, to solve complex problems or use abundant data
feed to imitate, artificial intelligence (AI) and machine learning
(ML) are computed-based technologies to simulate the human
mind and ways of thinking. AI/ML potentials constitute a
promising approach to solve computationally challenging pro-
blems in electrocatalysis field,79,80 such as automatic robotic
chemist,81 CO2 and H2 electrocatalyst discovery,82,83 spinel
oxide covalency competition analysis,84 and molecular crystal
structure prediction.85 It is known that the current character-
isation technique is still limited by accuracy and time/spatial
interval. Operando/in situ collected data could be used to feed
and train AI and ML models, predicting undetected time and
region intervals to depict the reaction mechanism diagram. It
remains some open questions: how to select a series of accurate
data (also how to define data precision, data accuracy) to feed
into the model, how to use limited data to construct a trust-
worthy model, and how to deal with high-throughput data
generated from in situ characterisation.
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