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HIGHLIGHTS

•	 An overview of the principles, capabilities, advantages, and limitations of various advanced in situ characterization techniques is 
provided.

•	 In situ studies of fuel cells, water electrolysis, CO2 reduction reaction, and lithium batteries are reviewed across multiple scales, from 
materials to surroundings.

•	 Challenges and prospects of in situ studies of electrochemical energy conversion and storage technologies are proposed.

ABSTRACT  Escalating global energy demands and climate urgency necessitate 
advanced electrochemical energy conversion and storage technologies (EECSTs) like 
electrocatalysis and rechargeable batteries. Improving their performance relies on 
elucidating reaction mechanisms and structure-performance relationships via in situ 
studies. This review summarizes recent in situ studies of EECSTs through a variety 
of advanced characterization techniques aiming at mapping reaction pathways for 
the rational design of overall high-performance reaction systems. We outline the 
principles, capabilities, advantages, and limitations of various in situ techniques. 
Their applications in in situ studies of fuel cells, water/CO2 electrolysis, and lithium 
batteries are highlighted with representative examples. These studies enable dynamic 
tracking of chemical and structural evolution of overall reaction systems, includ-
ing materials, intermediates, products, and surroundings during operation, provid-
ing insights critical to rational system design. Future advancements will involve 
integrating multimodal in situ/operando approaches with artificial intelligence to 
enable real-time monitoring at practical scales. Such integration promises precise mechanistic insights and robust structure-performance 
correlations, ultimately accelerating the development of high-performance EECSTs aligned with sustainability and market requirements.
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1  Introduction

Rising global energy demands, fossil fuel depletion, and 
environmental crises [1–3] urgently call for sustainable 
electrochemical energy conversion and storage technolo-
gies (EECSTs), including fuel cells [4–6], water electrol-
ysis [7, 8], CO2 reduction reaction (CO2RR) [9–11], and 
lithium batteries [12–16]. Enhancing their performance 
requires rational design of overall reaction systems, includ-
ing components such as materials, intermediates, products, 
and surroundings based on mechanistic understanding, par-
ticularly the dynamic chemical and structural evolution of 
these components under operating conditions. Conventional 
electrochemical methods lack the spatiotemporal resolution 
to capture transient species or localized reactions at the 
molecular/atomic level. In contrast, modern advanced in situ 
characterization techniques enable real-time observation of 
dynamic changes without extracting samples or interrupt-
ing reactions, thereby providing more accurate and reliable 
insights into reaction pathways.

Current advanced in situ characterization techniques encom-
pass electron microscopy (transmission electron microscope 
(TEM), scanning electron microscope (SEM), and scanning 
transmission electron microscopy (STEM)), optical micros-
copy (laser scanning confocal microscopy (LSCM)), probe 
characterization techniques (atomic force microscope (AFM), 
scanning tunneling microscope (STM), scanning electro-
chemical microscopy (SECM), and atomic probe tomography 
(APT)), X-ray characterization techniques (X-ray photoelec-
tron spectroscopy (XPS), X-ray diffraction (XRD), resonant 
elastic X-ray scattering (REXS) and X-ray absorption spec-
troscopy (XAS)), infrared spectroscopy (IR), Raman spec-
troscopy (Raman), electrochemical impedance spectroscopy 
(EIS), electron paramagnetic resonance (EPR), nuclear mag-
netic resonance (NMR), chromatographic techniques (liquid 
chromatography (LC) and gas chromatography (GC)), mass 
spectrometry (MS), and sensor, etc. Each technique operates 
on distinct principles and probes specific energy levels, pro-
viding unique spatial and temporal insights. Based on probing 
depth and target species, these methods can be categorized 
into four groups: TEM, SEM, STEM, LSCM, AFM, STM, 
SECM, APT, XPS, XRD, REXS, and EIS for materials char-
acterization; XAS, IR, Raman, and EPR for intermediate spe-
cies analysis; NMR, LC, GC, and MS for product detection; 
and sensors for monitoring the reaction surroundings (Fig. 1).

Although some excellent reviews comprehensively 
cover in situ studies of EECSTs [17–20], focusing on how 
electrode materials influence reaction mechanisms, they 
reflect the earlier view that electrochemical performance 
was predominantly determined by electrode composition 
and structure. Recently, however, growing evidence high-
lights the critical role of reaction surroundings (including 
the interfacial micro-environment), which synergistically 
affects intermediates, products, and reaction pathways, 
thereby collectively shaping reaction mechanisms [21]. A 
comprehensive mechanistic understanding thus requires 
dynamic, precise, and reliable information on materials, 
intermediates, products, and surroundings. Understand-
ing the complex interactions among them, particularly the 
dynamic processes at the electrode–electrolyte interface, 
is essential.

This review surveys recent advances in in situ multi-tech-
niques for EECSTs, focusing on the principles, capabilities, 
and limitations of various in situ techniques, categorized 
by their probing targets from a “multi-scale” perspective 
(ranging from material structures, intermediates, products, 
to device environments). It comprehensively covers several 
key energy conversion and storage systems, such as oxygen 
and hydrogen reactions in fuel cells (oxygen reduction reac-
tion (ORR), hydrogen oxidation reaction (HOR)), water elec-
trolysis (hydrogen evolution reaction (HER), oxygen evolu-
tion reaction (OER)), CO2RR, and lithium batteries (Li-ion, 
Li–S, and Li-O2). Specifically, a dedicated discussion on the 
emerging role of artificial intelligence and multimodal data 
integration. Moreover, it puts forward the current challenges 
and future development directions in this field. A compari-
son between other reviews and ours in the research scope, 
technique coverage, and system applications is summarized 
and presented in Table 1 to show the novelty of our review.

2 � In situ Characterization Techniques

This section divides various advanced in situ charac-
terization techniques into four categories based on their 
probing depth and species (materials, intermediates, 
products, and surroundings). Each technique’s basic prin-
ciples, obtainable information, advantages, and limita-
tions are discussed in detail to guide their appropriate 
application.
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2.1 � Characterization of Materials

Electrode materials, as the core component of energy 
conversion and storage systems, greatly determine the 
overall electrochemical performance. In situ characteri-
zation techniques, such as TEM, SEM, STEM, LSCM, 
AFM, STM, SECM, APT, XPS, XRD, REXS, and EIS, 
provide atomic-level structural and electronic state infor-
mation of electrodes under actual working conditions, 
which enable researchers to understand how active sites 
participate in reactions and how they evolve during the 
reaction processes. This information is crucial for the 
design and development of more efficient and stable 
electrode materials to improve the overall electrochemi-
cal performance.

2.1.1 � Electron Microscopy

Electron microscopy, including TEM, SEM, and STEM, is a 
powerful tool for high-resolution imaging of samples. TEM 
[22, 23] uses a high-energy electron beam to penetrate thin 
samples, providing detailed information about the crystal 
structure, lattice parameters, and defects within materials 
(Fig. 2a). It is particularly useful for studying the microstruc-
ture of electrode materials and observing structural changes 
during electrochemical reaction processes. SEM [24] scans a 
focused electron beam across the sample surface, generating 
signals such as secondary and backscattered electrons to cre-
ate high-resolution topographical images and compositional 
information. It offers a larger field of view and is effective 
for analyzing surface features of electrode materials.

Fig. 1   Schematic illustration of the probing species‒in situ characterization techniques dependence for tracking dynamic electrochemical 
energy conversion and storage reaction processes. Based on probing depth and target species, these methods can be categorized into four groups: 
materials, intermediates, products, and surroundings
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In situ TEM provides atomic-level structural information 
and allows for the observation of internal material dynamics 
and active site evolution during electrochemical processes. It 
can simulate realistic conditions by supporting experiments 
under varying temperatures, pressures, atmospheres, or elec-
tric fields. However, it has limitations such as complex sample 
preparation, potential damage to beam-sensitive samples, and 
the high-vacuum environment, which may not fully replicate 
the actual electrochemical reaction environment. Environmen-
tal transmission electron microscopy (ETEM) overcomes the 
ultra-high-vacuum constraints of conventional TEM by per-
mitting a controlled gas environment (typically on the order of 
pascals to kilopascals) in the sample region. This is achieved 
through a differential pumping system that maintains the elec-
tron gun and column sections under high vacuum, thereby pre-
serving both the electron source and image quality. Liquid-
cell transmission electron microscopy (Liquid-Cell TEM) 
is an advanced imaging technique that enables direct, in situ 
observation of dynamic processes in liquid environments (such 
as aqueous solutions), within the high-vacuum column of a 
TEM. By employing specialized microfluidic cells to enclose 
liquid samples, this method facilitates real-time monitoring 
of liquid-phase reactions with resolution capable of reach-
ing the atomic scale. ETEM and Liquid-Cell TEM, from a 
tool for static, high-vacuum characterization, into a powerful 
nanoscale laboratory. These techniques allow real-time visuali-
zation of atomic and molecular dynamics in realistic environ-
ments, greatly advancing the understanding of fundamental 
processes in heterogeneous catalysis, materials growth, and 
energy storage and conversion. As such, they provide a critical 
link between atomic-scale structure and macroscopic proper-
ties of materials.

In situ SEM is primarily used to observe morphological 
changes in electrode materials during electrochemical reac-
tion processes. It can produce high-magnification images and 
offers a greater depth of field, enabling the visualization of 
three-dimensional sample structures. When combined with 
an energy dispersive spectrometer (EDS), it provides detailed 
information about the composition and distribution of ele-
ments on the surface of electrode materials. However, in situ 
SEM faces challenges such as lower resolution compared to 
TEM, limited observation of internal structures, and the need 
for special sample preparation and environmental control for 
liquid-containing samples. STEM integrates the imaging prin-
ciples of SEM with the high-resolution capabilities of TEM. In 
STEM, a finely focused electron probe is raster-scanned across 

a thin specimen. Unlike SEM, which primarily detects second-
ary or backscattered electrons from the surface, STEM collects 
electrons transmitted through the sample, thereby revealing its 
internal structure [25]. A key advantage of STEM is its ability 
to correlate structural information at sub-ångström resolution 
with spatially resolved elemental composition and chemical 
bonding states.

2.1.2 � Optical Microscopy

LSCM employs a laser point source, a pinhole-guided point 
detector, and point-scanning technology to acquire high-
resolution optical images [26]. Its core principle is confocal 
imaging, which ensures that the light source, the sampled 
point, and the detector lie at conjugate focal points, thereby 
effectively eliminating out-of-focus light and significantly 
improving image clarity. LSCM is widely used in energy 
research to visualize spatial distribution and morphologi-
cal evolution, effectively complementing molecular-level 
insights from spectroscopic techniques such as Fourier trans-
form infrared spectroscopy (FT-IR) and Raman spectros-
copy. It has been most extensively applied to observe lithium 
dendrite growth kinetics and analyze structural evolution 
and failure mechanisms in electrode materials. Leveraging 
high spatial resolution and 3D imaging capabilities, LSCM 
serves as an indispensable tool for characterizing micro- and 
nanoscale morphological and structural changes in energy 
materials. Its integration with spectroscopic methods pro-
vides a comprehensive view of electrochemical processes 
from both morphological and chemical perspectives, greatly 
advancing the development of next-generation high-perfor-
mance and safe energy devices. However, due to the scatter-
ing and absorption of light in the sample, the effective obser-
vation depth of LSCM is usually limited to within 100 µm. 
For very thick or opaque samples, sectioning is required.

2.1.3 � Probe Characterization Techniques

Probe characterization techniques utilize a probe to interact 
with a sample, obtaining information about its properties. 
These techniques provide high spatial resolution, surface 
sensitivity, versatility, and functional imaging modes, offer-
ing detailed information about the structure, composition, 
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and behavior of materials at the atomic, and nanoscales. 
Typical techniques include AFM, STM, SECM, and APT.

AFM works by using a microcantilever with a sharp 
tip to scan the surface of a sample (Fig. 2b). As the tip 
approaches the sample surface, an interaction force 

between the tip and the sample causes the microcantile-
ver to deform or vibrate. A laser beam is reflected off the 
back of the microcantilever and onto a photoelectric detec-
tor [27]. By detecting the changes in the position of the 
reflected laser beam, the deformation or vibration of the 

Fig. 2   Schematic of the basic principles and instrumentations of various in situ techniques for the characterization of electrode materials: a 
SEM/TEM, b AFM, c STM, d XPS, e XRD
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microcantilever can be measured, which reflects the inter-
action force between the tip and the sample. AFM pro-
vides high-resolution imaging, enabling detailed observa-
tion of surface morphology and structure at the nanoscale 
or atomic level. STM operates based on the quantum 
tunneling effect, in which a very fine metal probe tip is 
brought extremely close to the sample surface (typically 
within a few atomic distances). When a small voltage is 
applied between the tip and the sample, electrons can tun-
nel through the gap between them, creating a tunneling 
current (Fig. 2c) [28]. The magnitude of this current is 
highly sensitive to the distance between the tip and the 
sample. By precisely controlling the movement of the tip 
across the sample surface and measuring the changes in 
the tunneling current, the surface structure and defects 
of the sample can be visualized at the atomic scale. STM 
provides atomic-level resolution imaging of the sample 
surface, enabling detailed observation of the surface struc-
ture and defects of electrode materials. However, STM 
requires the sample to be conductive and have an ultra-flat 
surface, limiting its application to certain materials and 
necessitating special sample preparation procedures. The 
presence of liquid in in situ experiments may interfere with 
the probe-sample interaction and affect imaging quality, 
and STM has a relatively slow imaging speed, which may 
limit its ability to capture fast-dynamic processes in some 
electrochemical reactions.

SECM is a prominent scanning probe technique that 
employs an ultramicroelectrode as a scanning probe. The 
probe is positioned in proximity (typically within 1 μm) 
to the surface of a sample immersed in an electrolyte 
solution. By measuring the faradaic current between the 
probe and the sample, SECM enables visualization of local 
chemical and electrochemical activity with high spatial 
resolution [29]. A key advantage of SECM is its ability to 
simultaneously provide topographic features and quanti-
tative chemical/electrochemical information at micro- to 
nanoscale resolutions. However, the resolution is primarily 
determined by the probe size and the probe-sample dis-
tance. Achieving nanoscale resolution remains challeng-
ing, as it requires both the fabrication of nanometer-scale 
probes and precise control of the separation distance. APT 
combines field evaporation and time-of-flight mass spec-
trometry to provide three-dimensional, quantitative chemi-
cal mapping at near-atomic resolution [30]. This technique 
directly reveals nanoscale chemical heterogeneity, even 

down to atomic-scale compositional variations, enabling 
direct correlation between microstructural features (such 
as precipitates and grain boundaries) and material proper-
ties (including strength, corrosion resistance, and electri-
cal characteristics). However, the preparation of undam-
aged, site-specific specimens (such as those containing 
particular grain boundaries or interfaces), remains chal-
lenging and time-consuming, posing a major bottleneck in 
APT analysis. Additional limitations include a restricted 
analysis volume and material-dependent constraints.

2.1.4 � X‑ray Characterization Techniques

X-ray characterization techniques, such as XPS, XRD, and 
REXS, utilize the interaction between X-rays and matter 
to obtain information about the structure and composi-
tion of materials. XPS is based on the photoelectric effect, 
where X-rays cause the emission of photoelectrons from the 
sample, and the kinetic energy of these photoelectrons is 
measured to determine the binding energy of the elements 
(Fig. 2d) [31–33], providing information about the elemental 
composition and chemical state of the sample surface. XRD 
is based on the diffraction of X-rays by the periodic arrange-
ment of atoms in a crystal and follows the Bragg equation 
(Fig. 2e), allowing for the determination of crystal structure, 
lattice parameters, and phase composition [34–36]. REXS is 
an advanced synchrotron-based X-ray diffraction technique. 
By tuning the incident X-ray energy to the absorption edge 
(e.g., L-edge or K-edge) of a specific element, the resonant 
condition significantly enhances its scattering intensity [37]. 
This method enables sensitive detection of element-specific, 
orbital-dependent, and spin-related ordering phenomena in 
materials.

X-ray techniques provide significant advantages for in 
situ electrochemical characterization of material structures, 
offering non-destructive analysis that preserves the sam-
ple’s integrity during measurement. In situ XPS can track 
the changes in the surface composition and chemical state 
of materials under electrochemical conditions, providing 
insights into the mechanisms of electrochemical reactions 
and the stability of the material’s surface. However, its high-
vacuum requirements may distort electrochemical inter-
faces and limit shallow penetration for bulk defect analysis. 
Complex sample preparation and time-consuming measure-
ments further constrain its utility. In situ XRD can provide 
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real-time information about the structural changes of mate-
rials during electrochemical reactions, such as phase trans-
formations and lattice parameter variations, which is crucial 
for understanding the relationship between the material’s 
structure and its electrochemical performance. However, the 
strong attenuation of primary and diffracted beams within 
the electrolyte solution can reduce the intensity of X-ray 
signals, making in situ XRD difficult to obtain clear dif-
fraction patterns. To mitigate this, a thin layer of electrolyte 
solution is often used, but this can limit the electrochemical 
measurements and may not fully replicate the actual reac-
tion environment. Additionally, in situ XRD may struggle 
to detect amorphous materials or small structural changes, 
as these do not produce distinct diffraction peaks. The key 
advantage of in situ REXS lies in its ability to tune the X-ray 
energy to the absorption edges of different elements, ena-
bling element-specific probing of their individual roles in 
complex materials. This facilitates the "decomposition" of 
each element’s contribution to the ordered state. However, 
REXS imposes stringent sample requirements, typically 
high-quality single crystals or well-ordered periodic struc-
tures, and is subject to limitations such as radiation damage 
and limited temporal resolution.

2.1.5 � Electrochemical Impedance Spectroscopy (EIS)

EIS is a powerful frequency-domain technique that probes 
complex electrochemical processes by measuring a system’s 
response to low-amplitude alternating current signals across 
a range of frequencies. It provides multi-scale dynamic infor-
mation from rapid electron transport to slow ion diffusion, 
serving as a critical link between macroscopic properties 
and microscopic interfacial phenomena [38]. To interpret 
EIS data, equivalent circuit models are used to simulate elec-
trochemical systems. Through numerical fitting, the circuit 
that best matches the experimental spectrum is identified, 
enabling the quantification of key physical parameters—a 
core yet challenging aspect of EIS analysis. Widely applied 
in studies of electrode–electrolyte interfaces, EIS can, for 
example, distinguish performance degradation mechanisms 
in batteries (e.g., active material loss, SEI growth, lithium 
inventory reduction) and monitor the evolution of interfacial 
films. However, EIS requires strict measurement conditions 
and system stability, and it only reflects global averaged 

responses, lacking spatial resolution to distinguish local 
heterogeneities on the electrode.

2.2 � Probing of Intermediate Species

During the electrochemical reaction processes, the formation 
and evolution of intermediate species are key to understand-
ing the reaction mechanism. These intermediate species are 
typically short-lived and highly reactive, and their chemical 
structures can vary significantly depending on the involved 
specific reaction and electrode materials. They may exist as 
ions, radicals, or molecules with unique structural features 
such as specific bond lengths, bond angles, and electronic 
configurations, which can be probed by several techniques.

2.2.1 � X‑ray Absorption Spectroscopy (XAS)

XAS is a powerful tool for probing the local electronic and 
geometric structure of intermediate species. It involves 
exposing a sample to a beam of X-rays with varying ener-
gies. When the energy of the incident X-rays matches the 
absorption edges of the elements in the sample, electrons 
are excited from core levels to higher energy states or unoc-
cupied orbitals (Fig. 3a) [39]. The resulting XAS spectrum 
provides information about the energy levels of electrons, 
the oxidation states of elements, and the local atomic 
arrangement around the absorbing atoms. By analyzing fea-
tures such as the absorption edges and the extended X-ray 
absorption fine structure (EXAFS) (Fig. 3b), researchers 
can gain insights into the electronic structure, coordination 
environment, and bonding properties of the intermediate 
species [40]. This is crucial for understanding its physi-
cal and chemical properties. In situ XAS offers significant 
advantages in characterizing electrochemical intermediate 
species. It provides real-time information about the elec-
tronic and structural properties of these species, allowing for 
the tracking of changes in oxidation states and local atomic 
arrangements during the reaction processes.

Notably, grazing-incidence X-ray absorption spectroscopy 
(GI-XAS) can confine the probe depth to the nanoscale by 
precisely controlling the X-ray incident angle. It can selec-
tively probe different depth regions from the surface layer 
to the subsurface layer, thereby enabling specific analysis 
of the electronic structure and coordination environment of 
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active sites at the electrode surface and solid–liquid inter-
face [41]. However, in situ XAS also has some limitations. 
The experimental setup for in situ XAS is complex and 
may require specialized equipment and conditions. Addi-
tionally, the interpretation of XAS data is challenging and 
may require advanced theoretical models and computational 
methods. Furthermore, the technique may have limited tem-
poral resolution in some cases, making it difficult to capture 
fast-transient intermediate species in certain electrochemical 
reactions.

2.2.2 � Infrared Absorption Spectroscopy (IR)

IR is a technique that uses the absorption of infrared light 
by molecules in a sample. When a sample is exposed to 
infrared radiation, molecules absorb specific frequencies of 
light corresponding to their vibrational and rotational energy 
transitions, resulting in characteristic absorption bands in the 
infrared spectrum that correspond to the functional groups 
present in the molecules [42, 43]. By analyzing the position, 
intensity, and shape of these absorption bands, researchers 
can identify the functional groups and determine the molec-
ular structure and composition of the sample. This technique 

Fig. 3   Schematic of the basic principles and instrumentation of various characterization techniques for capturing intermediates. a Schematic 
illustration of the in situ liquid-cell experimental setup.  Reproduced with permission from Ref. [39]. Copyright 2017, Springer Nature. b An 
XAS spectrum, showing that it consists of three parts: the pre-edge (red), the XANES (cyan), and the EXAFS (green). The insets show the 
interference between photoelectrons and backscattered electrons in the EXAFS. Reproduced with permission from Ref. [40]. Copyright 2021, 
Elsevier B.V. c FT-IR in internal and external reflection modes. Reproduced with permission from Ref. [44]. Copyright 2021, Elsevier B.V. 
Internal reflection mode is widely used in electrochemical studies. Infrared light undergoes total internal reflection within an ATR crystal (e.g., 
ZnSe, Ge, or diamond), producing an evanescent wave that penetrates the sample near the crystal surface to a depth of several micrometers. By 
depositing the working electrode directly onto the ATR crystal, ultra-high-sensitivity detection at the electrode/electrolyte interface is achieved. 
d Schematic diagram of SERS applications with different nanostructures in electrocatalysis. Reproduced with permission from Ref. [46]. Copy-
right 2021, Annual Reviews
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offers high sensitivity for detecting trace amounts of sub-
stances, provides detailed insights into chemical structures 
and bonding environments, and enables real-time monitoring 
of chemical reactions, making it a powerful tool for studying 
molecular interactions.

In situ FT-IR (typical examples include internal reflec-
tion mode and external reflection mode) allows for real-
time monitoring of chemical or electrochemical reactions, 
providing immediate information about the formation and 
evolution of intermediate species (Fig. 3c) [44]. It has high 
sensitivity to trace substances and offers detailed structural 
information about molecules, making it ideal for studying 
reaction mechanisms. Enhanced infrared spectroscopy, such 
as surface-enhanced infrared absorption spectroscopy (SEI-
RAS), further enhances the signal-to-noise ratio, enabling 
the detection of low-concentration species and providing 
detailed information about surface-adsorbed species. How-
ever, the experimental setup for in situ IR can be complex, 
and the presence of electrolytes may interfere with the meas-
urements. Enhanced infrared spectroscopy may have diffi-
culty in detecting low-frequency regions and may require 
advanced data interpretation methods. Additionally, sam-
ple preparation for enhanced infrared spectroscopy may 
introduce additional variables and complicate the experi-
mental processes. A significant drawback of in situ infra-
red spectroscopy is its susceptibility to interference from 
water. Water has strong absorption in the infrared region, 
which can interfere with the analysis of samples contain-
ing water or that are exposed to moisture. This can affect 
the accuracy of the measurements and make it difficult to 
detect the absorption bands of the species of interest. This 
is usually overcome by techniques such as using a thin-layer 
electrochemical cell, or adopting subtraction spectroscopy 
(collecting a background spectrum and then subtracting the 
water signal). With the development of combined techniques 
such as synchrotron radiation infrared, and AFM-IR, their 
spatial resolution and functionality will be further enhanced, 
and there will be broader application prospects in this field 
in the future.

2.2.3 � Raman Spectroscopy

When an incident photon interacts with a molecule, an elec-
tron transitions from a lower molecular orbital to a virtual 
excited state and then quickly returns to the lower molecular 

orbital. If the energy released by the electron during the 
return processes is equal to the energy difference of a cer-
tain vibrational or rotational energy level of the molecule, 
then this process is Raman scattering [45]. The difference 
between the frequency of the Raman scattered light and the 
frequency of the incident light is called the Raman shift, 
which reflects the information of molecular vibrations and 
rotations, and different chemical bonds and molecular struc-
tures will produce specific Raman shifts, thereby enabling 
the analysis and identification of substances. Moreover, 
enhanced Raman spectroscopy [46], including surface-
enhanced Raman spectroscopy (SERS), tip-enhanced Raman 
spectroscopy (TERS), and shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS), is a highly sen-
sitive technique for detecting trace substances and studying 
molecular properties at interfaces (Fig. 3d). SERS enhances 
the Raman signal of molecules adsorbed on rough metal sur-
faces or nanostructures through localized surface plasmon 
resonance. TERS utilizes a metal nano-tip to locally enhance 
the electromagnetic field, achieving nanoscale spatial reso-
lution and high-sensitivity detection. SHINERS employs 
shell-isolated nanoparticles, which consist of a metal core 
surrounded by a thin, chemically inert, and insulating shell, 
to enhance the Raman signal while reducing interference 
from the substrate and improving the applicability to vari-
ous materials and surfaces. The integration of spectroscopic 
techniques with electrochemical measurements enables 
effective tracking of surface and interfacial processes dur-
ing electrocatalytic reactions. In photoelectrocatalysis, a 
controllable light source (e.g., LED or laser) must be incor-
porated, with careful alignment to ensure the illumination 
path (typically back- or side-incident) does not interfere with 
the spectral detection optics.

In situ Raman spectroscopy allows for real-time monitor-
ing of chemical reactions, providing immediate information 
about the formation and evolution of surface species. How-
ever, it has limitations such as low signal intensity for trace 
species and fluorescence interference. Enhanced Raman 
spectroscopy techniques, such as SERS and SHINERS, sig-
nificantly enhance the Raman signal, enabling the detec-
tion of trace species with high sensitivity and surface selec-
tivity. They can be applied to a wide range trace species, 
allowing for real-time monitoring of chemical reactions. 
Time-gated Raman spectroscopy (TGRS) is a time-domain 
filtering technique that exploits the distinct temporal char-
acteristics of Raman and fluorescence signals. By utilizing 
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a gated detection system, this method selectively captures 
the instantaneous Raman signals arriving immediately after 
laser excitation while suppressing delayed fluorescence 
emissions. However, these techniques also have limitations, 
including substrate dependency, stability issues, and com-
plex data interpretation.

2.2.4 � Electron Paramagnetic Resonance (EPR)

EPR, also known as electron spin resonance (ESR), is a 
powerful and highly specific spectroscopic technique used 
to detect and characterize unpaired electrons. When a sam-
ple is irradiated with electromagnetic waves of frequency 
ν (typically in the microwave range), resonance absorption 
occurs if the energy of the photons (hν) matches the energy 
difference ΔE between electron spin states, that is, hν = gμB₀ 
(where g is the g-factor, μB is the Bohr magneton, and B₀ is 
the external magnetic field strength) [47]. Under this condi-
tion, electrons in the lower energy state absorb energy and 
transition to the higher state. The instrument detects this 
absorption phenomenon; by sweeping the magnetic field 
strength and recording the corresponding absorption sig-
nals, an EPR spectrum is obtained. It not only confirms the 
presence of paramagnetic centers but also provides detailed 
information (such as identity, local environment, and con-
centration), through spectral parameters including the g-fac-
tor and hyperfine coupling constants. Owing to its unique 
sensitivity to electronic and molecular structure, EPR/ESR 
plays an indispensable role in a wide range of fields, from 
fundamental research to industrial applications. EPR spec-
troscopy is among the most sensitive techniques for detect-
ing unpaired electrons, with a detection limit on the order of 
10⁻9 to 10⁻12 mol. This high sensitivity enables direct identi-
fication of short-lived reaction intermediates, such as radical 
species. However, it is exclusively sensitive to systems with 
unpaired electrons and is ineffective for diamagnetic materi-
als, where all electrons are paired, such as the vast majority 
of organic and biomolecules in their ground state.

2.3 � Detection of Products

The formation mechanism and characteristics of products 
in the energy conversion and storage processes are crucial 
for optimizing system performance. In situ spectroscopic 

techniques can monitor the formation of products, provid-
ing detailed information about product release kinetics and 
surface reactions. This information is significant for optimiz-
ing reaction conditions, improving product selectivity, and 
reducing side reactions.

2.3.1 � Nuclear Magnetic Resonance (NMR)

Nuclei in a static magnetic field, when their nuclear spin 
quantum number is not zero, will absorb radio frequency 
electromagnetic waves of a specific frequency and undergo 
nuclear magnetic resonance (Fig. 4a) [48, 49]. The reso-
nance frequencies of different nuclei are different. By detect-
ing these resonance signals and their characteristics, infor-
mation such as the local chemical environment of the nuclei 
can be obtained. By analyzing the solution or gas after the 
electrochemical reaction, the types and relative contents of 
the products produced by the reaction can be determined. 
In the in situ characterization of electrochemical products, 
NMR provides detailed chemical information, allowing for 
the identification of different chemical groups and their envi-
ronments. NMR is also a non-destructive technique, mean-
ing it does not alter the sample during measurement, making 
it suitable for studying samples under actual working condi-
tions. Additionally, NMR can be applied to a wide range of 
samples, including liquids and solids, providing a compre-
hensive understanding of the processes involved. However, 
NMR has limited sensitivity for some nuclei, such as 13C, 
which can make it challenging to detect trace amounts of 
certain electrochemical products and battery interface prod-
ucts. The preparation of samples for NMR can be complex, 
especially for solid samples, which may involve dissolving 
the sample in a suitable solvent or preparing a solid-state 
NMR sample. This can introduce additional variables and 
complicate the experimental processes. Furthermore, the 
strong magnetic field required for NMR can interfere with 
the electrochemical reactions and the performance of the 
battery, affecting the accuracy and reliability of the results.

2.3.2 � Chromatographic Characterization Techniques

Chromatographic techniques, including liquid chromatogra-
phy (LC) and gas chromatography (GC), separate and ana-
lyze sample components based on their interactions with 
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Fig. 4   Schematic of the basic principles and instrumentation of various characterization techniques for reaction products and environments. a 
Schematic of the NMR experimental layout.  Reproduced with permission from Ref. [49]. Copyright 2024, Elsevier Inc. b Schematic illustration 
of the operational mechanisms in liquid chromatography and gas chromatography. c Schematic of DEMS cell. Reproduced with permission from 
Ref. [54]. Copyright 2021, Wiley‐VCH GmbH. d Schematic diagram of sensor operating principles
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stationary and mobile phases (Fig. 4b). They enable accurate 
identification and quantification of substances in complex 
mixtures, making them ideal for detecting trace amounts 
of transient intermediates and reaction products. In LC, a 
liquid mobile phase carries the sample through a station-
ary phase, where components interact differently, leading to 
separation based on their varying speeds [50]. The separated 
components are then detected and quantified. LC specializes 
in analyzing non-volatile, thermally sensitive compounds 
like macromolecular organics and polar substances, prov-
ing valuable for tracking electrochemical intermediates and 
products. GC, on the other hand, uses a gas as the mobile 
phase and is suitable for volatile samples. The sample is 
vaporized and carried through the stationary phase by the 
gas, with components eluting at different times based on 
their affinities for the stationary phase [51, 52]. GC is com-
monly used for low-molecular-weight organic compounds 
and gases.

The integration of chromatography (GC or HPLC) and 
mass spectrometry (MS) exemplifies a highly synergistic 
analytical strategy [53]. Chromatography serves as a high-
resolution separation tool, effectively resolving complex 
mixtures into individual components that are introduced 
sequentially into the mass spectrometer. MS then acts as 
a sensitive identification module, performing molecular 
weight determination and structural elucidation for each 
purified component. This combination enables accurate 
qualitative and quantitative analysis while overcoming 
critical limitations of direct injection MS, such as ion sup-
pression, where competitive ionization suppresses signals 
of certain components, and spectral interference caused by 
overlapping ions from co-eluting species. With its high-res-
olution chromatography and reproducible electron ioniza-
tion (EI) spectral libraries, GC–MS is the preferred method 
for analyzing volatile small-molecule mixtures, enabling 
accurate and high-throughput qualitative identification. 
HPLC–MS offers broad applicability and powerful tandem 
mass spectrometry capabilities, including multiple reaction 
monitoring (MRM) and high-resolution mass analysis, mak-
ing it particularly suitable for the highly selective and sensi-
tive quantification and structural characterization of polar, 
thermally labile, and trace-level components within complex 
matrices. By integrating the superior separation power of 
chromatography with the structural elucidation capabili-
ties of mass spectrometry, in situ GC–MS and HPLC–MS 
hyphenated techniques have irreplaceable advantages in 

distinguishing isomers, providing quantitative information, 
and resolving complex reaction networks.

While LC excels in handling labile compounds and GC 
offers a rapid analysis of volatiles, both face limitations: In 
situ GC is unsuitable for non-volatile and thermally unsta-
ble substances, which may decompose or fail to vaporize. 
LC may have lower sensitivity for certain non-volatile sub-
stances compared to GC, and its slower analysis speed can 
limit its use in real-time monitoring of fast-dynamic pro-
cesses. Both techniques may require long analysis times, 
making it challenging to capture transient intermediates in 
real-time. Additionally, complex sample matrices can inter-
fere with separation and detection, affecting the accuracy. 
Although chromatographic methods minimize sample prepa-
ration, careful handling is essential to ensure reliable in situ 
characterization of dynamic electrochemical systems.

2.3.3 � Mass Spectrometry (MS)

In MS, sample molecules are ionized into ions in the ion 
source, and these ions are accelerated and separated accord-
ing to their mass-to-charge ratio under the action of an elec-
tric field or a magnetic field, and then detected and recorded 
by the detector. Ions with different mass-to-charge ratios 
form mass spectra, and the relative molecular mass and 
structure of the molecule can be determined by analyzing 
the mass spectra (Fig. 4c) [54]. In situ MS technology is 
usually combined with LC and GC techniques to detect reac-
tion products in real-time, helping to confirm the reaction 
path and evaluate the catalytic efficiency. MS offers high 
sensitivity and accurate molecular mass information. It can 
detect trace amounts of substances and distinguish between 
different isotopes, aiding in the identification and quantifica-
tion of specific compounds. However, MS has certain limita-
tions. It is not suitable for non-volatile or thermally unstable 
compounds, as these may decompose during the ioniza-
tion processes. Additionally, molecular fragmentation can 
occur during ionization, potentially leading to incomplete 
structural information. MS also requires pure samples and 
may not be able to distinguish between isomers or complex 
mixtures without prior separation. Furthermore, it demands 
specialized equipment and expertise for operation and data 
interpretation.
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Differential electrochemical mass spectrometry (DEMS) 
is a powerful analytical technique that couples electro-
chemistry with mass spectrometry in real time and online 
[55]. It is primarily used for the qualitative and quantita-
tive detection of volatile products or intermediates gen-
erated or consumed during electrochemical reactions. 
The electrochemical cell is designed with an inlet (e.g., 
a porous electrode or capillary) positioned in proximity 
to the working electrode. This configuration allows gase-
ous products to diffuse into the mass spectrometer via the 
shortest path with minimal delay. Efficient and rapid trans-
fer of electrochemically generated species into the mass 
spectrometer’s vacuum system is essential for its opera-
tion. DEMS offers high sensitivity, high time resolution, 
and excellent qualitative and quantitative capabilities.

2.4 � Sensing of Reaction Environment

Electrochemical reactions occur under specific conditions, 
and environmental factors have a significant impact on their 
kinetics and stability. In situ sensing technology can monitor 
the pressure and temperature of the surroundings, thereby 
revealing how environmental factors affect the electrochemi-
cal reaction processes. Sensors usually use physical, chemi-
cal, or biological effects to convert the physical quantity to 
be measured (such as temperature, pressure, and concentra-
tion, etc.) into an electrical signal or other measurable sig-
nal output [56]. A sensor generally consists of four parts: a 
sensing element, a transduction element, an inverter, and an 
auxiliary power supply. The sensing element directly senses 
the measured quantity and outputs a physical quantity signal 
that has a definite relationship with the measured quantity; 
the transduction element converts the physical quantity sig-
nal output by the sensing element into an electrical signal; 
the inverter is responsible for amplifying and modulating 
the electrical signal output by the transduction element; the 
transduction element and the inverter generally also require 
an auxiliary power supply (Fig. 4d).

Notably, interfacial micro-environment (such as the local 
pH, ion concentration, and electric field) plays a critical role 
in energy and catalytic systems [21]. This region, situated at 
the phase interface (e.g., solid–liquid or solid–gas), exhibits 
physical and chemical properties distinct from those of the 
bulk phase. Traditionally, studies of electrocatalytic reac-
tions have assumed interfacial conditions (including reactant 

concentration, pH, electric field, and solvent structure) to 
be equivalent to those in the bulk solution. However, the 
concept of the interfacial micro-environment challenges this 
assumption, highlighting that the local conditions can differ 
significantly from macroscopic averages. It is this unique 
micro-environment, rather than bulk properties, that ulti-
mately governs reaction performance, pathway, and kinet-
ics. Strategies such as engineering surface hydrophobicity/
hydrophilicity, constructing confined architectures, and per-
forming surface functionalization enable the precise con-
trol of the local micro-environment to steer electrocatalytic 
processes toward desired outcomes. Accurately quantify-
ing the local micro-environment (such as pH, specific ion 
concentration, and electric field strength) at the electrode/
electrolyte interface is crucial for understanding the local 
behavior and mechanisms of electrochemical reactions. The 
following Table 2 summarizes the typical operating ranges 
and characteristics of several key micro-environment probe 
techniques.

In situ sensors provide high sensitivity and real-time 
monitoring, enabling the detection of trace substances and 
immediate observation of electrochemical changes. These 
techniques offer detailed information about the chemical 
environment and product structure, aiding in understanding 
reaction mechanisms and optimizing battery performance. 
However, they may be affected by the complex and dynamic 
electrochemical environment, causing measurement interfer-
ence and noise. Other substances in the sample matrix can 
also interfere with sensing signals, affecting the accuracy 
and reliability. Moreover, the development and application 
of in situ sensing techniques require specialized equipment 
and expertise, limiting their accessibility and applicability 
in some research settings.

2.5 � Combination of Various in situ Techniques 
for Comprehensive Mechanistic Insights

Each in situ characterization technique offers unique capa-
bilities. Electron microscopy (e.g., TEM, SEM, and STEM) 
provides high-resolution imaging of material morphol-
ogy and structural evolution, while spectroscopy (e.g., 
XAS, Raman, and IR) reveals chemical environment and 
intermediate species dynamics at electrode interfaces. MS 
distinguishes species via mass-to-charge ratios, enabling 
precise product elucidation. A comparative analysis of 
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these techniques is summarized in Table 3. However, con-
ventional single-technique characterization provides only 
single-dimensional information, which is insufficient for 
comprehensive mechanism understanding. The challeng-
ing issue can be addressed by the combination of different 
in situ techniques, such as EC-AFM-Raman, GC/LC–MS, 
and AFM-STM, etc., which refer to the simultaneous or 
sequential use of multiple techniques during the actual 
occurrence of electrochemical reactions. This approach 
enables the acquisition of complementary data from dif-
ferent dimensions (space, time, information), facilitating a 
comprehensive understanding of reaction mechanisms. In 
electrochemical energy conversion (e.g., water electrolysis 
and fuel cells) and storage (e.g., lithium batteries) technolo-
gies, understanding performance metrics (such as capacity, 
cycle life, and catalytic activity) requires insight into the 
dynamic chemical/structural evolution of electrode mate-
rials, intermediates, and/or products. In situ combination 
of multimodal techniques provides unprecedented insights 
into our understanding of complex reaction mechanisms and 
device failure mechanisms.

2.6 � AI‑assisted in situ Characterization Techniques

While in situ characterization techniques enable observa-
tion under operating conditions, they often encounter chal-
lenges such as limited data quality, complex data interpre-
tation, and slow analytical throughput. AI-assisted in situ 
characterization techniques represent a paradigm shift in 
scientific research, transforming these methods from mere 
“tools” into active “research partners.” This evolution is 
driven by the deep integration of AI’s computational power 
and cognitive reasoning with the real-time observational 
capabilities of in situ experiments [57, 58]. The enabling of 
in situ characterization techniques by artificial intelligence 
can be mainly elaborated from the following three aspects: 
1) Feature extraction and identification: Machine learn-
ing (ML) identifies complex spectral features or structural 
details, such as defects and phase boundaries in imaging or 
spectral data. In techniques like in situ electron microscopy 
and NMR, where signals are weak and noise predominates, 
trained AI models effectively distinguish meaningful signals 
from background interference, thereby recovering clear and 
reliable data. In the above multimodal cases, AI algorithms 
(such as convolutional neural networks and recurrent neural 

networks) can effectively integrate multidimensional data 
streams from different techniques, often collected asynchro-
nously. For example, through timestamp alignment and fea-
ture extraction, an AI model can integrate molecular vibra-
tion information from SERS and synchronously collected 
electrochemical current signals to achieve automatic clas-
sification and prediction of reaction mechanism pathways. 2) 
Accelerated data acquisition: Conventional high-resolution 
NMR requires prolonged signal-averaging times. AI models 
now enable intelligent reconstruction of high-quality spec-
tra from sparsely sampled data, reducing acquisition time 
from hours to minutes. This breakthrough facilitates real-
time monitoring of fast chemical processes. 3) Modeling 
and automated discovery: AI, integrated with computational 
methods, rapidly establishes structure–property relationships 
and accelerates catalyst screening. Furthermore, such mod-
els can be embedded in an autonomous experimental plat-
form to dynamically adjust experimental parameters such 
as potential and temperature based on real-time multimodal 
feedback, so as to actively search for optimal reaction condi-
tions or verify specific scientific hypotheses. AI-driven auto-
mation replaces labor-intensive experimentation, enhancing 
throughput while minimizing human bias, leading to more 
standardized and reproducible research workflows. This has 
significantly accelerated the process from “data collection” 
to “knowledge generation”, propelling fields such as materi-
als science, chemistry, and physics into a new era of intelli-
gent and automated discoveries . To assist readers in quickly 
understanding the characterization techniques discussed in 
the following application examples,  Table 4 summarizes the 
main abbreviations and full names of the in situ characteriza-
tion techniques used throughout this work.

3 � In situ Studies of EECSTs

3.1 � Fuel Cells

Fuel cells are devices that directly convert chemical energy 
into electrical energy and have the advantages of high effi-
ciency and environmental friendliness. In situ characteri-
zation techniques can observe the electrochemical reaction 
processes on the surface of fuel cell electrodes in real-time, 
revealing the interaction mechanism between catalysts and 
reactants, and providing strong support for optimizing cata-
lysts and improving fuel cell performance. Notably, the 
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Table 3   Features of various advanced in situ characterization techniques

Technique Advantages Limitations Refinements

Materials TEM High-resolution imaging Sample preparation is complex and 
requires thin samples

FIB

Ability to observe nanoscale structures Vacuum conditions ETEM, Liquid-cell TEM

Multiple imaging modes Expensive equipment

SEM High-resolution imaging Lower resolution compared to TEM FIB-SEM

Suitable for surface morphology analysis Limited to surface analysis ESEM

Vacuum conditions

Simple sample preparation

STEM Atomic resolution Stringent sample requirements FIB

Multimodal imaging Cryo-STEM

Suitable for thick samples Beam damage AC-STEM

Limitations of aberrations

LSCM High spatial resolution Limited penetration depth LSFM

Non-destructive testing Photobleaching and phototoxicity 2PE/MPM

AFM Enables atomic-level imaging Slow imaging speed HS-AFM

Limited to the imaging range OM-AFM

Provide abundant physical property 
information

STM Atomic-level resolution imaging High requirements for surface flatness AFM

Only conductive

Can image electronic states samples can be observed

SECM Provide information on chemical activity
Work in a liquid—phase environment

Spatial resolution is limited SECM- AFM
Functionalized probes

Limited to electroactive substances

APT Atomic-scale resolution A needle-shaped sample is required FIB-SEM

Electrically conductive sample LA-APT

Provide quantitative information

XRD Non-Destructive Not applicable to amorphous samples PDF

Rapid phase identification

Spatial resolution is limited μ-XRD

XPS Surface sensitive Detection depth is extremely shallow iXPS, SA-XPS, NanoESCA

Provide abundant chemical state informa-
tion

Detection limits for certain elements SIMS-XPS

APXPS

Vacuum conditions
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Table 3   (continued)

Technique Advantages Limitations Refinements

REXS Element specificity Limited direct real-space imaging 
capability

CDI

Extremely high sensitivity to weak super-
lattice signals

Ultrafast time-resolved REXS
Conventional measurements are static

EIS High sensitivity and non-destructive 
testing

Heavily relies on the equivalent circuit 
model

DRT analysis

Provide quantitative kinetic parameters Lack of spatial resolution LEIS

XAS Provide abundant electronic and geomet-
ric structure information

Rely on synchrotron radiation source
Complex equipment and data interpreta-

tion

DLSR

Local structure probe
Intermediates IR Used for chemical bond and functional 

group analysis
Relatively low spatial resolution AFM-IR

Thin-layer cellSensitive to water
Suitable for polymers and organic com-

pounds
Raman Provides molecular vibrational informa-

tion
Fluorescent background may interfere SERS, TGRS

Non-destructive testing Weak Raman signal intensity SERS, TERS
EPR High specificity and selectivity The sample must have unpaired electrons Spin labeling,

Spin trappingProvide abundant structural, dynamic and 
environmental information

Relatively low sensitivity

Products NMR Provides molecular structure information Inherently low sensitivity FT-NMR
Suitable for both liquid and solid samples
Non-destructive

LC High-resolution separation Insufficient qualitative ability LC–MS, HPLC
Suitable for complex mixture analysis Consume organic solvents, environmental 

unfriendliness
GC High sensitivity and specificity Not suitable for non-volatile or thermally 

unstable compounds
Derivatization

High quantitative accuracy and repeat-
ability

GC–MS
Weak qualitative ability

MS Excellent qualitative ability Requires vacuum systems
Extremely high sensitivity and extremely 

low detection limit
Unable to distinguish isomers

Coupled with a variety of separation 
techniques

Surroundings Sensor Real-time monitoring
Customizable design
Wide application range

Potential issues with stability and accu-
racy

Some sensors have limited selectivity

MIPs

This table summarizes the advantages, limitations, and refinement strategies for various in situ characterization techniques, with improvement 
items presented in abbreviated form. The key to abbreviations and specific terms is provided below
FIB(Focused Ion Beam); ETEM(Environmental Transmission Electron Microscopy); AC-STEM(Spherical Aberration Corrected Scanning 
Transmission Electron Microscope); LSFM(Light-Sheet Microscopy); 2PE(2-Photon Excitation Microscopy); MPM(Multiphoton Micros-
copy); HS-AFM(High-Speed Atomic Force Microscope); LA-APT(Laser Pulsed Atom Probe Tomography); PDF(Pair Distribution Function); 
μ-XRD(Micro-X-ray Diffraction); SA-XPS(Small-Area X-ray Photoelectron Spectroscopy); iXPS(Imaging XPS); NanoESCA(Nano-Electron 
Spectroscopy for Chemical Analysis); SIMS-XPS(Secondary Ion Mass Spectrometry-XPS); APXPS(Ambient Pressure X-ray Photoelectron 
Spectroscopy); CDI(Coherent X-ray Diffraction Imaging); DRT(Distributed Relaxation Time); LEIS(Localized Electrochemical Impedance 
Spectroscopy); DLSR(Diffraction-Limited Storage Ring); TGRS(Time-Gated Raman); HPLC(High Performance Liquid Chromatography); 
MIPs(Molecularly Imprinted Polymers)
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research examples covered in this review include both in situ 
and operando methods. To better distinguish between the 
two, we provide the following explanations. In situ Charac-
terization: Refers to the real-time monitoring of materials or 
processes under a controlled (electro)chemical environment 
or stimulus. The test conditions may be simplified compared 
to those of actual devices. Operando Characterization: Spe-
cifically refers to the simultaneous performance measure-
ment and real-time characterization under device-relevant 
operating conditions.

3.1.1 � Oxygen Reduction Reaction (ORR)

Hydrogen-fueled proton exchange membrane fuel cells 
(PEMFCs), one of the most promising hydrogen energy 
conversion systems, can directly convert chemical energy 
stored in H2 into electrical energy with zero emissions, high 
conversion efficiency, and moderate operating temperature 
[59]. Unfortunately, the unfavorable kinetics of the cathode 
ORR severely hindered the practical applications of PEM-
FCs [60]. Compared to non-noble metal catalysts, Pt-based 
catalysts are the top choice for commercial applications 
because of their high-efficiency activity and long-term sta-
bility in acidic electrolytes [61]. Generally, there are two 
different ORR mechanisms based on the final products: the 
four-electron pathway to generate H2O, and a two-electron 
pathway to generate H2O2 [62]. The four-electron pathway 
can be further divided into the association mechanism and 
dissociation mechanism [63]. Taking acidic electrolytes as 
an example, the specific reaction steps of the four-electron 
and two-electron pathways often occur simultaneously, 
involving various intermediate species such as superoxide 
(O2

−), peroxide (O2
2−, OOH), and hydroxyl (OH) species 

[64]. The formation of these intermediates critically influ-
ences the performance and reaction mechanisms of ORR 
catalysts (Fig. 5a) [65, 66]. However, direct experimental 
evidence has long been lacking. Therefore, capturing key 
intermediate species through in situ techniques is essential to 
reveal the actual ORR pathways, providing valuable insights 
for improving catalyst performance.

The first step of ORR is the adsorption of O2 on the cata-
lyst surface (Fig. 5a). Nayak et al. reported the direct evi-
dence of adsorbed *O2 by in situ IR spectroscopy. The peak 
at 1468 cm−1 in Fig. 5b corresponds to the O–O stretch-
ing vibration of adsorbed O2, and the peaks at 1212 and 

1386 cm−1 are assigned to the O–O stretching vibration of 
*OOH and OOH bending vibration of *HOOH, respec-
tively [67]. After adsorbing on the active site, *O2 converts 
to *OOH via a proton-coupled electron transfer (PCET) 
step. Meanwhile, Dong et al. provided direct evidence for 
this viewpoint through in situ monitoring of the ORR pro-
cesses on the Pt(hkl) surface via in situ SHINERS [68]. 
Only *OOH can be observed on Pt(111) surface (732 cm−1, 
Fig. 5c) which suggests a fast conversion of *OH to H2O 
and leads to superior ORR activity, while *OH without 
*OOH can be observed on Pt(100) (1080 cm−1, Fig. 5d) and 
Pt(110) surfaces which suggests that accumulation of *OH 
blocks the active sites and leads to an inferior activity. With 
the help of in situ SERS, Li’s group also directly observed 
*OOH on the Pt-based catalysts’ surface (Au@PtNi NPs, 
Au@Pd@Pt NPs, Au@PtCoSn NPs, etc.) and established 
the structure–activity relationship via the frequency-shift of 
*OOH [69–71]. Then, the adsorbed *OOH can be decom-
posed into *OH and *O (*O further converts to *OH) via 
a chemical process, or converted to HOOH via the PCET 
processes (O–O further dissociates to form two *OH) [72]. 
It follows that *OH is also a crucial intermediate species 
closely related to ORR performance. These results provide 
ideas for the rational design of efficient catalysts, that is, 
exposing more active surfaces.

In addition to activity, stability is another important 
parameter for evaluating the efficiency of catalysts. The 
catalyst failure, including the degradation, oxidation, and 
poisoning processes, is inevitable during the ORR pro-
cesses, which results in the decay of the performance [73]. 
Clarifying the specific failure mechanism is significant for 
designing catalysts with high activity and long-term dura-
bility. Rizza’s group provided direct visual micrographs for 
the degradation processes of Pt nanoparticles during cyclic 
voltammetry curves (CVs) via in situ TEM [74]. As the 
number of CVs increases, the processes of the detachment 
of the Pt NP from a substrate, the coalescence of small Pt 
NPs to bigger ones, and the appearance of a new nanoparti-
cle, respectively, are visible. Ran and co-workers reported a 
Fe1V1-NC catalyst with Fe-V atomic pair which can lead to 
side-on adsorption of O2 and directly dissociate the O = O 
to form *O, preventing the generation of reaction oxygen 
species (ROS), which suppresses the associated catalyst 
corrosions and enhances the stability. This was supported 
by the results of in situ attenuated total reflection surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS) 
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Table 4   The list of abbreviations for in situ characterization techniques

Abbreviations Full words

TEM Transmission Electron Microscope
SEM Scanning Electron Microscope
STEM Scanning Transmission Electron Microscopy
LSCM Laser Scanning Confocal Microscopy
AFM Atomic Force Microscope
STM Scanning Tunneling Microscope
SECM Scanning Electrochemical Microscopy
APT Atomic Probe Tomography
XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction
REXS Resonant Elastic X-ray Scattering
XAS X-ray Absorption Spectroscopy
IR Infrared Spectroscopy
EIS Electrochemical Impedance Spectroscopy
EPR Electron Paramagnetic Resonance
NMR Nuclear Magnetic Resonance
LC Liquid Chromatography
GC Gas Chromatography
MS Mass Spectrometry
SICM Scanning Ion Conductance Microscopy
ISMs Ion-Selective Microelectrodes
VSE Vibrational Stark Effect
EFM Electrostatic Force Microscopy
ETEM Environmental Transmission Electron Microscopy
EDS Energy Dispersive Spectrometer
FIB Focused Ion Beam
AC-STEM Spherical Aberration Corrected Scanning Transmission Electron Microscope
LSFM Light-Sheet Microscopy
2PE 2-Photon Excitation Microscopy
MPM Multiphoton Microscopy
HS-AFM High-Speed Atomic Force Microscope
LA-APT Laser Pulsed Atom Probe Tomography
PDF Pair Distribution Function
μ-XRD Micro-X-ray Diffraction
SA-XPS Small-Area X-ray Photoelectron Spectroscopy
iXPS Imaging XPS
NanoESCA Nano-Electron Spectroscopy for Chemical Analysis
SIMS-XPS Secondary Ion Mass Spectrometry-XPS
APXPS Ambient Pressure X-ray Photoelectron Spectroscopy
CDI Coherent X-ray Diffraction Imaging
DRT Distributed Relaxation Time
LEIS Localized Electrochemical Impedance Spectroscopy
DLSR Diffraction-Limited Storage Ring
TGRS Time-Gated Raman
HPLC High Performance Liquid Chromatography
MIPs Molecularly Imprinted Polymers
SERS Surface-Enhanced Raman Spectroscopy
TERS Tip-Enhanced Raman Spectroscopy
SHINERS Shell-Isolated Nanoparticle-Enhanced Raman spectroscopy
ATR-SEIRAS Attenuated Total Reflection Surface-Enhanced Infrared Absorption Spectroscopy
FT-IR Fourier Transform Infrared Spectroscopy
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and in situ EPR, which showed no signal of *OOH and *OH 
can be observed [75]. Singer’s group explored the interac-
tion between structure and oxidation state of Co-Mn spinel 
oxide electrocatalysts in ORR through multimodal in situ 
synchrotron radiation XRD and REXS (Fig. 5e) [76]. In 
situ XRD results demonstrated the reversible tensile strain 
induced during the dynamic reaction process, suggesting the 
structural robustness. In situ REXS results show that Co-Mn 
spinel oxide undergoes a dynamic confinement phase tran-
sition from cubic phase to tetragonal phase under applied 

voltage, which is related to the decrease in oxidation states 
of Co and Mn (serving as active sites for ORR). As for poi-
soning, SO2 is a common air impurity that is easily adsorbed 
on the catalyst surface and causes severe attenuation of ORR 
activity. Baturina et al. reported the electrochemical CVs of 
SO2 adsorption on Pt/VC (VC: Vulcan carbon) [77]. The 
charge of the H region gradually decreases as the number 
of CVs increases, indicating the blocking of Pt active sites. 
The in situ XANES of S was collected at different poten-
tials. Only S0 is identified at 0.1 V while a mixture of S0 and 

Table 4   (continued)
This table systematically lists the main abbreviations for in situ characterization techniques used in the text along with their full names, greatly 
facilitating readers’ reference

Fig. 5   In situ/operando studies of the ORR processes by various characterization techniques. a ORR mechanism in an acidic medium. b ATR-
IR spectra were recorded during the constant potential steps.  Reproduced with permission from Ref. [67]. Copyright 2018, Wiley–VCH Ver-
lag GmbH & Co. KGaA, Weinheim. EC-SHINERS spectra of the ORR system at c Pt(111) and d Pt(100) surfaces in a 0.1 M HClO4 solution 
saturated with O2. Reproduced with permission from Ref. [68]. Copyright 2018, Springer Nature. e In situ XRD and REXS. Reproduced with 
permission from Ref. [76]. Copyright 2020, Elsevier B.V. f Fuel cell configuration and micro-sensor position. Reproduced with permission from 
Ref. [78]. Copyright 2023, Elsevier B.V
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SO2 is suggested at 0.5 V. When the potential increases to 
0.7 V, an oxidation of adsorbed sulfur species ((bi)sulfate 
ions) can be detected, and only (bi)sulfate ions exist when 
the potential higher than 0.9 V. It indicates that oxidation at 
high potential is beneficial for removing the adsorbed SO2, 
thereby restoring catalytic performance.

As an important component of PEMFC, ORR exhibits 
strong irreversibility, which leads to the largest proportion 
of released heat of the cathode catalyst layer (CL) in the 
whole PEMFC [78]. Excessive temperature and variation 
during dynamic operation seriously impair the performance 
and durability of catalysts due to the unintended destructive 
state, such as ion dissolution, carbon corrosion, crack forma-
tion, and so on, making the large-scale application of fuel 
cells still challenging [79, 80]. Initially, commercial thermo-
couples (CTs) inserted into flow fields measured temperature 
variations over time [81]. However, CTs exhibited significant 
temperature lag relative to current variations, and their bulky 
size caused poor layer contact and gas leakage, making them 
unsuitable for catalyst-layer measurements [82]. To mini-
mize interference, thin microsensors (5–50 μm), including 
film thermocouples and resistance thermal detectors, were 
developed for direct catalyst-layer temperature monitoring 
[83, 84]. Kim et al. demonstrated a flexible resistance tem-
perature detector that enabled in-plane temperature distribu-
tion mapping without compromising fuel cell performance 
[85]. Ming et  al. engineered ultrathin (~ 15 μm) resist-
ance thermal detectors positioned at the catalyst/micropo-
rous layer interface (Fig. 5f) [78]. These sensors captured 
real-time temperature fluctuations during dynamic current 
changes, revealing a 1.6 °C rise from 200 to 1000 mA cm−2 
and an additional 3 °C increase up to 1800 mA cm−2, with 
temperature recovery upon current reduction. Temperature 
variations were strongly influenced by cathode humidity and 
stoichiometric ratios but minimally affected by anode con-
ditions, reflecting the greater mass transfer resistance and 
reactant sensitivity of cathodic ORR.

3.1.2 � Hydrogen Oxidation Reaction (HOR)

Alkaline exchange membrane fuel cells (AEMFCs) 
have gained prominence owing to the high activity 
and stability of low-/non-platinum catalysts in alka-
line environments [86]. There are two reaction path-
ways of alkaline HOR which are composed of three 

elementary reactions (H2 + 2 M* → 2 M-Had; Heyrovsky 
step: H2 + OH− + M* → M*-Had + H2O + e−; Volmer step: 
M*-Had + OH− → M* + H2O + e−, M* represents the active 
site and Had represents the adsorbed H) [87]. The main 
difference between the two pathways is whether electrons 
participate in the first-step reaction. In the Tafel-Volmer 
pathway, H2 dissociates into 2Had without involving elec-
trons, while H2 is converted to Had and H2O by losing an 
electron in the Heyrovsky-Volmer pathway. Early studies 
attributed HOR activity to hydrogen binding energy (HBE), 
where weaker Pt–H-bonding correlated with higher activ-
ity, as demonstrated by Sheng et al. through pH-dependent 
HBE trends (Fig. 6a) [88, 89]. However, HBE alone fails to 
explain alkaline HOR behavior. Markovic’s work on PtRu 
alloys and Ni(OH)2-modified Pt revealed enhanced activ-
ity, proposing a bifunctional mechanism where oxophilic 
sites (Ru, Ni(OH)2) adsorb *OH to accelerate *H removal 
(Fig. 6b) [90]. Despite progress, the dominant HOR mecha-
nism remains debated due to insufficient direct evidence of 
OH/H intermediates, highlighting the need for in situ char-
acterization to resolve these uncertainties.

Inspired by introducing oxophilic metals to improve HOR 
activity, Shao’s group synthesized a Ru-modified Pt elec-
trode and monitored the electrochemical interface via in 
situ ATR-SEIRAS [91]. The result in Fig. 6c shows that Ru 
atoms not only play a role in tuning the electronic structure 
of Pt or oxophilic metal but also serve as active sites for H 
adsorption. The linear relationship between Ru–H/Pt cov-
erage and exchange current density (j0) shown in Fig. 6d 
further confirmed this viewpoint. If Ru atoms only serve as 
the adsorption sites for *OH as proposed by the bifunctional 
mechanism, the relationship between Ru–H/Pt coverage and 
j0 should be volcanic rather than linear. Jia’s group observed 
the obvious up-shift of Ru K-edge (Fig. 6e) and down-shift 
of Pt L3-edge (Fig. 6f) via in situ XANES [92]. It is attrib-
uted that the adsorption of *OH on Ru sites promoted the 
desorption of *H from Pt sites (facilitating the oxidation 
of *H), which provides direct spectroscopy evidence for a 
bifunctional mechanism for HOR. Sun’s group designed a 
highly efficient tandem catalyst with Ru nanoclusters deco-
rated with Pt single atoms (Pt1-Ru/C) and confirmed the 
crucial role of hydrogen spillover during the HOR process 
using in situ ATR-FTIR [93]. As shown in Fig. 6g, h, the 
peaks at around 2100 and 1900 cm−1 are assigned to the 
Pt-Hatop and Ru-Hatop, respectively. The Pt-Hatop on the Pt/C 
surface decreased and even disappeared with the potential 
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increasing (from –0.05 to 0.1 V) due to the hydrogen oxida-
tion and desorption. The Ru-Hatop on Ru/C displays negligi-
ble changes, which can be attributed to the strong adsorption 
of *H on Ru. However, both peaks on Pt1-Ru/C weakened 
with the increased potential, suggesting that the hydrogen 
desorption on Ru was facilitated, which is closely related 
to the hydrogen spillover from Ru to Pt sites. Wang et al. 
constructed a PtNi alloy on Au nanoparticles and employed 
in situ SERS to monitor the HOR processes. The OH species 
were observed on the PtNi surface but not detected on the 
Pt surface, directly confirming that the doped oxophilic Ni 

promotes the adsorption of *OH to enhance HOR perfor-
mance [94]. Lin’s in situ SERS study on Au@PtRu captured 
dynamic *OH intermediates (712–724 cm−1) and Ru valence 
shifts (+ 3 to + 4) during HOR, with activity tunable via Pt/
Ru ratios [95].

In addtition to *H/*OH intermediate species, the interfa-
cial water and H-bonding structures at the electrode/electro-
lyte interface also play an important role in alkaline HOR 
[96]. Luo’s group prepared a face-centered-cubic phase Ru-
based catalyst (fcc-RuCrW) and revealed that the adsorption 
strength of *OH is regulated by introducing oxyphilic Cr and 

Fig. 6   In situ/operando studies of the HOR processes by various characterization techniques. a The overpotential for the HOR in all pH-buff-
ered electrolytes on Pt(110) (solid symbols) and (100) (open symbols) surfaces.  Reproduced with permission from Ref. [89]. Copyright 2015, 
Springer Nature. b Schematic representation of the HOR on Ni(OH)2/Pt(111). Reproduced with permission from Ref. [90]. Copyright 2013, 
Springer Nature. c Fitting results of spectra recorded at 0 V on various electrode surfaces. d Linear fitting result between the calculated Ru–H/
Pt coverage and specific j0. Reproduced with permission from Ref. [91]. Copyright 2021, Springer Nature. Ru K-edge XANES spectra e and Pt 
L3-edge XANES spectra of f Pt1Ru1/C collected in H2-saturated 0.1 M KOH at various potentials. Reproduced with permission from Ref. [92]. 
Copyright 2017, Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim. g In situ synchrotron ATR-FTIR spectra of a Pt/C, Ru/C, and Pt1-Ru/C 
catalysts. h Schematic illustration of the tandem HOR processes on Pt1-Ru/C. Reproduced with permission from Ref. [93]. Copyright 2025, 
Springer Nature
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W into Ru via in situ SEIRAS. The enhanced adsorption of 
*OH allows more free water molecules to be released into 
the adjacent gap region, which can improve the water con-
nectivity and hydrogen-bond networks in the electric dou-
ble layer (EDL), resulting in a superior HOR performance 
[97]. Yang et al. reported a RuS2-x catalyst modified with 
S vacancies and revealed that the S atom in RuS2-x is the 
actual active site for HOR through in situ Raman charac-
terization (S–H bond was detected but Ru–H bond was not, 
indicating that H atoms were adsorbed on the S site during 
the HOR process [98]. The mechanism of H2O molecules 
at the electrode/electrolyte interface on HOR were further 
revealed through in situ SEIRAS. Men and co-workers 
designed a Ni3S2-island-encapsulated Ni catalyst (Ni3S2/Ni), 
and ab initio molecular dynamics simulations was employed 
to clarify that the Ni3S2/Ni with low surface charge density 
reduced the aggregation of cations which leads to a nonrigid 
and cation-uncrowded H-bonded network and results in an 
enhanced proton transfer kinetics and excellent HOR perfor-
mance [99]. It was supported by their in situ SEIRAS results. 
Furthermore, the effect of different cations on HOR activity 
was studied; the activity trend is K+  > Na+  > Li+ (Fig. 7a). 
As shown in Fig. 7b, the proportion of strongly H-bonded 
water in KOH is higher, which is more conducive to proton 
transfer and facilitates PCET steps. On the contrary, the pro-
portion of strongly H-bonded water in LiOH is higher, which 
destroys the connectivity of the hydrogen-bond network and 
results in lower HOR activity. This is consistent with the 
Ab initio molecular dynamics (AIMD) simulation results 
about the interface structures with cations (Fig. 7c).

Not only can the adsorption strength of intermediates 
affect the HOR activity, but it also has an impact on its 
stability and CO poisoning resistance. Han et al. identified 
Ru-Ni diatomic sites as optimal HOR active centers via DFT 
[87]. Their designed RuNi/NC catalyst demonstrated excep-
tional HOR activity, durability, and CO tolerance (Fig. 7d). 
In situ SECM (Fig. 7e) revealed H₂ oxidation at RuNi/NC 
substrates (Fig. 7f), with current surpassing background 
levels absent in NC controls, confirming Ru-Ni as active 
sites. In situ XAS attributed this synergy to enhanced H₂ 
dissociation and reinforced *OH adsorption. Guo’s group 
constructed an unconventional hexagonal close-packed-
phase intermetallic Pd-based multi-metalline with homoge-
neously dispersed isolated Ru-O3 atomic sites, which were 
verified by EXAFS [100]. Combined with in situ SERS, it 
was found that the hcp intermetallic strengthens hydroxyl 

binding energy (OHBE) and water binding energy (H2OBE) 
while the Ru-O3 is profitable to weaken the intermediate 
adsorption energy. Modulated surface-adsorbed species 
adsorption leads to excellent robustness and CO tolerance. 
Wang’s group developed atomic Pt-functioned Ru nano-
particles and illustrated the anti-deactivation role of Pt via 
operando XAS and FT-IR [101]. The pure Ru nanoparti-
cles are easily oxidized, which results in deactivation. The 
introduction of Pt improves the oxidation resistance of the 
nanoparticle surface, ensuring a water network channel for H 
oxidative release and consequently leading to a stable HOR 
performance.

3.2 � Water Electrolysis

Hydrogen production by water electrolysis is an important 
way to achieve sustainable energy utilization. In situ charac-
terization techniques can deeply study the electrochemical 
reaction kinetics, intermediate product formation, and evolu-
tion on the catalyst surface during water electrolysis, which 
helps optimize hydrogen production technology by water 
electrolysis and improve hydrogen production efficiency.

3.2.1 � Hydrogen Evolution Reaction (HER)

HER is an efficient and environmentally friendly method to 
provide a hydrogen source for achieving the hydrogen cycle 
[102]. However, compared with acidic electrolytes whose 
adsorbed hydrogen (*H) directly originates from the hydro-
nium ions (H3O+), the *H in alkaline electrolytes needs to 
undergo the water dissociation step (Volmer process), which 
brings a higher energy barrier and leads to sluggish kinetics 
[103, 104]. Ruthenium (Ru)-based catalysts have received 
widespread attention due to their low price and excellent 
HER performance. For example, You et al. developed Ru 
nanoparticles grown in situ on carbon cloth (Ru-G/CC) via a 
one-pot solvothermal method, achieving a low overpotential 
of 40 mV at 10 mA cm−2, surpassing commercial 20 wt% 
Pt/C [105]. While its mixed amorphous-crystalline struc-
ture correlates with enhanced performance, the underlying 
mechanism remains unclear. Clarifying this requires prob-
ing structural evolution and interfacial water dissociation 
at the electrode-solution interface, yet direct observation 



Nano-Micro Lett.          (2026) 18:170 	 Page 25 of 52    170 

of interfacial water dynamics is hindered by environmental 
complexity and bulk water interference.

Wang et al.’s work on the Pd single crystal surface by in 
situ SHINERS revealed that interfacial water mainly consists 
of H-bonded and hydrated Na+ ion water. The dynamic vari-
ation from random to the ordered distribution of interfacial 
water structure, which is influenced by the bias potential 
and Na+ ion cooperation, was observed during the HER 
processes. The highly ordered interfacial water structure is 
instrumental in minimizing additional work, allowing maxi-
mized electrochemistry energy conversion and leading to an 
enhanced HER performance [106]. With the assistance of 
a “borrowing strategy”, Chen et al. utilized in situ SERS to 
probe the HER mechanism of Au@Ru nanoparticles, captur-
ing dynamic spectral evidence of Ru valence states (Ru(0), 
Ru(n +)), *H and *OH intermediate species, and interfacial 

water with different structures (4-HB⋅H2O, 2-HB⋅H2O and 
Na⋅H2O) were obtained directly (Fig. 8a, b) [107]. They 
revealed the mechanism of the valence state tuning effect on 
interfacial water and intermediates with enhanced HER per-
formance. Specifically, the large work function of Ru(n +) 
and the local cation tuning effect of Na+ ion water promote 
the water dissociation step. The more moderate adsorption 
energies of interfacial water, *H, and *OH on Ru(n +) sur-
faces also facilitate the HER activity.

Enhancing HER performance through Ru-based catalysts 
via doping, alloying, or hybridization has proven effective. 
Zhang et  al. synthesized multilayered hcp-phase RuNi 
nanosheets via a one-pot solvothermal method, achiev-
ing a record-low overpotential of 15 mV at 10 mA cm−2, 
outperforming commercial Ru/C and Pt/C [108]. Liu et al. 
[109] engineered Ru₉₀Ni₁₀ nanoparticles on graphene oxide 

Fig. 7   In situ/operando studies of the HOR processes by various characterization techniques. a Cation-dependent HOR polarization curves on 
the Ni3S2/Ni RDE electrode in H2-saturated aqueous electrolytes of 0.1 M KOH, NaOH, and LiOH. b Potential dependence of the relative frac-
tions of weakly H-bonded water and symmetric H-bonded water. c Side view of the interfacial structures on Ni3S2/Ni in which K+ and Li+ ions 
are inserted, respectively.  Reproduced with permission from Ref. [99]. Copyright 2025, American Chemical Society. d Current density-time 
chronoamperometry response of RuNi/NC and Pt/C in H2/200 ppm CO-saturated 0.1 M KOH solution at 50 mV. e Schematic representation of 
probing electrocatalytic activity for HOR of the RuNi/NC catalyst by the TG-SC mode of SECM experiments. f SECM TG-SC mode image of 
the RuNi/NC sample. The solution contains 0.1 M PB (pH = 10). ES =  + 0.8 V, ET =  − 1.2 V versus Ag/AgCl. Reproduced with permission from 
Ref. [87]. Copyright 2022, The American Association for the Advancement of Science
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(Ru₉₀Ni₁₀/rGOPs), where Ni’s oxophilicity induced surface 
reconstruction into Ru-Ni(OH)₂ multisites, and compressive 
strain from Ni weakened H adsorption, achieving an ultralow 
overpotential of 6 mV at 10 mA cm−2. Zhong et al. identi-
fied the active sites of LaRuSi for HER using in situ Raman 
spectroscopy [110]. At potentials below 0 mV (e.g., − 10 
and − 20 mV), peaks at 783  cm−1 (Ru–H bending) and 
1791 cm−1 (Ru–H stretching) emerged (Fig. 8c). A Si–H 
stretching vibration (2004 cm−1) appeared at − 30 mV, with 
all peaks disappearing upon potential removal. Theoretical 
calculations revealed La shifts Ru’s d-band center upward, 
inducing a negative Ru valence that strengthens H adsorp-
tion. However, Si sites exhibited near-ideal H adsorption 
energy (ΔGₕ = 0.063 eV, Fig. 8d), corroborated by weaker 
Si–H Raman signals, ultimately confirming Si, not Ru, as the 
dominant active sites. Inspired by metalloproteins in natu-
ral enzymes, Zhang’s group constructed a cobalt ruthenium 

atomic pair through sulfo-oxygen bridging (Cos-SO-Ru), 
forming a 3D hydrophilic network on the Ru nanoclusters 
surface and successfully regulating the dynamic structure of 
water molecules at the electrode–electrolyte interface [111]. 
As the relative fraction of different H2O configurations ana-
lyzed by in situ ATR-SEIRAS results shown in Fig. 8e, there 
is a stronger hydrogen-bonded H2O on Cos-SO-Ru via the 
formation of -S = O⋅⋅⋅H2O than that on Cos-Ru, suggesting 
the strengthened hydrogen-bond network in EDL, which can 
speed up the proton supply and *OH diffusion at the elec-
trode–electrolyte interface and enhance the reaction kinetics. 
Moreover, this strong hydrogen-bond network also relieves 
the accumulation of Ca2+ and Mg2+ to prevent the formation 
of Ca(OH)2 and Mg(OH)2 at the reaction interface (Fig. 8f), 
improving the stability of the electrode during seawater 
conditions.

Fig. 8   In situ/operando studies of the HER processes by various characterization techniques. a Raman spectra of the alkaline HER processes 
at 55 nm Au@2.5 nm Ru electrode surfaces. b Raman spectra of interfacial water at original Ru surfaces, Gaussian fits of three O–H stretching 
modes (νO-H) of 4-coordinated hydrogen-bonded water (4-HB·H2O), 2-coordinated hydrogen-bonded water (2-HB·H2O), and hydrated Na+ ion 
water (Na·H2O) are shown in red, blue, and green, respectively.  Reproduced with permission from Ref. [107]. Copyright 2023, Springer Nature. 
c Raman spectra of the LaRuSi catalyst at various potentials (vs. RHE) under HER conditions in 1.0 M KOH. d H adsorption-free energy at dif-
ferent sites of LaRuSi. Reproduced with permission from Ref. [110]. Copyright 2017, Wiley–VCH GmbH. e The relative fraction of different 
H2O configurations. f Scheme of hydrophilic sulfo-oxygen bonds bridged Co-Ru atomic pairs for regulating interfacial hydrogen-bond network. 
The dotted lines represent hydrogen bonds. Reproduced with permission from Ref. [111]. Copyright 2023, Springer Nature
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Transition metal-based materials (oxides, sulfides, phos-
phides) are promising low-cost, high-efficiency catalysts 
for hydrogen evolution. Among these, Ni-based and Mo-
based catalysts excel due to their affordability, conductiv-
ity, and catalytic activity. For instance, Sawangphruk et al. 
developed a 3D graphene oxide-coated nickel foam (GO@
Ni), achieving an overpotential of 83.2 mV at 10 mA cm−2, 
with in situ GC confirming a hydrogen evolution rate of 
10−7 mol cm−2 s−1 (Fig. 9a) [112]. Sun’s group designed 
a PMo12/Cu heterogeneous catalyst and utilized 5,5-dime-
thyl-1-pyrroline-N-oxide (DMPO) as a free radical scav-
enger; the free radical intermediates in the hydrogenation 
process of HER were studied by quasi-in situ EPR [113]. 
As shown in Fig. 9b, a much stronger DMPO-H* signal 
can be observed on PMo12/Cu than that on Cu during the 
HER process, indicating its superior *H generation ability. 
Luo et al. [114] reported a brand-new hydroxide-mediated 
NiMoFe electrocatalyst (h-NiMoFe) that takes place only 
97 mV overpotential at 1000 mA cm−2. They employed in 
situ XAS, quasi-in situ XPS, and DFT to clarify the mecha-
nism of enhanced HER performance, that is, the relative 
percentages of metallic Ni decrease in samples after HER 
and tend to form Ni(OH)2, which is beneficial for promoting 
the water dissociation step. This aligns with Ze et al.’s in 
situ SERS study on Au@Ni(OH)₂, where OHad participation 
and Ni(OH)2-to-NiO transformation under HER conditions 
confirmed Ni(OH)2’s role in water dissociation [115].

Optimizing the adsorption/desorption of intermediate 
species on the electrode/electrolyte interface to promote H2 
generation is currently a widely studied direction. However, 
the serious adhesion of H2 bubbles on the electrode sur-
face would lead to a “dead area” and cause the catalyst to 
“deactivate” [116, 117]. Therefore, it is crucial to quickly 
remove H2 bubbles from the reaction system and reduce 
the H2 concentration at the electrode surface to promote the 
HER process. Zhang and co-workers designed a superaero-
philic/superaerophobic (SAL/SAB) cooperative electrode 
composed of SAL stripes and plat Pt (SAB electrocatalytic 
regions) [118]. As shown in Fig. 9c, the HER process takes 
place in the Pt region, and the generated H2 bubbles are 
transported to the H2 collector by SAL stripes. When formed 
bubbles are small (noncontacted bubbles), the diffusion can 
be facilitated due to the short diffusion distance, benefit-
ing from the gas cushion layer at the SAL stripe. As the 
bubbles grow, driven by the asymmetric Laplace pressure 
between the bubble and the gas cushion, they will contact 

with the SAL stripes and transfer through them promptly, 
which is clearly observed in in situ optical results (Fig. 9d). 
Such rapid bubble diffusion facilitates the migration of H+ 
from electrolyte to electrode surface, resulting in outstanding 
HER performance.

3.2.2 � Oxygen Evolution Reaction (OER)

Unlike the HER at the cathode, OER at the anode is a four-
electron-proton transfer process with sluggish kinetics, 
which greatly limits the practical application of water elec-
trolysis [119, 120]. Based on the results of previous stud-
ies, the OER mechanism over catalysts with different elec-
tronic structures can be divided into two types: conventional 
adsorbate evolution mechanism (AEM) and lattice-oxygen-
mediated mechanism (LOM) [121]. The biggest distinction 
between them is that the coupling mode of O–O bond. The 
former follows the pathway of *OH, *O, *OOH, O2 and 
the O–O is coupled via the formation of *OOH whose O 
atoms both come from H2O while the latter follows the path-
way of OH, O2

2−, O2 and the O–O couples directly from an 
adsorbed O and a lattice O [122, 123]. In situ techniques 
such as Raman and IR provide an opportunity for identify-
ing whether OER undergoes a pathway of AEM or LOM.

Sun et al. monitored the electrooxidation processes on 
a Pd single crystal via in situ SERS. The results of in situ 
Raman confirmed the formation of surface oxides (PdOx) 
and the *OO peroxy intermediate in the deep oxidation 
region with higher potential [124]. Furthermore, the direct 
spectral evidence of 16O-18O obtained in an in situ 18O 
isotopic Raman experiment (Fig. 10a) elucidates that the 
oxygen atoms in PdOx participate in the generation of 
surface-adsorbed peroxide species and initiate subsequent 
oxygen generation. Hu’s group employed a similar in situ 
isotopic Raman experiment [125]. The Co16OOH was first 
transferred to Co18O2 in 18O-KOH at 1.75 V, and then the 
electrolyte was replaced with 16O-KOH. With the applied 
potential increasing from 1.45 to 1.75 V, the Raman peak 
of CoO2 and O–O both shift to the higher frequency grad-
ually, but are not completely the same as the frequency 
of the Co16O2 sample. They believed that the incom-
plete isotope exchange may be assigned to: not all sites 
on the catalyst surface are active; higher potential results 
in more active sites; the exchange process is slow on a 
time scale. Lin and co-workers obtained the information 
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on O–O bond (1089 cm−1), metal-O–O (1128 cm−1), and 
OH (3656 cm−1) whose intensity increased dramatically 
with the potential increasing over 1.4 V via in situ FT-IR 
(Fig. 10b), suggesting that these are two key intermedi-
ates which are closely related to the OER processes [126]. 
Together with the theoretical calculations and other char-
acterizations, they revealed that the OER undergoes the 
OPM pathway on the Ru/MnO2 surface, which involves 

direct O–O coupling, resulting in a reduced energy bar-
rier. Operando DEMS measurements are another efficient 
method to verify whether lattice oxygen is involved in the 
OER processes. For example, Wang et al. conducted the 
18O isotope labeling DEMS to investigate the OER pro-
cesses on Rh-RuO2/G. As the results show in Fig. 10c, 
a main mass signal of 36O and a low signal of 34O with-
out 32O were observed, revealing that the lattice oxygen 

Fig. 9   In situ/operando studies of the HER processes by various characterization techniques. a The chronoamperometry curve of GO@Ni elec-
trode at -0.5 V vs. SCE with the in situ GC measurement of hydrogen gas evolution at 360, 720, 1440, 2160, and 2880 s.  Reproduced with per-
mission from Ref. [112]. Copyright 2019, Elsevier Ltd. b Quasi-in situ EPR trapping of HER on Cu and PMo12/Cu. Reproduced with permis-
sion from Ref. [113]. Copyright 2025, American Chemical Society. c Schematic of the SAL/flat Pt electrode with enhanced mass transfer. d In 
situ optical observation of bubble transfer (indicated by red arrows) on the SAL/flat Pt electrode. Reproduced with permission from Ref. [118]. 
Copyright 2023, American Association for the Advancement of Science, AAAS
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atom is not involved in the formation of O2 during the 
OER processes [127]. Bao’s group employed multi-in 
situ techniques to dynamically track oxygen evolution on 
RuTIrV/CoOOH (Ru single atoms (SA) anchored on the 
three-fold facial center cubic (fcc) hollow sites and Ir SA 
anchored on the oxygen vacancy (Vo) on CoOOH) [128]. 

In situ XANES spectroscopy showed that the absorp-
tion edge of Ru shifted positively and the coordination 
number increased, while the absorption edge position and 
coordination number of Ir single atoms did not change 
significantly during the reaction, indicating that Ru par-
ticipated as an active site in the OER process, while Ir 

Fig. 10   In situ/operando studies of the OER processes by various characterization techniques. a H2
18O isotopic Raman spectra of 2 ML Pd in 

0.1 M HClO4 (Ar-saturated, 1.4 V vs. Ag). H2
18O-16 s and H2

18O-152 s represent the spectra after replacing the electrolyte for 16 s and 152 s, 
respectively. Adsorption configuration of *OO on the Pd/Au surface on the right. Gray, red, and orange spheres represent the Pd, 16O, and 18O 
atoms, respectively.  Reproduced with permission from Ref. [124]. Copyright 2024, Wiley–VCH GmbH. b In situ FT-IR spectra of Ru/MnO2. 
Reproduced with permission from Ref. [126]. Copyright 2021, Springer Nature. c DEMS signals of 36O2, 34O2, and 32O2 for Rh-RuO2/G in 
H2

18O aqueous sulfuric acid electrolyte within four times of LSV at 1.1–1.9 V (vs. RHE). Reproduced with permission from Ref. [127]. Copy-
right 2023, Springer Nature. d In situ FT-IR spectra of SO4

2−-NiCo OOH and NiCo OOH. e The equivalent electric circuit and f the fitted poten-
tial-dependent Nyquist plots of RMO and RHO. Reproduced with permission from Ref. [134]. Copyright 2024, Wiley–VCH GmbH
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mainly played a stabilizing intermediate role rather than 
directly participating in the redox reaction. There is no 
significant change of CoOOH characteristic peaks in in 
situ Raman spectroscopy during the OER process, indi-
cating that there is no phase transition or reconstruction. 
The direct evidence of *OOH key intermediates in in situ 
ATR-SEIRAS indicates the AEM. An obvious blue-shift 
of *OOH frequency compared with the RuT/CoOOH cata-
lyst, indicating that Ir single atoms weaken the adsorption 
strength of *OOH through hydrogen bonding and reduce 
the reaction energy barrier. Furthermore, in situ 18O iso-
tope-labeled DEMS experiments showed that the main 
signals of all samples corresponded to 32O2 (16O-16O), 
indicating that the OER process followed the AEM. Fur-
thermore, Lv’s group developed a strategy for integrating 
in situ multimodal characterizations and machine learning 
to clarify the reaction mechanism of Ru/TiMnOx electrode 
[129]. Machine learning models extract multidimensional 
features from experimental measurements and structural 
characterization as inputs (such as element molar ratios, 
electrochemical features, crystallographic features and so 
on), output overpotentials and deactivation rates to achieve 
performance prediction, and establish structure-perfor-
mance relationship. The structural evolution was detected 
via in situ Raman, and the A1g mode around 666 cm−1 was 
observed which demonstrates the formation of Ru–O-Mn. 
The *-O–O and *-O–O-* intermediates observed in the in 
situ ATR-FTIR, which is consistent well with the oxide 
path mechanism (OPM). The results of in situ 18O-labeling 
DEMS futher supports this OPM-related pathway in Ru/
TiMnOx.

Besides intermediate species, understanding the evolution 
mechanisms of interfaces between electrode materials and 
electrolytes is also vital to establishing the structure-perfor-
mance relationship [130]. Among these, anion modulation 
plays a vital role in positively persuading the reconstructed 
species’ OER performances [131]. For example, Feng et al. 
proposed a FeMOFs-SO3 and attributed the enhancement of 
OER performance to the H+ capture by -SO3 from *OH or 
*OOH [132]. Xue et al. reported a sulfate-functionalized 
RuFeOx (S-RuFeOx) and revealed that the sulfate dopants 
can weaken the adsorption energy of the *OO-H and stabi-
lize lattice oxygen via in situ ATR-SEIRAS spectra [133]. 
Lin et al. designed an oxyanion-functionalized NiCo OOH 
catalyst and employed a series of in situ characterizations 
to investigate the OER process [134]. They elucidated that 

the introduced SO4
2− results in more free H2O enrichment 

on the catalyst surface and then engages in the OER pro-
cess through in situ isotope-labeled Raman spectroscopy. In 
situ FT-IR was used to investigate the OH enrichment effect 
of the sulfate-induced solid–liquid interface. As shown in 
Fig. 10d, a peak at 3320 cm−1, which is assigned to the *OH 
species, can be observed on the SO4

2−-NiCo OOH surface as 
potential increases, while it cannot be detected on the NiCo 
OOH surface, suggesting the formation and accumulation 
of *OH after introducing SO4

2− in the NiCo OOH surface. 
Furthermore, in situ Electrochemical impedance spectros-
copy (EIS) was conducted to quantitatively evaluate the OH-
transfer. As shown in Fig. 10e, f, the RHO and RMO are related 
to the hydroxyl oxidation and metal site oxidation processes, 
which are much lower in SO4

2−-NiCo OOH than those in 
NiCo OOH, suggesting more OH-transfer. This multi-in situ 
technique proved that the functionalized oxygen anions on 
the catalyst surface can bond with H2O molecules in the 
electrolyte to form an H-bonded network, which bridges 
the gap at the solid–liquid interface and facilitates the OH-
migration and enrichment, resulting in an outstanding OER 
performance.

The OER processes often involve catalyst surface 
reconstruction [135], a critical process for identifying 
active sites and elucidating reaction mechanisms. Recent 
advances in in situ techniques have enabled real-time 
monitoring of structural and compositional changes dur-
ing OER. For example, Mayrhofer’s group has probed 
the structural transformation process of the first atomic 
layers from deposited Ir film to surface IrO2 layers at a 
near-atomic scale for OER via APT. As shown in Fig. 11a, 
the IrO2 tends to grow at grain boundaries and gradually 
transforms from oxide nanoparticles to a thicker oxide film 
with the anodic oxidation time increasing [136]. Zhang’s 
group employed in situ XAS and in situ 57Fe Mössbauer 
spectroscopy to monitor the OER processes on the surface 
of hierarchical FeVOx/NP [137], and the increase of the 
Fe oxidation state (the formation of Fe4+) was observed. 
Xu et al. investigated the surface chemical state evolu-
tion of Ni-Ir diatomic catalysts (DAC) during OER via 
quasi-in situ XPS [138]. The Ir 4f results as shown in 
Fig. 11b, the ratio of Ir4+/Ir3+ increased obviously upon 
OER. This is also supported by the results of the operando 
XANES spectra in Fig. 11c. The white line position shows 
a positive shift with the potential increasing, suggesting an 
increased Ir chemical state. Koroidov’s group performed 
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operando XAS to detect the Fe-site state of Nix(Fe1-x)OyHz 
during the OER processes [139]. The results in Fig. 11d 
showed that the electronic and structural properties var-
ied, but the alteration was reversible when the potential 
was cycled between 1.10 and 1.66 V (RHE). Zhu’s group 
reported the first real-time nanoscale observation of OER 
on the Mn2O3 surface by utilizing in situ liquid TEM 
[140]. They directly observed the generation and devel-
opment of bubbles around the catalyst during the OER 
processes and the formation of a new surface layer on the 
catalyst whose thickness gradually increases over time, 

realizing the visualization of the structure and composi-
tion evolution during the OER processes. Cheng et al. also 
confirmed the phase transformation of catalysts by in situ 
microscopy [141]. The lattice fringe spacing of 0.25 nm 
in Fig. 11e is assigned to the (221) plane of NiBDC, but it 
became distorted with an unobvious diffraction ring when 
a 1.3 V potential was applied. Then, a new well-defined 
lattice fringe spacing of 0.21 nm appeared (assigned to 
the (210) plane of NiOOH) when the potential increased 
to 1.5 V with a polycrystalline ring, which corresponds 
to the (011) plane of NiOOH (Fig. 11f), illustrating the 

Fig. 11   In situ/operando studies of the OER processes by various characterization techniques. a APT data of as-deposited Ir film and Ir oxides 
formed by anodic oxidation for 4 h, 69 h and 120 h.  Reproduced with permission from Ref. [136]. Copyright 2023, Springer Nature. b Quasi-in 
situ Ir 4f XPS profiles for Ni-Ir DAC in OCP and post-tested at 10 mA cm−2 for 10 min. c Operando XANES spectra for Ni-Ir DAC recorded at 
OCP, 1.30 V, 1.45 V. Reproduced with permission from Ref. [138]. Copyright 2024, Wiley–VCH GmbH. d Fourier transformed EXAFS spectra 
of Fe K-edge for Nix(Fe1-x)OyHz were recorded operando at varied electrode biases. Reproduced with permission from Ref.  [139]. Copyright 
2025, American Chemical Society. e–g HRTEM images of Ce-NiBDC/OG before electrocatalysis and after applying different voltages. Inset: 
Corresponding SAED patterns. Reproduced with permission from Ref. [141]. Copyright 2020, Royal Society of Chemistry
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new phase formation. Furthermore, the whole nanosheet 
shows distinct lattice fringe spacing of NiOOH (0.21 and 
0.24 nm correspond to the (210) and (011) planes, respec-
tively, Fig. 11g). This phenomenon was also observed in 
the results of in situ Raman, that is, the peaks at 1615 and 
1441 cm−1 (originate from Ce-NiBDC) disappeared with 
the peaks at 560 and 477 cm−1 (Ni–O bonds in NiOOH) 
appearing when the applied potential increased from 1.0 
to 1.45 V.

3.3 � Carbon Dioxide Reduction (CO2RR)

The electricity-driven electrochemical conversion of CO2 
not only provides a promising pathway for carbon neutral-
ity to mitigate environmental pollution in the future but 
also a sustainable way to achieve value-added fuels and 
chemical feedstocks for energy storage and utilization on 
demand [142, 143]. As is well known, in contrast to mono-
carbon products (CO, CH4, etc.), multi-carbon products, 
including hydrocarbons and oxygenated compounds with 
significant energy density (C2H4, C2H5OH, n-C3H7OH, 
etc.) are more valuable in solving energy crises [144]. 
The major bottleneck in the formation of multi-carbon 
compounds depends on the C–C coupling step during the 
CO2RR processes, which is closely related to the adsorp-
tion strength and coverage of *CO [145]. Thus, it is essen-
tial to develop the catalysts with optimal binding strength 
of *CO to speed up the coupling kinetics and effectively 
improve the selectivity toward multi-carbon products.

Cupric-based materials are known to be the most promis-
ing CO2RR electrocatalysts, which can significantly improve 
the selectivity of conversion of CO2 into multi-carbon prod-
ucts due to the suitable binding energy of *CO [146–148]. 
Traditionally, CO2RR is thought to proceed via two sequen-
tial steps (CO2 → CO and CO → C2+) on the same site. 
Recently, Cui and co-workers investigated the adsorption 
behavior of CO2 molecules on the surface of different 
metal-doped graphitic C3N4 catalysts (27 kinds of metals 
including Cu) via machine learning assisted infrared/Raman 
spectroscopy technology, and revealed that stronger adsorp-
tion and charge transfer of the adsorbed CO2 is beneficial 
for performance improvement [149]. Xu’s group provided 
convincing experimental evidence via in situ SEIRAS and 
isotopic controlled characterization that the CO reduction 

reaction can be promoted by the presence of CO2 and there 
are at least two types of sites during CO2RR, that is, one 
site (CuCO2) favors the CO2 → CO and the other site (CuCO) 
is active in CO → C2+ [150]. Surface facets and structural 
effects play a critical role in the CO2RR. Zhao et al. reported 
that the CO2RR reaction pathway on Cu(hkl) is different 
via in situ SHINERS [151]. On Cu(110), Cu2O reduction 
(510 and 612 cm−1) precedes the appearance of *CH2CHO 
and *OCCO intermediates, indicating C2+ product forma-
tion (Fig. 12a). In contrast, only *COOH and *CO were 
detected on Cu(111), favoring C1 products. Meanwhile, Gao 
et al. designed oxide-derived Cu crystals with (100)/(111) 
interfaces, which exhibit enhanced *CO adsorption and 
lower C–C coupling barriers compared to individual facets, 
boosting C2+ selectivity [152]. Zhong et al. confirmed this 
facet effect using in situ ATR-SEIRAS [153]. A Cu(OH)2-
derived catalyst with stepped Cu(110) and Cu(100) surfaces 
showed stronger linearly bonded CO (COL) adsorption 
(higher wavenumber) than CuO- or Cu2O-derived catalysts 
(Fig. 12b), facilitating C–C coupling and C2+ production. 
Yang et al. investigated structural dynamics using operando 
electrochemical STEM (EC-STEM) on 7 nm Cu nanoparti-
cles [154]. The high fraction of metallic Cu nanograins and 
abundant grain boundaries provided undercoordinated sites, 
resulting in sixfold higher C2+ selectivity compared to 18 nm 
nanoparticles. Zheng’s group detected the dynamic CO2RR 
processes on Cu catalyst solid–liquid interfaces in liquid-cell 
TEM. A fluctuating liquid-like amorphous interphase was 
observed directly, which resulted in the surface of the cata-
lyst restructuring via interphase dynamics [155]. Lei et al. 
monitored the CO2RR processes via operando Raman and 
XRD on three Cu precursors (Cu(OH)2-, Cu2(OH)2CO3-, 
and CuO-derived Cu) [156]. The appearance of Cu(0) in 
Raman results and the fingerprint peaks of metallic Cu in 
XRD results when three samples were at their optimal reac-
tion potential indicate that all three precursors are trans-
formed into Cu(0) and no Cu oxide is involved during the 
CO2RR processes.

Beyond crystal facets and structural effects, electronic 
structure regulation is critical for enhancing CO2RR activ-
ity and selectivity. Su et al. synthesized CuO clusters on 
N-doped carbon nanosheets (Cu/N0.4C), achieving a 73% 
Faradaic efficiency (FE) for C2+ products [157]. N-doping 
induces charge-asymmetric sites, promoting *CH3 forma-
tion as a key intermediate for ethanol production, as con-
firmed by in situ FT-IR and DFT. In situ XAS and XPS 
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revealed catalyst restructuring, with Cu2-CuN3 identified 
as the active site post-reduction. At − 1.1 V, a Cu-Cu bond 
peak (~ 2.4 Å) emerged, while Cu–N/O bonds diminished 
(Fig. 12c). XPS showed Cu(II) reduction to Cu(I)/Cu(0), 
with AES confirming Cu(I) dominance during CO2RR. 

Moreover, Qiao’s group reported a 2D-3D ensemble 
machine learning strategy combined quantum chemi-
cal calculation, artificial intelligence (AI) clustering and 
experiment for establishing the structure-performance 
relationship of Cu-based catalysts via the various complex 

Fig. 12   In situ/operando studies of the CO2RR processes by various characterization techniques. a Raman spectra of Cu(110).  Reproduced 
with permission from Ref. [151]. Copyright 2022, Royal Society of Chemistry. b Schematic diagram of CO2 reduction procedure and ATR-SEI-
RAS spectra of Cu(OH)2-D. Reproduced with permission from Ref. [153]. Copyright 2020, Wiley–VCH GmbH. c Wavelet transforms for the 
k3-weighted Cu K-edge EXAFS signals at different potentials. Reproduced with permission from Ref. [157]. Copyright 2022, Springer Nature. 
d AFM images of electropolished Cu(100) recorded in air and after immersion in CO2-saturated 0.1 M KHCO3 at OCV. Reproduced with per-
mission from Ref. [159]. Copyright 2020, Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim. e SXRD measurements of the experimentally 
obtained CTRs (11 l) and (20 l) (circles) and the corresponding best fits (solid colored lines). f Three-dimensional and top-view (circular inset) 
STM images of the freshly prepared surface at different potentials. Reproduced with permission from Ref. [161]. Copyright 2023, Springer 
Nature. g Proposed mechanism for high acetate generation under alkaline CO2RR. Reproduced with permission from Ref. [163]. Copyright 
2023, Springer Nature
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intermediates during reaction process [158]. Based on rap-
idly and accurately built a big data set of over 45,000 data 
point (adsorption configurations and adsorption energy), 
it was revealed that the asymmetric coupling mechanism 
is superior to symmetric coupling on the Cu-based cata-
lysts and the performance can be further improved through 
doping engineering. Importantly, it has been experimen-
tally confirmed that the CuAgNb catalyst exhibits excel-
lent C–C coupling performance which is predicted via big 
dataset analysis. It was found in most reported studies that 
the surface state of catalysts is not fixed and invariable but 
reconstructed during the reaction processes. Simon et al. 
provide in situ nanoscale potential-dependent structural 
transformations on Cu(100) surface via EC-AFM measure-
ment [159]. The rough surface of Cu(100) by oxidation 
through immersing in the CO2-saturated bicarbonate solu-
tion at open-circuit potential (OCP) is visible in Fig. 12d. 
The same group further revealed that the Cu single crystals 
with atomically ordered surfaces are preferred to yield H2 
while it favors the generation of hydrocarbons after induc-
ing the defects, steps, and roughness [160]. Magnussen 
et al. Used in situ surface X-ray diffraction (SXRD) and 
STM to study Cu(100) reconstruction in CO2-saturated 
KHCO3 [161]. At − 0.3 V, crystal truncation rods (CTRs) 
shifted, indicating surface evolution (Fig. 12e). At − 0.7 V, 
asymmetric CTRs and increased roughness were observed, 
supported by STM images showing irreversible disorder 
upon returning to 0.1 V (Fig. 12f). The fresh Cu(100) sur-
face exhibited an ordered layer of co-adsorbed carbon-
ate anions and water. Upon applying a CO2RR potential 
(− 0.27 V), the surface became highly disordered. Return-
ing to 0.1 V did not restore the original ordered layer, 
leaving a short-range ordered structure and demonstrating 
irreversible surface changes.

In addition to the intermediate species involved in the 
reaction, the interactions between the electrode surface and 
electrolyte are also crucial for shaping the microenviron-
ments of electrochemical interfaces, directly influencing 
the reaction pathway and selectivity [162]. Focusing on 
the microenvironmental regulation mechanism of CO2RR 
on Cu catalyst, Yang’s group found that a non-covalent 
complex (OHad⋅⋅⋅M+(H2O)n, M+ is the electrolyte cation) 
formed by surface hydroxyl (OHad) and interfacial water 
via in situ Raman spectroscopy combined with isotope 
labeling experiments [163]. The complex is converted into 
OH−⋅⋅⋅M+(H2O)n retained in the double layer at the catalytic 

potential, which significantly enhance the selectivity of ace-
tate over other C2 products through nucleophilic attack on 
the key intermediate *HC = C = O (Fig. 12g). Xu’s group 
have quantitatively determined the impact of cations on the 
key thermodynamic and kinetics variables of CO adsorp-
tion (enthalpy and entropy) on Cu under electrochemical 
conditions with different alkali metal cations through in 
situ SEIRAS [164]. CO adsorption becomes increasingly 
unfavorable in the sequence Li+  > Na+  > K+  > Cs+ with the 
increase of enthalpy from Li+ to Cs+. Different metal cati-
ons affect the RDS by regulating the stability of the initial 
and transition states in opposite directions, thereby alter-
ing the overall CO2RR rate. Resasco’s group investigated 
the electrode/electrolyte interfaces of CO2RR in the non-
aqueous electrolyte (organic alkylammonium cations) by the 
kinetic, spectroscopic and theoretical calculations [165]. It is 
revealed that the interfacial field strength can be changed by 
the cation-electrode distance, which affects the kinetically 
relevant CO2 activation step and the rate of CO formation. 
Wang et al. developed a local pH detection technique for the 
oxygen evolution reaction (OER) using CN–dye hybrid elec-
trochemiluminescence (ECL) emitters [166]. The method 
offers high selectivity, sensitivity (with sub-second temporal 
resolution), and oxidation resistance. It enables real-time 
visualization of pH gradients near RuO2 electrocatalysts, 
reveals catalyst degradation mechanisms induced by proton 
accumulation, and introduces kₐₚₚ as a quantitative descrip-
tor for the OER rate.

Furthermore, the product detection also plays a vital 
role in understanding the CO2RR dynamics. In situ MS is 
widely employed in monitoring the evolution of reaction 
products and the local surroundings of reaction interfaces 
in real-time [167]. For example, Strasser’s group revealed 
the onset potentials (where product generation sets in) of a 
variety of products by DEMS, which had not been reported 
before [168]. Figure 13a shows the relationship between the 
transient mass ion currents and the function of cycle num-
ber and time of CH4, C2H4, and ethanol. The production of 
CH4 continues to increase, while the production of C2H4 
and ethanol increased in the first hour cycles and peaked in 
the 10th cycle. A series of Cu-Co thin-film materials was 
prepared by Grote et al., and the effect of added Co in the 
Cu-Co thin-film material on selectivity was investigated 
[169]. The formation of various C1 and C2 products during 
the CO2RR processes was detected by an in situ online elec-
trochemical mass spectrometer (OLEMS), and an interesting 
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shift of selectivity was observed (Fig. 13b, c). The genera-
tion of ethane takes priority over that of methane at a low 
Co atom ratio (between 5 and 15%), resulting in a signifi-
cantly increased proportion of C2 products. The generation 
of hydrogen gradually strengthens and dominates as the Co 
content further increases. Choi et al. detected C3+ products 
(allyl alcohol) during the CO2RR on a phosphorus-rich cop-
per catalyst using in situ GC–MS, achieving a Faradaic effi-
ciency of 66.9% [170]. In situ Raman spectroscopy further 
identified formaldehyde as a key intermediate formed at the 
copper oxide/hydroxide interface of the catalyst.

With the rise of artificial intelligence (AI), the combi-
nation of machine learning (ML) and in situ characteriza-
tions has received increasing attention which can avoid the 
limitations of the accumulation of errors from obtaining the 
information from spectral signals and the lack of a quantita-
tive structure-performance relationship [171, 172]. Cuenya’s 
group employed the ML approach with in situ EXAFS data 
and constructed and trained an artificial neural network 
(NN) to realize the unambiguous distinction between fcc 
(Cu-rich alloy) and non-fcc (Zn-rich alloy) type structures 

data in CuZnOx materials, which is difficult to distinguish 
by using the in situ XAS technique alone, as similar ele-
ments in the periodic table have similar photoelectronic 
properties [173]. Combined with the in situ SERS results, 
the presence of Zn was found to be beneficial for the sta-
bilization of cationic Cu(I) species, and the formed Cu(0)/
Cu(I) interfaces contribute to efficient electrocatalytic CO2 
conversion to complex multi-carbon products. Yang’s group 
employed operando EC-STEM to study the dynamic struc-
tural evolution of 55 and 27 nm Cu cubes during the CO2RR 
process and illustrated that both kinds of nanocubes were 
completely reconstructed into metal Cu nanoparticles [174]. 
With the assistance of ML, the complexity of polycrystalline 
active sites was explored using operando electrochemical 
four-dimensional (4D) STEM technology. It was revealed 
that most of the nanoparticles derived from 55 nm Cu cubes 
were mainly composed of polycrystalline copper with differ-
ent crystallinity (Fig. 13d, e), while a considerable portion 
of the copper nanoparticles derived from 27 nm Cu cubes 
were almost amorphous/disordered (Fig. 13f, g). Moreover, 
the *CO and its changes during the CO2RR process can be 

Fig. 13   In situ/operando studies of the CO2RR processes by various characterization techniques. a Operando DEMS sweep data obtained dur-
ing CO2RR on CuO NS catalysts.  Reproduced with permission from Ref. [168]. Copyright 2021, Springer Nature. MS signals of b methane and 
c ethylene for the potential sweep experiments in dependence on potential and composition. Reproduced with permission from Ref. [169]. Copy-
right 2016, Elsevier Inc. (d, f) Operando HAADF-STEM images and (e, g) 4D-STEM clustering analysis of nanograins derived from (d, e) 55 
nm and (f, g) 27 nm nanocubes at − 1 V. Reproduced with permission from Ref. [174]. Copyright 2021, Springer Nature
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directly observed in in situ SERS, revealing the effect of 
*CO in the migration of Cu and the formation of Cu clus-
ters. Such a combination of multi-model operando methods 
and AI techniques paves the way for understanding complex 
interfacial mechanism under reaction conditions.

3.4 � Lithium‑ion Batteries

Lithium-ion batteries dominate portable electrochemical 
energy storage, with cathode material stability and lithium 
storage voltage critically determining energy and power den-
sity. Recent research has focused on understanding struc-
tural changes during cycling, coating, and doping using 
advanced imaging techniques. Xiao and co-workers have 
conducted extensive and influential research on developing 
highly stable lithium-ion cathode materials and elucidating 
their mechanisms using TEM [175, 176]. For instance, they 
developed an ionic liquid (IL)-assisted two-step synthesis 
method to fabricate a NiO/nitrogen-doped carbon (NiO/
NDC) composite with a hierarchical hollow spherical archi-
tecture. This structure effectively mitigates issues such as 
volume expansion and poor electrical conductivity when 
NiO is used as an anode material in lithium-ion batteries 
[177]. Using in situ TEM, they monitored in real-time the 
morphological evolution and phase transformation of the 
hollow microstructure, directly demonstrating the material’s 
structural thermal stability. This work provides a promising 
strategy for the development of anode materials for high-
performance lithium-ion batteries (LIBs). Zaghib et al. used 
in situ SEM to observe the degradation processes of solid 
polymer electrolyte (SPE) under the nickel-manganese-
cobalt oxide (NMC) cathode in an all-solid-state lithium-
ion polymer battery (Fig. 14a) [178]. Qin et al. used in situ 
LSCM to observe the dynamic morphology of the lithium 
metal surface and quantified dendrite suppression via 3D/2D 
imaging [179]. Combined with electrochemical performance 
such as 700-h cycling stability, their results clearly demon-
strate the interfacial optimization advantages of DC-SPE. It 
was found that the main mechanism of SPE degradation is 
chemical degradation, manifested as the gradual thinning 
of SPE and the generation of gas. Huang et al. used the in 
situ atomic force microscopy-environmental transmission 
electron microscopy (AFM-ETEM) technique to study the 
growth mode and morphological change rules of lithium 
dendrites, as well as the mechanism and influencing factors 

of stress generation [180]. As shown in Fig. 14b, through 
in situ observation and stress measurement, it was found 
that the dendrite growth and stress generation processes of 
lithium metal in solid electrolytes are different from those in 
liquid electrolytes. The dendrite growth rate of lithium metal 
in solid electrolytes is slower, the morphology is more regu-
lar, and the mechanism of stress generation is also different. 
Meng et al. employed in situ EC-AFM-Raman to character-
ize the charge–discharge process of LiMn2O4 [181]. AFM 
revealed particle expansion and contraction during lithia-
tion and delithiation, while Raman spectroscopy detected 
spectral shifts indicative of phase transitions. This study 
demonstrates the utility of multimodal techniques in prob-
ing battery materials.

The morphological, structural, and compositional evo-
lution of electrode materials during charge–discharge pro-
cesses is critical to bridging initial electrode design and 
ultimate electrochemical performance [182]. Understand-
ing these evolution patterns and establishing a correlation 
among structural dynamics, reaction kinetics, and perfor-
mance is essential for advancing battery materials research. 
In situ XRD remains a powerful tool for tracking phase and 
lattice parameter changes during cycling. Grey et al. used the 
in situ synchrotron radiation X-ray diffraction (SR-PXRD) 
technique to study the structural changes of NMC811 during 
the charging and discharging processes, and discovered the 
formation and evolution of a fatigue phase (Fig. 14c) [183]. 
The experimental results show that NMC811 undergoes 
surface reconstruction at a high state of charge, forming a 
surface layer with a rock salt structure. This surface recon-
struction causes a mismatch in the bulk structure, which 
leads to bulk fatigue. XPS provides surface composition, 
valence states, and energy-level information. Masuda et al. 
used in situ XPS to study the lithiation and delithiation reac-
tions of silicon thin-film electrodes in all-solid-state lithium-
ion batteries [184]. During the lithiation processes, lithium 
silicide and lithium silicate are formed on the surface of the 
silicon electrode, and during the delithiation processes, lith-
ium silicide and lithium silicate are partially decomposed, 
while lithium oxide and lithium carbonate still exist. Liu 
et al. systematically investigated the size-dependent fracture 
behavior of silicon nanoparticles (SiNPs) during initial lithi-
ation using in situ TEM, complemented by electrochemical/
chemical lithiation experiments and stress simulations [185]. 
Their work revealed that surface cracking originates from 
stress reversal at the two-phase interface during lithiation, 
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while smaller particles avoid fracture due to insufficient 
strain-energy release.

The solid electrolyte interphase (SEI) is a passivation 
layer formed at the electrode/electrolyte interface during the 
initial charging cycle, enabling ion conduction while block-
ing electron transfer. A stable SEI is critical for enhancing 
the cycle life and safety of lithium-ion batteries (LIBs). Its 
morphology and structure vary with electrolyte composition, 
significantly impacting battery performance. Understanding 
the structure–activity relationship of SEI is thus essential for 
optimizing LIBs. Wan et al. used in situ AFM to monitor the 
SEI film formation and lithium-ion intercalation/deintercala-
tion process on ultrathin monolayer molybdenum disulfide 

[186]. The study showed that a network of wrinkled struc-
tures formed on the surface of molybdenum disulfide dur-
ing the lithiation processes, which is related to the inherent 
flexibility of the material and the failure mechanism of the 
battery. Mao et al. employed dynamic surface-enhanced 
Raman spectroscopy (DS-SERS) and theoretical calcula-
tions to analyze SEI formation [187]. They revealed that 
SEI evolution is closely tied to Li-ion desolvation and 
deposition (Fig. 14d). Li+ desolvates at the SEI/electrolyte 
interface, diffuses through the SEI, and reacts at the metal/
SEI interface, influencing SEI composition and structure. 
The study also highlighted the role of electrolyte composi-
tion and concentration in SEI properties, offering valuable 

Fig. 14   In situ/operando studies of lithium batteries by various characterization techniques. a Degradation of SPE as a function of time is 
shown in secondary electron images.  Reproduced with permission from Ref. [178]. Copyright 2020, American Chemical Society. b AFM-
ETEM characterization of stress generation during Li whisker growth. Reproduced with permission from Ref. [180]. Copyright 2020, Springer 
Nature. c Operando long-duration SR-PXRD investigation of an NMC811/graphite full cell. Reproduced with permission from Ref. [183]. Cop-
yright 2020, Springer Nature. d The formation and evolution of SEIs in the dual-salt electrolyte revealed by DS-PERS. Reproduced with permis-
sion from Ref. [187]. Copyright 2023, Springer Nature. e (left) Schematic of rechargeable LiB test setup with the location of TCs and FBGs, and 
(right) schematic diagram. Reproduced with permission from Ref. [192]. Copyright 2017, Elsevier Ltd
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insights for designing high-performance LIBs. The high Li⁺ 
desolvation energy barrier at the cathode-electrolyte inter-
face (CEI) contributes to sluggish charge transfer, which in 
turn limits power density and low-temperature performance. 
Lu et al. tackled the “stability-kinetics” trade-off at the CEI 
by disrupting the molecular symmetry of conventional sym-
metric sulfonimides (e.g., commercial LiTFSI), designing 
and synthesizing two novel lithium sulfinimide salts [188]. 
Using liquid chromatography–quadrupole time-of-flight 
mass spectrometry (LC-QTOF-MS), they captured anionic 
polymerization intermediates, elucidating the “oxidation-
polymerization” pathway of STFSI⁻. This work provides 
molecular-level insight into cathode interfacial engineering.

The service life and safety of lithium batteries have 
always been of great concern to customers. Advanced 
sensor technology can monitor the physical and chemical 
signals of lithium batteries in real time and accurately, pro-
viding a basis for battery condition assessment and safety 
warnings. Rechargeable lithium batteries (RLBs) typically 
perform poorly under extreme temperatures, necessitat-
ing strategies to enhance their temperature tolerance for 
diverse applications [189]. Additionally, thermal runaway 
during charging/discharging poses significant safety risks, 
including combustion or explosion [190]. Effective bat-
tery thermal management systems (BTMS) are essential 
to monitor and control temperature changes. For exam-
ple, by embedding K-type micro-thermocouples in experi-
mental lithium-ion batteries, Huang et al. were able to 
measure the temperature distribution within the battery 
during internal short circuits and thermal runaway [191]. 
During internal short circuits and thermal runaway, the 
observed temperature distribution exhibited a high degree 
of non-uniformity compared to constant current discharge 
and external short circuits. Pinto’s group compared the 
responses of thermocouples and fiber Bragg grating sen-
sors (FBGs) when monitoring temperature changes at dif-
ferent locations in lithium batteries (Fig. 14e) [192]. It was 
found that FBGs had better performance in monitoring 
the surface temperature of the battery than thermocou-
ples, and could respond more accurately to temperature 
changes in the battery under heavy-duty cycling. They also 
used an FBG sensor network to perform real-time, in situ 
multi-point monitoring of temperature mapping in lithium 
polymer battery packs [193]. It is highlighted that FBG 
sensing networks can be used to improve the thermal man-
agement of batteries by performing spatiotemporal thermal 

mapping and identifying areas that are more prone to hot-
spots, thereby preventing serious consequences such as 
thermal runaways and promoting battery safety.

Solid-state lithium batteries (SSBs) promise enhanced 
safety, energy density, and power density, but their 
mechanical behavior during operation remains underex-
plored. Zhang et al. used a self-made device (hot-press 
setup) combined with hydraulic pressure equipment and 
an electronic pressure gauge to monitor the pressure and 
height changes of the battery in real-time during the 
charging and discharging processes [194]. It was found 
that the rigidity of the solid electrolyte results in signifi-
cant pressure changes during the charging and discharg-
ing processes, which has a significant impact on battery 
performance, and the use of zero-strain anode materials 
can reduce this effect.

3.5 � Li‑sulfur/Li‑oxygen Batteries

Compared with lithium-ion batteries, the specific energies 
of Li–S and Li-O2 batteries have increased significantly, 
and have received extensive attention from scientific 
researchers. However, problems such as slow redox kinet-
ics, severe shuttle effects [195], electrolyte depletion, and 
degradation of the lithium anode still hinder commerciali-
zation. Studying the basic reaction mechanisms of each 
component in the system is crucial to solving the above 
problems and further improving the overall performance 
of the battery.

Microscopic imaging techniques are pivotal for study-
ing electrochemical and failure mechanisms during battery 
cycling. Liao et al. achieved real-time and high-resolution 
transformation processes of LiPSs on the electrode surface 
by constructing Li–S nano-batteries based on ether electro-
lyte and combining them with electrochemical transmission 
electron microscopy technology (Fig. 15a) [196]. Without 
the participation of active centers, LiPSs follow the tradi-
tional single-molecule path and gradually convert to Li2S2 
and Li2S. In the presence of active centers, LiPSs will accu-
mulate on the surface of the active center to form a high-den-
sity ionic complex phase, thereby inducing the instantaneous 
deposition of Li2S (Fig. 15b). The discovery of the collective 
reaction path provides a new perspective for understand-
ing the reaction mechanism of Li–S batteries. Hu et al. first 
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used in situ environmental transmission electron microscopy 
(ETEM) combined with theoretical simulations to reveal the 
different stabilities of Li and Na in dry air (Fig. 15c) [197]. 
The study found that a dense Li2O layer was formed on the 
Li surface, while a porous and rough Na2O/Na2O2 layer was 
formed on the Na surface, which was due to the thermody-
namic and kinetic differences of O2 on the Li and Na sur-
faces. Lee et al. characterized the structure and chemical 
composition of the adaptive protective layer (APL) model by 

SEM and XPS, and the results showed that the APL model 
consists of an inner layer of high surface energy polymer 
(PEO) and an outer layer of high modulus polymer (PVDF-
HFP), which can effectively suppress the diffusion of LiPS 
and the decomposition of the electrolyte, and improve the 
cycle life of the battery [198]. Wan et al. installed an AFM 
probe inside the battery to observe the interface changes of 
the battery in real-time during the charging and discharg-
ing processes [199]. In situ AFM observations revealed that 

Fig. 15   In situ/operando studies of Li-sulfur/Li-oxygen batteries by TEM characterization techniques. a Configuration of liquid-cell EC-TEM 
and a schematic illustration of electrochemical reactions of LiPSs at different electrode–electrolyte interfaces. b Time-series TEM images of 
Li2S deposition (dashed red frame) and dissolution (dashed blue frame) in an electrochemical liquid cell.  Reproduced with permission from Ref. 
[196]. Copyright 2023, UChicago Argonne, LLC, Operator of Argonne National Laboratory. c Time-lapse TEM images of Li and Na in dry air. 
Reproduced with permission from Ref. [197]. Copyright 2023, American Chemical Society
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the introduction of water changed the nucleation pathway 
of Li2O2 from a surface-mediated mechanism to a solution-
mediated mechanism.

In situ XANES is indispensable for rapid, high-precision 
analysis of element valence states and distributions in solid-
state batteries, offering non-destructive insights into charge/
discharge and failure mechanisms. Hu et al. monitored the 
concentration changes of PS and its products at different 
charge and discharge stages of the battery by operando sul-
fur K-edge X-ray absorption spectroscopy, combined with 
theoretical calculations, which revealed the reaction pro-
cesses and products of LiNO3 and PS, which is related to 
the concentration gradient of PS [200]. It shows that the 
role of LiNO3 is to oxidize PS to a higher valence product, 
thereby stabilizing the battery. This study provides a new 
perspective for understanding the mechanism of LiNO3 in 
Li–S batteries and provides theoretical guidance for design-
ing a more stable Li–S battery. Lithium dendrite penetra-
tion through ceramic electrolytes remains a major challenge 
for high-energy–density solid-state batteries. Bruce’s group 
employed in situ X-ray computed tomography combined 
with spatially mapped X-ray diffraction to track the propa-
gation and spread of cracks and lithium dendrites within 
the ceramic electrolyte in a Li/Li6PS5Cl/Li cell [201]. Their 
findings revealed that during the dendrite growth processes 
in all-solid-state batteries, cracks propagate through the 
ceramic far ahead of the metallic lithium. During lithium 
deposition, spallation forms in the electrolyte adjacent to the 
deposition electrode, propagating along paths with higher 
porosity than the average of the ceramic toward the deposi-
tion electrode surface. Based on the spallation, deep cracks 
penetrate the entire solid electrolyte, creating a pathway 
between the deposition and stripping electrodes without ini-
tially forming a short circuit. Ultimately, when the deposited 
lithium metal (lithium dendrites) grow and fill the cracks 
to reach the stripping electrode, it finally causes a battery 
short circuit.

Understanding the redox reactions in lithium-sulfur bat-
teries is critical for improving capacity and kinetics. Duan 
et al. used in situ Raman spectroscopy to systematically 
study the reaction network of electrocatalytic SRR and iden-
tified key intermediate products (S8, Li2S8, Li2S6, Li2S4, and 
Li2S) and the main reaction path (Fig. 16a, b) [202]. It was 
found that Li2S4 is the key electrochemical intermediate 
that controls the kinetics of the entire SRR, while Li2S6 is 
mainly generated or consumed through non-electrochemical 

recombination/decomposition reactions. Zhang et al. con-
ducted an in-depth study on the regulatory effect of cobalt 
phthalocyanine (CoPc) on the solvolytic dissociation behav-
ior of lithium polysulfides in ether-based solvents and its 
inhibitory effect on the shuttle phenomenon [203]. In situ 
Raman experiments demonstrated that CoPc can promote 
the dissociation equilibrium of lithium polysulfides (LiPSs) 
toward the generation of more sulfide anions through inter-
action with these anions. Consequently, the production of 
Li-LiPSs+ cations is reduced, leading to a corresponding 
suppression of the shuttle effect. Wang et al. found that the 
Ni@C/graphene composite can effectively suppress the shut-
tle effect of polysulfides and improve the cycle stability and 
rate performance of the battery [204]. In situ ATR FT-IR 
and DFT calculation results show that the Ni@C/graphene 
composite can promote the redox kinetics of polysulfides, 
making them convert to Li2S faster. By introducing a bis-
muth sulfide/bismuth oxide nanocluster in a carbon matrix 
(BSOC) electrocatalytic layer to modify the separator, the 
cycle performance and rate performance of Li/S batteries 
were significantly improved. It was found that the BSOC 
electrocatalytic layer can promote the transformation and uti-
lization of polysulfides, thereby improving the capacity and 
cycle life of the battery. Zhang et al. monitored the chemical 
state and distribution of polysulfides in Li/S batteries during 
charge and discharge in real-time by in situ/operando XAS 
technology, as shown in Fig. 16c [205]. It was found that 
during charging, polysulfides shuttle between the cathode-
electrolyte-separator interface (CESI) and the electrolyte-
anode interface (AEI), resulting in negative electrode cor-
rosion and battery performance degradation (Fig. 16d, e). 
The BSOC electrocatalytic layer can effectively capture and 
convert polysulfides, thereby suppressing the shuttle effect 
of polysulfides. Yang and co-workers employed in situ NMR 
to achieve quantitative tracking and morphological correla-
tion of dead Li and SEI-incorporated Li [206]. Backscat-
tered electron (BSE) imaging showed dark regions within 
the solid-state electrolytes (SSEs), with corresponding Li 
signals detected by NMR (Fig. 16f-h). This was attributed 
to the formation of electronically isolated dead Li after Li 
dendrites penetrated SSE cracks and lost electrical contact 
with the current collector during stripping (Fig. 16i, j).

The crossover of oxygen from the cathode to the anode 
is an inevitable phenomenon in most Li-O2 batteries, and 
its impact on the formation and operation of the SEI on the 
lithium metal anode (LMA) remains insufficiently explored. 
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Fig. 16   In situ/operando studies of Li-sulfur/Li-oxygen batteries by spectroscopy characterization techniques. CV profile (a) and experimental in situ Raman spec-
tra (b), with colors corresponding to voltages. The Raman cell was run with a discharge CV scan at 0.05 mV s−1 when data were being collected. Characteristic 
peaks used to quantify intermediates are marked in corresponding color shades. Small labels with a darker color indicate computed frequency values. Raman results 
during discharge with the N, S-HGF catalytic electrode.  Reproduced with permission from Ref. [202]. Copyright 2024, Springer Nature. c Schematic illustration 
of the coin cell design for AEI observation in in situ/operando XAS study. d in situ representative XAS spectra collected at different potentials for Li/S cell with a 
PP separator during the first discharge process. e in situ representative XAS spectra collected at different potentials for Li/S cell with BSOC-PP separator during the 
first discharge process. Reproduced with permission from Ref. [205]. Copyright 2020, Zhengzhou University. Operando 7Li NMR stack spectra of AFB (with LPS) 
during the first five cycles (f), with magnified stacking spectra of the 4th charging process (g) and the 4th discharging process (h). Schematic of the lithium dendrite 
penetration process (i) and dead Li formation after subsequent discharging (j). Reproduced with permission from Ref. [206]. Copyright 2023, Springer Nature
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Peng’s group reported the influence of oxygen on SEI for-
mation in Li-O2 batteries with a model Cu/DMSO interface 
[207]. In situ SERS and FT-IR experiments demonstrated 
that oxygen can inhibit the cleavage of the C-S bond in the 
DMSO solvent, thereby reducing the formation of unstable 
SEI components (such as C≡C species) and volatile products 
(such as C2H6 and H2). As a result, the SEI formed under 
oxygen is more uniform, with fewer voids, and improves 
the electrochemical performance of the LMA. This work 
provides new insights into the crossover effects of oxygen on 
SEI chemistry, which is beneficial for designing better LMA/
electrolyte interfaces for future Li-O2 batteries. The elec-
trochemical deposition behavior of insulating and insoluble 
products, such as lithium peroxide (Li2O2) and lithium car-
bonate (Li2CO3), generated on the cathode surface of non-
aqueous lithium-oxygen batteries has not been systemati-
cally understood. Recently, Ye’s group utilized in situ SERS 
to probe the competitive changes of solvents and products 
within the interfacial region of a gold electrode [208]. By 
monitoring the adsorption signals of DMSO solvent mol-
ecules (υ(Au–S)) and the intermediate Li-O2 (υ(Au-O)) on 
the electrode surface, the spontaneous desorption behav-
ior of the reaction product Li2O2 was verified under both 
electrochemical in situ reaction conditions and open-circuit 
potential (OCP). The authors proposed that the desorption 
driving force of the insulating deposition products origi-
nates from interfacial solvation repulsion, which continu-
ously releases active sites on the electrode surface, thereby 
ensuring that the ORR always occurs at the electrode/Li2O2 
interface.

4 � Conclusions and Outlook

In summary, in situ studies of EECSTs encompass diverse 
approaches, such as characterizing electrode material evo-
lution, monitoring intermediates, detecting products, and 
sensing surroundings. By probing chemical/electrochemi-
cal processes at the atomic and molecular level, these tech-
niques provide critical insights into complex reaction mecha-
nisms. Despite considerable progress, challenges persist in 
enhancing sensitivity, spatial resolution, and applicability 
to complex interfaces or large-scale systems. To overcome 
these limitations, we propose the following future research 
directions:

1)	 Ultra-high temporal and spatial resolution: A key trend 
in in situ studies involves enhancing temporal resolu-
tion to capture short-lived intermediates and ultrafast 
kinetic processes. For instance, advances in fast-scan-
ning and ultrafast spectroscopic techniques enable real-
time monitoring of electrochemical dynamics, offering 
direct evidence of transient intermediates and excited 
states. Simultaneously, improving spatial resolution is 
essential for elucidating electrochemical mechanisms at 
the microscopic level. Techniques such as high-resolu-
tion AFM/STM and synchrotron radiation-based spec-
troscopy can reveal fine structural details and dynamic 
changes of adsorbed molecules on electrode surfaces. 
The advancement of in situ characterization methods 
with ultra-high spatiotemporal resolution is therefore 
critical for obtaining an accurate and detailed under-
standing of electrochemical behavior.

2)	 Multi-technique combination: Electrochemical reac-
tions entail complex interactions among multiple active 
structures, relying solely on a single in situ technique for 
monitoring and mechanistic interpretation may lead to 
biased conclusions. Therefore, it is essential to integrate 
multiple in situ characterization methods. For instance, 
coupling in situ spectroscopy with microscopic imaging 
can provide comprehensive insights into the electrode/
electrolyte interface, including morphology, composi-
tion, electronic structures, and reaction intermediates. 
Furthermore, multi-technique approaches capture reac-
tion dynamics across time scales (such as combining 
SERS with electrochemical noise analysis, or integrating 
liquid-cell TEM with ultrafast techniques), facilitating 
a multidimensional understanding of structure-perfor-
mance correlations and complex reaction mechanisms. 
Integrating multiple techniques highly into a single 
system to form a “multimodal in situ characterization 
functional island” represents the current development 
trend.

3)	 Operando characterizations: Many electrode materi-
als demonstrating excellent performance in half-cell 
tests fail in commercial applications, primarily due to 
the disparity between laboratory-scale electrochemical 
cells and actual devices. Advancing in situ characteri-
zation from simulated environments to real application 
scenarios (such as batteries, fuel cells, and water elec-
trolyzers etc.) constitutes a critical direction for next-
generation research. Such s transition provides electro-
chemical insights closer to practical conditions, guiding 
the optimization of electrochemical systems. Through 
the design of operando experimental devices, it becomes 
possible to mimic industrial reaction conditions and 
achieve truly relevant in situ measurements.
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4)	 Artificial intelligence: The application of artificial 
intelligence (AI) technology significantly enhances the 
efficiency of data analysis in electrochemical research. 
Through machine learning and data mining, valuable 
insights can be extracted from complex datasets. AI 
algorithms facilitate the prediction of electrochemical 
processes, optimization of experimental conditions, 
molecular dynamics modeling, and even the design of 
novel electrodes. For instance, the integration of highly 
sensitive in  situ/operando spectroscopic techniques 
(such as enhanced Raman spectroscopy, infrared spec-
troscopy, mass spectrometry, fiber optic sensing, and 
X-ray methods) with AI-enabled data interpretation 
enables a closed-loop research paradigm: AI-assisted 
“dynamic characterization-interpretation feedback-pre-
cise control”.

As these advancements mature, in situ characterization 
is poised to evolve from a diagnostic tool into a predictive 
platform that can inform the rational design of next-gen-
eration batteries, electrocatalysts, and renewable energy 
systems. Ultimately, this review advances the understand-
ing and application of in situ characterization, underscores 
its transformative potential, and provides a roadmap for 
integration of these methodologies as foundational tech-
nologies in sustainable energy research. These approaches 
provide critical insights into the fundamental mechanisms 
of key electrochemical processes, enable the establishment 
of accurate structure–property relationships, and guide the 
design of more efficient and stable energy materials and 
devices.

Acknowledgements  This work was supported by the National Key 
Research and Development Program of China (2023YFA1508004), 
and the National Natural Science Foundation of China (T2293692, 
22502164, 92472203, 22222903, 52271229, 22472074, 
22272069, 22361132532, and 22021001), and the Industry-
University-Research Joint Innovation Project of Fujian Province 
(2023H6029), the Beijing National Laboratory for Molecular Sci-
ences (BNLMS202305), the Scientific and Technological Project 
of Yunnan Precious Metals Laboratory (YPML-20240502063), the 
Liaoning Binhai Laboratory (Grant No. 2024-05), the State Key 
Laboratory of Fine Chemicals, Dalian University of Technology 
(KF 2401), the Postdoctoral Fellowship Program of CPSF under 
Grant Number GZC20240897, and the China Postdoctoral Science 
Foundation (No. 2025M770016).

Author Contributions  X. Chen and Y. -L. Sun. co-wrote the 
manuscript. X. -M. Lin, J. -C. Dong, and J. -F. Li proposed the 
initial concept. X. -M. Lin and J. -C. Dong revised the manuscript. 
All authors participated in the manuscript discussion and revision.

Declarations 

Conflict of interest  The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 S. Chu, Y. Cui, N. Liu, The path towards sustainable energy. 
Nat. Mater. 16(1), 16–22 (2017). https://​doi.​org/​10.​1038/​
nmat4​834

	 2.	 D.M. Kammen, D.A. Sunter, City-integrated renewable 
energy for urban sustainability. Science 352(6288), 922–928 
(2016). https://​doi.​org/​10.​1126/​scien​ce.​aad93​02

	 3.	 S. Chu, A. Majumdar, Opportunities and challenges for a sus-
tainable energy future. Nature 488(7411), 294–303 (2012). 
https://​doi.​org/​10.​1038/​natur​e11475

	 4.	 M. Tahir, L. Pan, F. Idrees, X. Zhang, L. Wang et al., Elec-
trocatalytic oxygen evolution reaction for energy conver-
sion and storage: a comprehensive review. Nano Energy 37, 
136–157 (2017). https://​doi.​org/​10.​1016/j.​nanoen.​2017.​05.​
022

	 5.	 H. Yang, X. Han, A.I. Douka, L. Huang, L. Gong et al., 
Advanced oxygen electrocatalysis in energy conversion and 
storage. Adv. Funct. Mater. 31(12), 2007602 (2021). https://​
doi.​org/​10.​1002/​adfm.​20200​7602

	 6.	 L. Zu, W. Zhang, L. Qu, L. Liu, W. Li et al., Mesoporous 
materials for electrochemical energy storage and conversion. 
Adv. Energy Mater. 10(38), 2002152 (2020). https://​doi.​org/​
10.​1002/​aenm.​20200​2152

	 7.	 L. Kong, M. Zhong, W. Shuang, Y. Xu, X.-H. Bu, Electro-
chemically active sites inside crystalline porous materials 
for energy storage and conversion. Chem. Soc. Rev. 49(8), 
2378–2407 (2020). https://​doi.​org/​10.​1039/​C9CS0​0880B

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nmat4834
https://doi.org/10.1038/nmat4834
https://doi.org/10.1126/science.aad9302
https://doi.org/10.1038/nature11475
https://doi.org/10.1016/j.nanoen.2017.05.022
https://doi.org/10.1016/j.nanoen.2017.05.022
https://doi.org/10.1002/adfm.202007602
https://doi.org/10.1002/adfm.202007602
https://doi.org/10.1002/aenm.202002152
https://doi.org/10.1002/aenm.202002152
https://doi.org/10.1039/C9CS00880B


	 Nano-Micro Lett.          (2026) 18:170   170   Page 44 of 52

https://doi.org/10.1007/s40820-025-02014-6© The authors

	 8.	 C. Wang, Q. Zhang, B. Yan, B. You, J. Zheng et al., Facet 
engineering of advanced electrocatalysts toward hydrogen/
oxygen evolution reactions. Nano-Micro Lett. 15(1), 52 
(2023). https://​doi.​org/​10.​1007/​s40820-​023-​01024-6

	 9.	 J. Wang, H.-Y. Tan, M.-Y. Qi, J.-Y. Li, Z.-R. Tang et al., 
Spatially and temporally understanding dynamic solid–elec-
trolyte interfaces in carbon dioxide electroreduction. Chem. 
Soc. Rev. 52(15), 5013–5050 (2023). https://​doi.​org/​10.​1039/​
D2CS0​0441K

	 10.	 J. Li, S.U. Abbas, H. Wang, Z. Zhang, W. Hu, Recent 
advances in interface engineering for electrocatalytic CO2 
reduction reaction. Nano-Micro Lett. 13(1), 216 (2021). 
https://​doi.​org/​10.​1007/​s40820-​021-​00738-9

	 11.	 B. Rhimi, M. Zhou, Z. Yan, X. Cai, Z. Jiang, Cu-based 
materials for enhanced C(2+) product selectivity in photo-/ 
electro-catalytic CO2 reduction: challenges and prospects. 
Nano-Micro Lett. 16(1), 64 (2024). https://​doi.​org/​10.​1007/​
s40820-​023-​01276-2

	 12.	 G. Zhou, L. Xu, G. Hu, L. Mai, Y. Cui, Nanowires for electro-
chemical energy storage. Chem. Rev. 119(20), 11042–11109 
(2019). https://​doi.​org/​10.​1021/​acs.​chemr​ev.​9b003​26

	 13.	 Y. Wang, F. Chu, J. Zeng, Q. Wang, T. Naren et al., Sin-
gle atom catalysts for fuel cells and rechargeable batteries: 
principles, advances, and opportunities. ACS Nano 15(1), 
210–239 (2021). https://​doi.​org/​10.​1021/​acsna​no.​0c086​52

	 14.	 Z. Yan, J.L. Hitt, J.A. Turner, T.E. Mallouk, Renewable elec-
tricity storage using electrolysis. Proc. Natl. Acad. Sci. U. S. 
A. 117(23), 12558–12563 (2020). https://​doi.​org/​10.​1073/​
pnas.​18216​86116

	 15.	 X.-M. Lin, X.-T. Yang, H.-N. Chen, Y.-L. Deng, W.-H. Chen 
et al., In situ characterizations of advanced electrode mate-
rials for sodium-ion batteries toward high electrochemical 
performances. J. Energy Chem. 76, 146–164 (2023). https://​
doi.​org/​10.​1016/j.​jechem.​2022.​09.​016

	 16.	 G.-X. Liu, J.-X. Tian, J. Wan, Y. Li, Z.-Z. Shen et al., Reveal-
ing the high salt concentration manipulated evolution mecha-
nism on the lithium anode in quasi-solid-state lithium-sulfur 
batteries. Angew. Chem. Int. Ed. 61(52), e202212744 (2022). 
https://​doi.​org/​10.​1002/​anie.​20221​2744

	 17.	 J. Theerthagiri, K. Karuppasamy, C. Justin Raj, M.L. Aruna 
Kumari, L. John Kennedy et al., In situ spectroscopy: delin-
eating the mechanistic understanding of electrochemical 
energy reactions. Prog. Mater. Sci. 152, 101451 (2025). 
https://​doi.​org/​10.​1016/j.​pmats​ci.​2025.​101451

	 18.	 C. Mu, C. Lv, X. Meng, J. Sun, Z. Tong et al., In situ char-
acterization techniques applied in photocatalysis: a review. 
Adv. Mater. Interfaces 10(3), 2201842 (2023). https://​doi.​
org/​10.​1002/​admi.​20220​1842

	 19.	 J. Zhao, J. Lian, Z. Zhao, X. Wang, J. Zhang, A review 
of in situ techniques for probing active sites and mecha-
nisms of electrocatalytic oxygen reduction reactions. 
Nano-Micro Lett. 15(1), 19 (2022). https://​doi.​org/​10.​1007/​
s40820-​022-​00984-5

	 20.	 H. Lin, T. Yan, Q. Yang, L. Lin, L. Liu et al., Electrochemi-
cal in situ characterization techniques in the field of energy 

conversion. Small Methods 9(7), 2401701 (2025). https://​
doi.​org/​10.​1002/​smtd.​20240​1701

	 21.	 C. Chen, H. Jin, P. Wang, X. Sun, M. Jaroniec et al., Local 
reaction environment in electrocatalysis. Chem. Soc. Rev. 
53(4), 2022–2055 (2024). https://​doi.​org/​10.​1039/​d3cs0​
0669g

	 22.	 J. Li, G. Johnson, S. Zhang, D. Su, In situ transmission 
electron microscopy for energy applications. Joule 3(1), 
4–8 (2019). https://​doi.​org/​10.​1016/j.​joule.​2018.​12.​007

	 23.	 N. Hodnik, G. Dehm, K.J.J. Mayrhofer, Importance and 
challenges of electrochemical in situ liquid cell electron 
microscopy for energy conversion research. Acc. Chem. 
Res. 49(9), 2015–2022 (2016). https://​doi.​org/​10.​1021/​acs.​
accou​nts.​6b003​30

	 24.	 E.A. Torres, A.J. Ramírez, In situ scanning electron micros-
copy. Sci. Technol. Weld. Join. 16(1), 68–78 (2011). https://​
doi.​org/​10.​1179/​13621​7110x​12785​88955​0028

	 25.	 J. Liu, Scanning transmission electron microscopy and its 
application to the study of nanoparticles and nanoparticle 
systems. Microscopy 54(3), 251–278 (2005). https://​doi.​
org/​10.​1093/​jmicro/​dfi034

	 26.	 S.W. Paddock, Principles and practices of laser scanning 
confocal microscopy. Mol. Biotechnol. 16(2), 127–149 
(2000). https://​doi.​org/​10.​1385/​MB:​16:2:​127

	 27.	 E. Albisetti, A. Calò, A. Zanut, X. Zheng, G.M. de Peppo 
et  al., Thermal scanning probe lithography. Nat. Rev. 
Methods Prim. 2, 32 (2022). https://​doi.​org/​10.​1038/​
s43586-​022-​00110-0

	 28.	 T. Schmid, L. Opilik, C. Blum, R. Zenobi, Nanoscale chem-
ical imaging using tip-enhanced Raman spectroscopy: a 
critical review. Angew. Chem. Int. Ed. 52(23), 5940–5954 
(2013). https://​doi.​org/​10.​1002/​anie.​20120​3849

	 29.	 P. Bertoncello, Advances on scanning electrochemical 
microscopy (SECM) for energy. Energy Environ. Sci. 
3(11), 1620–1633 (2010). https://​doi.​org/​10.​1039/​C0EE0​
0046A

	 30.	 B. Gault, A. Chiaramonti, O. Cojocaru-Mirédin, P. Stender, 
R. Dubosq et  al., Atom probe tomography. Nat. Rev. 
Methods Primers 1, 51 (2021). https://​doi.​org/​10.​1038/​
s43586-​021-​00047-w

	 31.	 F.A. Stevie, C.L. Donley, Introduction to X-ray photoelec-
tron spectroscopy. J. Vac. Sci. Technol. A, Vac. Surf. Films 
38(6), 063204 (2020). https://​doi.​org/​10.​1116/6.​00004​12

	 32.	 D.N.G. Krishna, J. Philip, Review on surface-character-
ization applications of X-ray photoelectron spectroscopy 
(XPS): recent developments and challenges. Appl. Surf. 
Sci. Adv. 12, 100332 (2022). https://​doi.​org/​10.​1016/j.​
apsadv.​2022.​100332

	 33.	 E. Alizadeh, L. Sanche, Precursors of solvated electrons in 
radiobiological physics and chemistry. Chem. Rev. 112(11), 
5578–5602 (2012). https://​doi.​org/​10.​1021/​cr300​063r

	 34.	 A.A. Bunaciu, E.G. Udriştioiu, H.Y. Aboul-Enein, X-ray 
diffraction: instrumentation and applications. Crit. Rev. 
Anal. Chem. 45(4), 289–299 (2015). https://​doi.​org/​10.​
1080/​10408​347.​2014.​949616

https://doi.org/10.1007/s40820-023-01024-6
https://doi.org/10.1039/D2CS00441K
https://doi.org/10.1039/D2CS00441K
https://doi.org/10.1007/s40820-021-00738-9
https://doi.org/10.1007/s40820-023-01276-2
https://doi.org/10.1007/s40820-023-01276-2
https://doi.org/10.1021/acs.chemrev.9b00326
https://doi.org/10.1021/acsnano.0c08652
https://doi.org/10.1073/pnas.1821686116
https://doi.org/10.1073/pnas.1821686116
https://doi.org/10.1016/j.jechem.2022.09.016
https://doi.org/10.1016/j.jechem.2022.09.016
https://doi.org/10.1002/anie.202212744
https://doi.org/10.1016/j.pmatsci.2025.101451
https://doi.org/10.1002/admi.202201842
https://doi.org/10.1002/admi.202201842
https://doi.org/10.1007/s40820-022-00984-5
https://doi.org/10.1007/s40820-022-00984-5
https://doi.org/10.1002/smtd.202401701
https://doi.org/10.1002/smtd.202401701
https://doi.org/10.1039/d3cs00669g
https://doi.org/10.1039/d3cs00669g
https://doi.org/10.1016/j.joule.2018.12.007
https://doi.org/10.1021/acs.accounts.6b00330
https://doi.org/10.1021/acs.accounts.6b00330
https://doi.org/10.1179/136217110x12785889550028
https://doi.org/10.1179/136217110x12785889550028
https://doi.org/10.1093/jmicro/dfi034
https://doi.org/10.1093/jmicro/dfi034
https://doi.org/10.1385/MB:16:2:127
https://doi.org/10.1038/s43586-022-00110-0
https://doi.org/10.1038/s43586-022-00110-0
https://doi.org/10.1002/anie.201203849
https://doi.org/10.1039/C0EE00046A
https://doi.org/10.1039/C0EE00046A
https://doi.org/10.1038/s43586-021-00047-w
https://doi.org/10.1038/s43586-021-00047-w
https://doi.org/10.1116/6.0000412
https://doi.org/10.1016/j.apsadv.2022.100332
https://doi.org/10.1016/j.apsadv.2022.100332
https://doi.org/10.1021/cr300063r
https://doi.org/10.1080/10408347.2014.949616
https://doi.org/10.1080/10408347.2014.949616


Nano-Micro Lett.          (2026) 18:170 	 Page 45 of 52    170 

	 35.	 W.H. Bragg, X-rays and crystalline structure. Science 
40(1040), 795–802 (1914). https://​doi.​org/​10.​1126/​scien​
ce.​40.​1040.​795

	 36.	 W.L. Bragg, The structure of some crystals as indicated 
by their diffraction of X-rays. Proc. R. Soc. Lond. Ser. A 
89(610), 248–277 (1913). https://​doi.​org/​10.​1098/​rspa.​
1913.​0083

	 37.	 J. Fink, E. Schierle, E. Weschke, J. Geck, Resonant elas-
tic soft X-ray scattering. Rep. Prog. Phys. 76(5), 056502 
(2013). https://​doi.​org/​10.​1088/​0034-​4885/​76/5/​056502

	 38.	 H.S. Magar, R.Y.A. Hassan, A. Mulchandani, Electrochem-
ical impedance spectroscopy (EIS): principles, construc-
tion, and biosensing applications. Sensors 21(19), 6578 
(2021). https://​doi.​org/​10.​3390/​s2119​6578

	 39.	 X. Zheng, B. Zhang, P. De Luna, Y. Liang, R. Comin et al., 
Theory-driven design of high-valence metal sites for water 
oxidation confirmed using in situ soft X-ray absorption. 
Nat. Chem. 10(2), 149–154 (2018). https://​doi.​org/​10.​1038/​
nchem.​2886

	 40.	 H. Huang, A.E. Russell, Approaches to achieve surface sen-
sitivity in the in situ XAS of electrocatalysts. Curr. Opin. 
Electrochem. 27, 100681 (2021). https://​doi.​org/​10.​1016/j.​
coelec.​2020.​100681

	 41.	 W. Kao-ian, P. Tangthuam, P. Kidkhunthod, W. Limphirat, J. 
Padchasri et al., Monitoring interfacial dynamics of a zinc-
ion battery cathode using in situ grazing incidence X-ray 
absorption spectroscopy: a case study of manganese dioxide. 
Small Meth (2025). https://​doi.​org/​10.​1002/​smtd.​20250​0871

	 42.	 J. Kozuch, K. Ataka, J. Heberle, Surface-enhanced infrared 
absorption spectroscopy. Nat. Rev. Methods Prim. 3, 70 
(2023). https://​doi.​org/​10.​1038/​s43586-​023-​00253-8

	 43.	 J. Coates, Interpretation of infrared spectra, a practical 
approach. Encyclopedia Anal. Chem. 12, 10815–10837 
(2000). https://​doi.​org/​10.​1002/​97804​70027​318.​a5606

	 44.	 Z. Xu, Z. Liang, W. Guo, R. Zou, In situ/operando vibra-
tional spectroscopy for the investigation of advanced nano-
structured electrocatalysts. Coord. Chem. Rev. 436, 213824 
(2021). https://​doi.​org/​10.​1016/j.​ccr.​2021.​213824

	 45.	 J. Langer, D. Jimenez de Aberasturi, J. Aizpurua, R.A. 
Alvarez-Puebla, B. Auguié et al., Present and future of sur-
face-enhanced Raman scattering. ACS Nano 14(1), 28–117 
(2020). https://​doi.​org/​10.​1021/​acsna​no.​9b042​24

	 46.	 B.-Y. Wen, Q.-Q. Chen, P.M. Radjenovic, J.-C. Dong, Z.-Q. 
Tian et al., In situ surface-enhanced Raman spectroscopy 
characterization of electrocatalysis with different nanostruc-
tures. Annu. Rev. Phys. Chem. 72, 331–351 (2021). https://​
doi.​org/​10.​1146/​annur​ev-​physc​hem-​090519-​034645

	 47.	 M.M. Roessler, E. Salvadori, Principles and applications 
of EPR spectroscopy in the chemical sciences. Chem. Soc. 
Rev. 47(8), 2534–2553 (2018). https://​doi.​org/​10.​1039/​c6cs0​
0565a

	 48.	 J. Mitchell, J. Webber, J. Strange, Nuclear magnetic resonance 
cryoporometry. Phys. Rep. 461(1), 1–36 (2008). https://​doi.​
org/​10.​1016/j.​physr​ep.​2008.​02.​001

	 49.	 B.B. Xu, Y. Liu, Y. Liu, X. You, H. Zhou et al., Operando 
electrochemical NMR spectroscopy reveals a water-assisted 
formate formation mechanism. Chem 10(10), 3114–3130 
(2024). https://​doi.​org/​10.​1016/j.​chempr.​2024.​06.​001

	 50.	 R.E. Majors, M. Przybyciel, Columns for reversed-phase LC 
separations in highly aqueous mobile phases. LCGC North 
A1m. 20, 584–593 (2002). https://​doi.​org/​10.​1016/​S1044-​
0305(02)​00800-0

	 51.	 E. Matisová, M. Dömötörová, Fast gas chromatography and 
its use in trace analysis. J. Chromatogr. A 1000(1–2), 199–
221 (2003). https://​doi.​org/​10.​1016/​S0021-​9673(03)​00310-8

	 52.	 J.V. Seeley, S.K. Seeley, Multidimensional gas chromatog-
raphy: fundamental advances and new applications. Anal. 
Chem. 85(2), 557–578 (2013). https://​doi.​org/​10.​1021/​ac303​
195u

	 53.	 D. Tsikas, A.A. Zoerner, Analysis of eicosanoids by LC-MS/
MS and GC-MS/MS: a historical retrospect and a discus-
sion. J. Chromatogr. B 964, 79–88 (2014). https://​doi.​org/​10.​
1016/j.​jchro​mb.​2014.​03.​017

	 54.	 X. Cao, D. Tan, B. Wulan, K.S. Hui, K.N. Hui et al., In situ 
characterization for boosting electrocatalytic carbon dioxide 
reduction. Small Methods 5(10), 2100700 (2021). https://​doi.​
org/​10.​1002/​smtd.​20210​0700

	 55.	 H. Baltruschat, Differential electrochemical mass spectrom-
etry. J. Am. Soc. Mass Spectrom. 15(12), 1693–1706 (2004). 
https://​doi.​org/​10.​1016/j.​jasms.​2004.​09.​011

	 56.	 A.M. Azad, S.A. Akbar, S.G. Mhaisalkar, L.D. Birkefeld, 
K.S. Goto, Solid-state gas sensors: a review. J. Electrochem. 
Soc. 139(12), 3690–3704 (1992). https://​doi.​org/​10.​1149/1.​
20691​45

	 57.	 S.V. Kalinin, C. Ophus, P.M. Voyles, R. Erni, D. Kepapt-
soglou et al., Machine learning in scanning transmission elec-
tron microscopy. Nat. Rev. Methods Primers 2, 11 (2022). 
https://​doi.​org/​10.​1038/​s43586-​022-​00095-w

	 58.	 R. Ding, J. Chen, Y. Chen, J. Liu, Y. Bando et al., Unlocking 
the potential: machine learning applications in electrocatalyst 
design for electrochemical hydrogen energy transformation. 
Chem. Soc. Rev. 53(23), 11390–11461 (2024). https://​doi.​
org/​10.​1039/​d4cs0​0844h

	 59.	 J. Zhang, Y. Yuan, L. Gao, G. Zeng, M. Li et al., Stabiliz-
ing Pt-based electrocatalysts for oxygen reduction reaction: 
fundamental understanding and design strategies. Adv. Mater. 
33(20), 2006494 (2021). https://​doi.​org/​10.​1002/​adma.​20200​
6494

	 60.	 Y.-L. Sun, Y.-L. Deng, H.-N. Chen, X.-T. Yang, X.-M. Lin 
et al., Design strategies and in situ infrared, Raman, and 
X-ray absorption spectroscopy techniques insight into the 
electrocatalysts of hydrogen energy system. Small Struct. 
4(6), 2200201 (2023). https://​doi.​org/​10.​1002/​sstr.​20220​0201

	 61.	 Z. Ma, Z.P. Cano, A. Yu, Z. Chen, G. Jiang et al., Enhancing 
oxygen reduction activity of Pt-based electrocatalysts: from 
theoretical mechanisms to practical methods. Angew. Chem. 
Int. Ed. 59(42), 18334–18348 (2020). https://​doi.​org/​10.​1002/​
anie.​20200​3654

	 62.	 A. Kulkarni, S. Siahrostami, A. Patel, J.K. Nørskov, Under-
standing catalytic activity trends in the oxygen reduction 

https://doi.org/10.1126/science.40.1040.795
https://doi.org/10.1126/science.40.1040.795
https://doi.org/10.1098/rspa.1913.0083
https://doi.org/10.1098/rspa.1913.0083
https://doi.org/10.1088/0034-4885/76/5/056502
https://doi.org/10.3390/s21196578
https://doi.org/10.1038/nchem.2886
https://doi.org/10.1038/nchem.2886
https://doi.org/10.1016/j.coelec.2020.100681
https://doi.org/10.1016/j.coelec.2020.100681
https://doi.org/10.1002/smtd.202500871
https://doi.org/10.1038/s43586-023-00253-8
https://doi.org/10.1002/9780470027318.a5606
https://doi.org/10.1016/j.ccr.2021.213824
https://doi.org/10.1021/acsnano.9b04224
https://doi.org/10.1146/annurev-physchem-090519-034645
https://doi.org/10.1146/annurev-physchem-090519-034645
https://doi.org/10.1039/c6cs00565a
https://doi.org/10.1039/c6cs00565a
https://doi.org/10.1016/j.physrep.2008.02.001
https://doi.org/10.1016/j.physrep.2008.02.001
https://doi.org/10.1016/j.chempr.2024.06.001
https://doi.org/10.1016/S1044-0305(02)00800-0
https://doi.org/10.1016/S1044-0305(02)00800-0
https://doi.org/10.1016/S0021-9673(03)00310-8
https://doi.org/10.1021/ac303195u
https://doi.org/10.1021/ac303195u
https://doi.org/10.1016/j.jchromb.2014.03.017
https://doi.org/10.1016/j.jchromb.2014.03.017
https://doi.org/10.1002/smtd.202100700
https://doi.org/10.1002/smtd.202100700
https://doi.org/10.1016/j.jasms.2004.09.011
https://doi.org/10.1149/1.2069145
https://doi.org/10.1149/1.2069145
https://doi.org/10.1038/s43586-022-00095-w
https://doi.org/10.1039/d4cs00844h
https://doi.org/10.1039/d4cs00844h
https://doi.org/10.1002/adma.202006494
https://doi.org/10.1002/adma.202006494
https://doi.org/10.1002/sstr.202200201
https://doi.org/10.1002/anie.202003654
https://doi.org/10.1002/anie.202003654


	 Nano-Micro Lett.          (2026) 18:170   170   Page 46 of 52

https://doi.org/10.1007/s40820-025-02014-6© The authors

reaction. Chem. Rev. 118(5), 2302–2312 (2018). https://​doi.​
org/​10.​1021/​acs.​chemr​ev.​7b004​88

	 63.	 L. Zhang, S. Jiang, W. Ma, Z. Zhou, Oxygen reduction 
reaction on Pt-based electrocatalysts: four-electron vs. two-
electron pathway. Chin. J. Catal. 43(6), 1433–1443 (2022). 
https://​doi.​org/​10.​1016/​S1872-​2067(21)​63961-X

	 64.	 Y. Cheng, H. Wang, H. Song, K. Zhang, G.I.N. Waterhouse 
et al., Design strategies towards transition metal single atom 
catalysts for the oxygen reduction reaction–a review. Nano 
Res. Energy 2, e9120082 (2023). https://​doi.​org/​10.​26599/​
nre.​2023.​91200​82

	 65.	 K. Sun, W. Xu, X. Lin, S. Tian, W.-F. Lin et al., Electrochem-
ical oxygen reduction to hydrogen peroxide via a two-electron 
transfer pathway on carbon-based single-atom catalysts. Adv. 
Mater. Interfaces 8(8), 2001360 (2021). https://​doi.​org/​10.​
1002/​admi.​20200​1360

	 66.	 X. Guo, S. Lin, J. Gu, S. Zhang, Z. Chen et al., Simultane-
ously achieving high activity and selectivity toward two-elec-
tron O2 electroreduction: the power of single-atom catalysts. 
ACS Catal. 9(12), 11042–11054 (2019). https://​doi.​org/​10.​
1021/​acsca​tal.​9b027​78

	 67.	 S. Nayak, I.J. McPherson, K.A. Vincent, Adsorbed intermedi-
ates in oxygen reduction on platinum nanoparticles observed 
by in situ IR spectroscopy. Angew. Chem. 130(39), 13037–
13040 (2018). https://​doi.​org/​10.​1002/​ange.​20180​4978

	 68.	 J.-C. Dong, X.-G. Zhang, V. Briega-Martos, X. Jin, J. Yang 
et  al., In situ Raman spectroscopic evidence for oxygen 
reduction reaction intermediates at platinum single-crystal 
surfaces. Nat. Energy 4(1), 60–67 (2019). https://​doi.​org/​10.​
1038/​s41560-​018-​0292-z

	 69.	 H. Ze, X. Chen, X.-T. Wang, Y.-H. Wang, Q.-Q. Chen et al., 
Molecular insight of the critical role of Ni in Pt-based nano-
catalysts for improving the oxygen reduction reaction probed 
using an in situ SERS borrowing strategy. J. Am. Chem. Soc. 
143(3), 1318–1322 (2021). https://​doi.​org/​10.​1021/​jacs.​
0c127​55

	 70.	 Y.-L. Sun, Y.-L. A, M.-F. Yue, H.-Q. Chen, H. Ze et al., 
Exploring the effect of Pd on the oxygen reduction perfor-
mance of Pt by in situ Raman spectroscopy. Anal. Chem. 
94(11), 4779–4786 (2022). https://​doi.​org/​10.​1021/​acs.​analc​
hem.​1c055​66

	 71.	 H.-L. Zhong, H. Ze, X.-G. Zhang, H. Zhang, J.-C. Dong et al., 
In situ SERS probing the effect of additional metals on Pt-
based ternary alloys toward improving ORR performance. 
ACS Catal. 13(10), 6781–6786 (2023). https://​doi.​org/​10.​
1021/​acsca​tal.​3c013​17

	 72.	 V. Briega-Martos, E. Herrero, J.M. Feliu, Effect of pH and 
water structure on the oxygen reduction reaction on platinum 
electrodes. Electrochim. Acta 241, 497–509 (2017). https://​
doi.​org/​10.​1016/j.​elect​acta.​2017.​04.​162

	 73.	 W. Zhao, G. Xu, W. Dong, Y. Zhang, Z. Zhao et al., Pro-
gress and perspective for in situ studies of oxygen reduction 
reaction in proton exchange membrane fuel cells. Adv. Sci. 
10(17), 2300550 (2023). https://​doi.​org/​10.​1002/​advs.​20230​
0550

	 74.	 A. Impagnatiello, C.F. Cerqueira, P.-E. Coulon, A. Morin, 
S. Escribano et al., Degradation mechanisms of supported 
Pt nanocatalysts in proton exchange membrane fuel cells: 
an operando study through liquid cell transmission electron 
microscopy. ACS Appl. Energy Mater. 3(3), 2360–2371 
(2020). https://​doi.​org/​10.​1021/​acsaem.​9b020​00

	 75.	 L. Ran, Y. Zhang, W. Tong, L. Chen, M. Wang et al., Cir-
cumventing radical generation on Fe–V atomic pair catalyst 
for robust oxygen reduction and zinc–air batteries. Angew. 
Chem. Int. Ed. 64(45), e202514542 (2025). https://​doi.​org/​
10.​1002/​anie.​20251​4542

	 76.	 J.J. Huang, Y. Yang, D. Weinstock, C.R. Bundschu, Q. 
Li et al., Multimodal in situ X-ray mechanistic studies of 
a bimetallic oxide electrocatalyst in alkaline media. Nat. 
Catal. 8(2), 116–125 (2025). https://​doi.​org/​10.​1038/​
s41929-​025-​01289-7

	 77.	 O.A. Baturina, B.D. Gould, A. Korovina, Y. Garsany, R. 
Stroman et al., Products of SO2 adsorption on fuel cell elec-
trocatalysts by combination of sulfur K-edge XANES and 
electrochemistry. Langmuir 27(24), 14930–14939 (2011). 
https://​doi.​org/​10.​1021/​la203​3466

	 78.	 Q. Wang, F. Tang, X. Li, J.P. Zheng, L. Hao et al., Revealing 
the dynamic temperature of the cathode catalyst layer inside 
proton exchange membrane fuel cell by experimental meas-
urements and numerical analysis. Chem. Eng. J. 463, 142286 
(2023). https://​doi.​org/​10.​1016/j.​cej.​2023.​142286

	 79.	 P. Ren, P. Pei, Y. Li, Z. Wu, D. Chen et al., Degradation 
mechanisms of proton exchange membrane fuel cell under 
typical automotive operating conditions. Prog. Energy Com-
bust. Sci. 80, 100859 (2020). https://​doi.​org/​10.​1016/j.​pecs.​
2020.​100859

	 80.	 Q. Wang, B. Li, D. Yang, H. Dai, J.P. Zheng et al., Research 
progress of heat transfer inside proton exchange membrane 
fuel cells. J. Power. Sour. 492, 229613 (2021). https://​doi.​org/​
10.​1016/j.​jpows​our.​2021.​229613

	 81.	 T. Lochner, R.M. Kluge, J. Fichtner, H.A. El-Sayed, B. 
Garlyyev et al., Temperature effects in polymer electrolyte 
membrane fuel cells. ChemElectroChem 7(17), 3545–3568 
(2020). https://​doi.​org/​10.​1002/​celc.​20200​0588

	 82.	 J. Zhang, C. Wang, A. Zhang, Experimental study on tem-
perature and performance of an open-cathode PEMFC stack 
under thermal radiation environment. Appl. Energy 311, 
118646 (2022). https://​doi.​org/​10.​1016/j.​apene​rgy.​2022.​
118646

	 83.	 V.A. Raileanu Ilie, S. Martemianov, A. Thomas, Investigation 
of the local temperature and overheat inside the membrane 
electrode assembly of PEM fuel cell. Int. J. Hydrogen Energy 
41(34), 15528–15537 (2016). https://​doi.​org/​10.​1016/j.​ijhyd​
ene.​2016.​04.​103

	 84.	 Q. Wang, F. Tang, B. Li, H. Dai, J.P. Zheng et al., Study 
on the thermal transient of cathode catalyst layer in proton 
exchange membrane fuel cell under dynamic loading with a 
two-dimensional model. Chem. Eng. J. 433, 133667 (2022). 
https://​doi.​org/​10.​1016/j.​cej.​2021.​133667

	 85.	 H.Y. Wang, W.J. Yang, Y.B. Kim, Analyzing in-plane tem-
perature distribution via a micro-temperature sensor in a unit 

https://doi.org/10.1021/acs.chemrev.7b00488
https://doi.org/10.1021/acs.chemrev.7b00488
https://doi.org/10.1016/S1872-2067(21)63961-X
https://doi.org/10.26599/nre.2023.9120082
https://doi.org/10.26599/nre.2023.9120082
https://doi.org/10.1002/admi.202001360
https://doi.org/10.1002/admi.202001360
https://doi.org/10.1021/acscatal.9b02778
https://doi.org/10.1021/acscatal.9b02778
https://doi.org/10.1002/ange.201804978
https://doi.org/10.1038/s41560-018-0292-z
https://doi.org/10.1038/s41560-018-0292-z
https://doi.org/10.1021/jacs.0c12755
https://doi.org/10.1021/jacs.0c12755
https://doi.org/10.1021/acs.analchem.1c05566
https://doi.org/10.1021/acs.analchem.1c05566
https://doi.org/10.1021/acscatal.3c01317
https://doi.org/10.1021/acscatal.3c01317
https://doi.org/10.1016/j.electacta.2017.04.162
https://doi.org/10.1016/j.electacta.2017.04.162
https://doi.org/10.1002/advs.202300550
https://doi.org/10.1002/advs.202300550
https://doi.org/10.1021/acsaem.9b02000
https://doi.org/10.1002/anie.202514542
https://doi.org/10.1002/anie.202514542
https://doi.org/10.1038/s41929-025-01289-7
https://doi.org/10.1038/s41929-025-01289-7
https://doi.org/10.1021/la2033466
https://doi.org/10.1016/j.cej.2023.142286
https://doi.org/10.1016/j.pecs.2020.100859
https://doi.org/10.1016/j.pecs.2020.100859
https://doi.org/10.1016/j.jpowsour.2021.229613
https://doi.org/10.1016/j.jpowsour.2021.229613
https://doi.org/10.1002/celc.202000588
https://doi.org/10.1016/j.apenergy.2022.118646
https://doi.org/10.1016/j.apenergy.2022.118646
https://doi.org/10.1016/j.ijhydene.2016.04.103
https://doi.org/10.1016/j.ijhydene.2016.04.103
https://doi.org/10.1016/j.cej.2021.133667


Nano-Micro Lett.          (2026) 18:170 	 Page 47 of 52    170 

polymer electrolyte membrane fuel cell. Appl. Energy 124, 
148–155 (2014). https://​doi.​org/​10.​1016/j.​apene​rgy.​2014.​03.​
016

	 86.	 X. Zhang, X. Xiao, J. Chen, Y. Liu, H. Pan et al., Toward 
the fast and durable alkaline hydrogen oxidation reaction on 
ruthenium. Energy Environ. Sci. 15(11), 4511–4526 (2022). 
https://​doi.​org/​10.​1039/​D2EE0​2216H

	 87.	 L. Han, P. Ou, W. Liu, X. Wang, H.-T. Wang et al., Design of 
Ru-Ni diatomic sites for efficient alkaline hydrogen oxidation. 
Sci. Adv. 8(22), eabm3779 (2022). https://​doi.​org/​10.​1126/​
sciadv.​abm37​79

	 88.	 X. Mu, S. Liu, L. Chen, S. Mu, Alkaline hydrogen oxidation 
reaction catalysts: insight into catalytic mechanisms, clas-
sification, activity regulation and challenges. Small Struct. 
4(4), 2200281 (2023). https://​doi.​org/​10.​1002/​sstr.​20220​0281

	 89.	 W. Sheng, Z. Zhuang, M. Gao, J. Zheng, J.G. Chen et al., 
Correlating hydrogen oxidation and evolution activity on 
platinum at different pH with measured hydrogen binding 
energy. Nat. Commun. 6, 5848 (2015). https://​doi.​org/​10.​
1038/​ncomm​s6848

	 90.	 D. Strmcnik, M. Uchimura, C. Wang, R. Subbaraman, N. 
Danilovic et al., Improving the hydrogen oxidation reaction 
rate by promotion of hydroxyl adsorption. Nat. Chem. 5(4), 
300–306 (2013). https://​doi.​org/​10.​1038/​nchem.​1574

	 91.	 S. Zhu, X. Qin, F. Xiao, S. Yang, Y. Xu et al., The role of 
ruthenium in improving the kinetics of hydrogen oxidation 
and evolution reactions of platinum. Nat. Catal. 4(8), 711–
718 (2021). https://​doi.​org/​10.​1038/​s41929-​021-​00663-5

	 92.	 J. Li, S. Ghoshal, M.K. Bates, T.E. Miller, V. Davies et al., 
Experimental proof of the bifunctional mechanism for the 
hydrogen oxidation in alkaline media. Angew. Chem. Int. Ed. 
56(49), 15594–15598 (2017). https://​doi.​org/​10.​1002/​anie.​
20170​8484

	 93.	 W. Guo, G. Zhao, Z. Sun, B. Zhang, D. Xin et al., Decoupling 
fast hydrogen oxidation reaction on a tandem electrocatalyst. 
Nat. Commun. 16(1), 6741 (2025). https://​doi.​org/​10.​1038/​
s41467-​025-​62160-8

	 94.	 Y.-H. Wang, X.-T. Wang, H. Ze, X.-G. Zhang, P.M. Rad-
jenovic et al., Spectroscopic verification of adsorbed hydroxy 
intermediates in the bifunctional mechanism of the hydrogen 
oxidation reaction. Angew. Chem. Int. Ed. 60(11), 5708–5711 
(2021). https://​doi.​org/​10.​1002/​anie.​20201​5571

	 95.	 X.-M. Lin, X.-T. Wang, Y.-L. Deng, X. Chen, H.-N. Chen 
et al., In situ probe of the hydrogen oxidation reaction inter-
mediates on PtRu a bimetallic catalyst surface by core–shell 
nanoparticle-enhanced Raman spectroscopy. Nano Lett. 
22(13), 5544–5552 (2022). https://​doi.​org/​10.​1021/​acs.​nanol​
ett.​2c017​44

	 96.	 Q. Sun, N.J. Oliveira, S. Kwon, S. Tyukhtenko, J.J. Guo 
et al., Understanding hydrogen electrocatalysis by probing the 
hydrogen-bond network of water at the electrified Pt–solution 
interface. Nat. Energy 8(8), 859–869 (2023). https://​doi.​org/​
10.​1038/​s41560-​023-​01302-y

	 97.	 J. Yue, Y. Li, C. Yang, W. Luo, Hydroxyl-binding induced 
hydrogen bond network connectivity on Ru-based catalysts 
for efficient alkaline hydrogen oxidation electrocatalysis. 

Angew. Chem. Int. Ed. 64(3), e202415447 (2025). https://​
doi.​org/​10.​1002/​anie.​20241​5447

	 98.	 C. Yang, J. Yue, G. Wang, W. Luo, Activating and identify-
ing the active site of RuS(2) for alkaline hydrogen oxidation 
electrocatalysis. Angew. Chem. Int. Ed. 63(17), e202401453 
(2024). https://​doi.​org/​10.​1002/​anie.​20240​1453

	 99.	 Y. Men, X. Men, P. Li, L. Li, X. Wang et al., Cation-driven 
modulation of interfacial solvation structures for enhanced 
alkaline hydrogen oxidation kinetics. J. Am. Chem. Soc. 
147(25), 21672–21685 (2025). https://​doi.​org/​10.​1021/​jacs.​
5c034​33

	100.	 F. Lin, H. Luo, L. Li, F. Lv, Y. Chen et al., Synthesis of 
isolated Ru–O3 sites on hexagonal close-packed intermetal-
lic penta-metallene for hydrogen oxidation electrocatalysis. 
Nat. Synth. 4(3), 399–409 (2025). https://​doi.​org/​10.​1038/​
s44160-​024-​00685-4

	101.	 Y. Fang, C. Wei, Z. Bian, X. Yin, B. Liu et al., Unveiling 
the nature of Pt-induced anti-deactivation of Ru for alkaline 
hydrogen oxidation reaction. Nat. Commun. 15(1), 1614 
(2024). https://​doi.​org/​10.​1038/​s41467-​024-​45873-0

	102.	 X. Zou, Y. Zhang, Noble metal-free hydrogen evolution cata-
lysts for water splitting. Chem. Soc. Rev. 44(15), 5148–5180 
(2015). https://​doi.​org/​10.​1039/​c4cs0​0448e

	103.	 A.H. Shah, Z. Zhang, Z. Huang, S. Wang, G. Zhong et al., 
The role of alkali metal cations and platinum-surface 
hydroxyl in the alkaline hydrogen evolution reaction. Nat. 
Catal. 5(10), 923–933 (2022). https://​doi.​org/​10.​1038/​
s41929-​022-​00851-x

	104.	 Y. Sun, C. Huang, J. Shen, Y. Zhong, J. Ning et al., One-
step construction of a transition-metal surface decorated with 
metal sulfide nanoparticles: a high-efficiency electrocatalyst 
for hydrogen generation. J. Colloid Interface Sci. 558, 1–8 
(2020). https://​doi.​org/​10.​1016/j.​jcis.​2019.​09.​090

	105.	 M. You, X. Du, X. Hou, Z. Wang, Y. Zhou et al., In-situ 
growth of ruthenium-based nanostructure on carbon cloth 
for superior electrocatalytic activity towards HER and OER. 
Appl. Catal. B Environ. 317, 121729 (2022). https://​doi.​org/​
10.​1016/j.​apcatb.​2022.​121729

	106.	 Y.-H. Wang, S. Zheng, W.-M. Yang, R.-Y. Zhou, Q.-F. He 
et al., In situ Raman spectroscopy reveals the structure and 
dissociation of interfacial water. Nature 600(7887), 81–85 
(2021). https://​doi.​org/​10.​1038/​s41586-​021-​04068-z

	107.	 X. Chen, X.-T. Wang, J.-B. Le, S.-M. Li, X. Wang et al., 
Revealing the role of interfacial water and key intermediates 
at ruthenium surfaces in the alkaline hydrogen evolution reac-
tion. Nat. Commun. 14(1), 5289 (2023). https://​doi.​org/​10.​
1038/​s41467-​023-​41030-1

	108.	 G. Liu, W. Zhou, B. Chen, Q. Zhang, X. Cui et al., Synthe-
sis of RuNi alloy nanostructures composed of multilayered 
nanosheets for highly efficient electrocatalytic hydrogen evo-
lution. Nano Energy 66, 104173 (2019). https://​doi.​org/​10.​
1016/j.​nanoen.​2019.​104173

	109.	 Y. Liu, H. Shi, T.-Y. Dai, S.-P. Zeng, G.-F. Han et al., In 
situ engineering multifunctional active sites of ruthenium–
nickel alloys for pH-universal ampere-level current-density 

https://doi.org/10.1016/j.apenergy.2014.03.016
https://doi.org/10.1016/j.apenergy.2014.03.016
https://doi.org/10.1039/D2EE02216H
https://doi.org/10.1126/sciadv.abm3779
https://doi.org/10.1126/sciadv.abm3779
https://doi.org/10.1002/sstr.202200281
https://doi.org/10.1038/ncomms6848
https://doi.org/10.1038/ncomms6848
https://doi.org/10.1038/nchem.1574
https://doi.org/10.1038/s41929-021-00663-5
https://doi.org/10.1002/anie.201708484
https://doi.org/10.1002/anie.201708484
https://doi.org/10.1038/s41467-025-62160-8
https://doi.org/10.1038/s41467-025-62160-8
https://doi.org/10.1002/anie.202015571
https://doi.org/10.1021/acs.nanolett.2c01744
https://doi.org/10.1021/acs.nanolett.2c01744
https://doi.org/10.1038/s41560-023-01302-y
https://doi.org/10.1038/s41560-023-01302-y
https://doi.org/10.1002/anie.202415447
https://doi.org/10.1002/anie.202415447
https://doi.org/10.1002/anie.202401453
https://doi.org/10.1021/jacs.5c03433
https://doi.org/10.1021/jacs.5c03433
https://doi.org/10.1038/s44160-024-00685-4
https://doi.org/10.1038/s44160-024-00685-4
https://doi.org/10.1038/s41467-024-45873-0
https://doi.org/10.1039/c4cs00448e
https://doi.org/10.1038/s41929-022-00851-x
https://doi.org/10.1038/s41929-022-00851-x
https://doi.org/10.1016/j.jcis.2019.09.090
https://doi.org/10.1016/j.apcatb.2022.121729
https://doi.org/10.1016/j.apcatb.2022.121729
https://doi.org/10.1038/s41586-021-04068-z
https://doi.org/10.1038/s41467-023-41030-1
https://doi.org/10.1038/s41467-023-41030-1
https://doi.org/10.1016/j.nanoen.2019.104173
https://doi.org/10.1016/j.nanoen.2019.104173


	 Nano-Micro Lett.          (2026) 18:170   170   Page 48 of 52

https://doi.org/10.1007/s40820-025-02014-6© The authors

hydrogen evolution. Small 20(34), 2311509 (2024). https://​
doi.​org/​10.​1002/​smll.​20231​1509

	110.	 S. Shen, Z. Hu, H. Zhang, K. Song, Z. Wang et al., Highly 
active Si sites enabled by negative valent Ru for electrocata-
lytic hydrogen evolution in LaRuSi. Angew. Chem. Int. Ed. 
61(32), e202206460 (2022). https://​doi.​org/​10.​1002/​anie.​
20220​6460

	111.	 C. Yang, Y. Gao, Z. Xing, X. Shu, Z. Zhuang et al., Bioin-
spired sulfo oxygen bridges optimize interfacial water struc-
ture for enhanced hydrogen oxidation and evolution reactions. 
Nat. Commun. 16(1), 6459 (2025). https://​doi.​org/​10.​1038/​
s41467-​025-​61871-2

	112.	 S. Sarawutanukul, N. Phattharasupakun, M. Sawangphruk, 
3D CVD graphene oxide-coated Ni foam as carbo- and elec-
tro-catalyst towards hydrogen evolution reaction in acidic 
solution: in situ electrochemical gas chromatography. Carbon 
151, 109–119 (2019). https://​doi.​org/​10.​1016/j.​carbon.​2019.​
05.​058

	113.	 X. Cao, Y. Ding, D. Chen, W. Ye, W. Yang et al., Cluster-level 
heterostructure of PMo12/Cu for efficient and selective elec-
trocatalytic hydrogenation of high-concentration 5-hydroxy-
methylfurfural. J. Am. Chem. Soc. 146(36), 25125–25136 
(2024). https://​doi.​org/​10.​1021/​jacs.​4c082​05

	114.	 Y. Luo, Z. Zhang, F. Yang, J. Li, Z. Liu et al., Stabilized 
hydroxide-mediated nickel-based electrocatalysts for high-
current-density hydrogen evolution in alkaline media. Energy 
Environ. Sci. 14(8), 4610–4619 (2021). https://​doi.​org/​10.​
1039/​D1EE0​1487K

	115.	 H. Ze, Z.-L. Yang, M.-L. Li, X.-G. Zhang, Y.-L. A et al., In 
situ probing the structure change and interaction of interfacial 
water and hydroxyl intermediates on Ni(OH)2 surface over 
water splitting. J. Am. Chem. Soc. 146(18), 12538–12546 
(2024). https://​doi.​org/​10.​1021/​jacs.​4c009​48

	116.	 J. Dukovic, C.W. Tobias, The influence of attached bubbles 
on potential drop and current distribution at gas-evolving 
electrodes. J. Electrochem. Soc. 134(2), 331–343 (1987). 
https://​doi.​org/​10.​1149/1.​21004​56

	117.	 C. Zhang, Z. Guo, Y. Tian, C. Yu, K. Liu et al., Engineering 
electrode wettability to enhance mass transfer in hydrogen 
evolution reaction. Nano Res. Energy 2, e9120063 (2023). 
https://​doi.​org/​10.​26599/​nre.​2023.​91200​63

	118.	 C. Zhang, Z. Xu, N. Han, Y. Tian, T. Kallio et al., Super-
aerophilic/superaerophobic cooperative electrode for efficient 
hydrogen evolution reaction via enhanced mass transfer. Sci. 
Adv. 9(3), eadd6978 (2023). https://​doi.​org/​10.​1126/​sciadv.​
add69​78

	119.	 J. Wang, Y. Gao, H. Kong, J. Kim, S. Choi et al., Non-pre-
cious-metal catalysts for alkaline water electrolysis: oper-
ando characterizations, theoretical calculations, and recent 
advances. Chem. Soc. Rev. 49(24), 9154–9196 (2020). 
https://​doi.​org/​10.​1039/​D0CS0​0575D

	120.	 L. An, J. Li, Y. Sun, J. Zhu, J.Z.Y. Seow et al., Decipher-
ing water oxidation catalysts: the dominant role of surface 
chemistry over reconstruction degree in activity promotion. 
Nano-Micro Lett. 17(1), 70 (2024). https://​doi.​org/​10.​1007/​
s40820-​024-​01562-7

	121.	 X. Wang, H. Zhong, S. Xi, W.S.V. Lee, J. Xue, Understanding 
of oxygen redox in the oxygen evolution reaction. Adv. Mater. 
34(50), 2107956 (2022). https://​doi.​org/​10.​1002/​adma.​20210​
7956

	122.	 D.W. Shaffer, Y. Xie, J.J. Concepcion, O-O bond formation in 
ruthenium-catalyzed water oxidation: single-site nucleophilic 
attack vs. O-O radical coupling. Chem. Soc. Rev. 46(20), 
6170–6193 (2017). https://​doi.​org/​10.​1039/​c7cs0​0542c

	123.	 H. Zhong, Q. Zhang, J. Yu, X. Zhang, C. Wu et al., Funda-
mental understanding of structural reconstruction behaviors 
in oxygen evolution reaction electrocatalysts. Adv. Energy 
Mater. 13(31), 2301391 (2023). https://​doi.​org/​10.​1002/​
aenm.​20230​1391

	124.	 Y.-L. Sun, X. Ji, X. Wang, Q.-F. He, J.-C. Dong et al., Visu-
alization of electrooxidation on palladium single crystal sur-
faces via in situ Raman spectroscopy. Angew. Chem. Int. Ed. 
63(44), e202408736 (2024). https://​doi.​org/​10.​1002/​anie.​
20240​8736

	125.	 A. Moysiadou, S. Lee, C.-S. Hsu, H.M. Chen, X. Hu, Mecha-
nism of oxygen evolution catalyzed by cobalt oxyhydroxide: 
cobalt superoxide species as a key intermediate and dioxy-
gen release as a rate-determining step. J. Am. Chem. Soc. 
142(27), 11901–11914 (2020). https://​doi.​org/​10.​1021/​jacs.​
0c048​67

	126.	 C. Lin, J.-L. Li, X. Li, S. Yang, W. Luo et al., In-situ recon-
structed Ru atom array on α-MnO2 with enhanced perfor-
mance for acidic water oxidation. Nat. Catal. 4(12), 1012–
1023 (2021). https://​doi.​org/​10.​1038/​s41929-​021-​00703-0

	127.	 Y. Wang, R. Yang, Y. Ding, B. Zhang, H. Li et al., Unraveling 
oxygen vacancy site mechanism of Rh-doped RuO(2) catalyst 
for long-lasting acidic water oxidation. Nat. Commun. 14(1), 
1412 (2023). https://​doi.​org/​10.​1038/​s41467-​023-​37008-8

	128.	 P. Ma, J. Xue, J. Li, H. Cao, R. Wang et al., Site-specific 
synergy in heterogeneous single atoms for efficient oxygen 
evolution. Nat. Commun. 16(1), 2573 (2025). https://​doi.​org/​
10.​1038/​s41467-​025-​57864-w

	129.	 L. Zhou, M. Yang, Y. Liu, F. Kang, R. Lv, Intrinsic metal-
support interactions break the activity-stability dilemma in 
electrocatalysis. Nat. Commun. 16(1), 8739 (2025). https://​
doi.​org/​10.​1038/​s41467-​025-​63397-z

	130.	 R. Zhang, P.E. Pearce, Y. Duan, N. Dubouis, T. Marchan-
dier et al., Importance of water structure and catalyst–elec-
trolyte interface on the design of water splitting catalysts. 
Chem. Mater. 31(20), 8248–8259 (2019). https://​doi.​org/​
10.​1021/​acs.​chemm​ater.​9b023​18

	131.	 Z. He, M. Ajmal, M. Zhang, X. Liu, Z.-F. Huang et al., 
Progress in manipulating dynamic surface reconstruction 
via anion modulation for electrocatalytic water oxidation. 
Adv. Sci. 10(29), 2304071 (2023). https://​doi.​org/​10.​1002/​
advs.​20230​4071

	132.	 K. Feng, D. Zhang, F. Liu, H. Li, J. Xu et al., Highly effi-
cient oxygen evolution by a thermocatalytic process cas-
caded electrocatalysis over sulfur-treated Fe-based metal–
organic-frameworks. Adv. Energy Mater. 10(16), 2000184 
(2020). https://​doi.​org/​10.​1002/​aenm.​20200​0184

https://doi.org/10.1002/smll.202311509
https://doi.org/10.1002/smll.202311509
https://doi.org/10.1002/anie.202206460
https://doi.org/10.1002/anie.202206460
https://doi.org/10.1038/s41467-025-61871-2
https://doi.org/10.1038/s41467-025-61871-2
https://doi.org/10.1016/j.carbon.2019.05.058
https://doi.org/10.1016/j.carbon.2019.05.058
https://doi.org/10.1021/jacs.4c08205
https://doi.org/10.1039/D1EE01487K
https://doi.org/10.1039/D1EE01487K
https://doi.org/10.1021/jacs.4c00948
https://doi.org/10.1149/1.2100456
https://doi.org/10.26599/nre.2023.9120063
https://doi.org/10.1126/sciadv.add6978
https://doi.org/10.1126/sciadv.add6978
https://doi.org/10.1039/D0CS00575D
https://doi.org/10.1007/s40820-024-01562-7
https://doi.org/10.1007/s40820-024-01562-7
https://doi.org/10.1002/adma.202107956
https://doi.org/10.1002/adma.202107956
https://doi.org/10.1039/c7cs00542c
https://doi.org/10.1002/aenm.202301391
https://doi.org/10.1002/aenm.202301391
https://doi.org/10.1002/anie.202408736
https://doi.org/10.1002/anie.202408736
https://doi.org/10.1021/jacs.0c04867
https://doi.org/10.1021/jacs.0c04867
https://doi.org/10.1038/s41929-021-00703-0
https://doi.org/10.1038/s41467-023-37008-8
https://doi.org/10.1038/s41467-025-57864-w
https://doi.org/10.1038/s41467-025-57864-w
https://doi.org/10.1038/s41467-025-63397-z
https://doi.org/10.1038/s41467-025-63397-z
https://doi.org/10.1021/acs.chemmater.9b02318
https://doi.org/10.1021/acs.chemmater.9b02318
https://doi.org/10.1002/advs.202304071
https://doi.org/10.1002/advs.202304071
https://doi.org/10.1002/aenm.202000184


Nano-Micro Lett.          (2026) 18:170 	 Page 49 of 52    170 

	133.	 Y. Xue, J. Fang, X. Wang, Z. Xu, Y. Zhang et al., Sulfate-
functionalized RuFeOx as highly efficient oxygen evolution 
reaction electrocatalyst in acid. Adv. Funct. Mater. 31(32), 
2101405 (2021). https://​doi.​org/​10.​1002/​adfm.​20210​1405

	134.	 Y. Lin, B. Chen, D. Huang, Z. Yang, A. Lu et al., Solid-
liquid interfacial hydrogen bond-mediated mass transfer 
toward industrial water electrolysis. Angew. Chem. Int. 
Ed. 64(26), e202502151 (2025). https://​doi.​org/​10.​1002/​
anie.​20250​2151

	135.	 J. Wang, Controlling dynamic reconstruction chemistry for 
superior oxygen-evolving catalysts. Chem 9(7), 1645–1657 
(2023). https://​doi.​org/​10.​1016/j.​chempr.​2023.​06.​001

	136.	 T. Li, O. Kasian, S. Cherevko, S. Zhang, S. Geiger et al., 
Atomic-scale insights into surface species of electrocatalysts 
in three dimensions. Nat. Catal. 1(4), 300–305 (2018). https://​
doi.​org/​10.​1038/​s41929-​018-​0043-3

	137.	 R. Mehmood, W. Fan, X. Hu, J. Li, P. Liu et al., Confirming 
high-valent iron as highly active species of water oxidation 
on the Fe, V-coupled bimetallic electrocatalyst: in situ analy-
sis of X-ray absorption and mössbauer spectroscopy. J. Am. 
Chem. Soc. 145(22), 12206–12213 (2023). https://​doi.​org/​
10.​1021/​jacs.​3c022​88

	138.	 N. Xu, Y. Jin, Q. Liu, M. Yu, X. Wang et al., Rational design 
of diatomic active sites for elucidating oxygen evolution 
reaction performance trends. Angew. Chem. Int. Ed. 64(1), 
e202413749 (2025). https://​doi.​org/​10.​1002/​anie.​20241​3749

	139.	 J. Halldin Stenlid, M. Görlin, O. Diaz-Morales, B. Davies, 
V. Grigorev et al., Operando characterization of Fe in doped 
nix(Fe1–x)OyHz catalysts for electrochemical oxygen evolu-
tion. J. Am. Chem. Soc. 147(5), 4120–4134 (2025). https://​
doi.​org/​10.​1021/​jacs.​4c134​17

	140.	 G. Zhao, Y. Yao, W. Lu, G. Liu, X. Guo et al., Direct observa-
tion of oxygen evolution and surface restructuring on Mn2O3 
nanocatalysts using in situ and ex situ transmission electron 
microscopy. Nano Lett. 21(16), 7012–7020 (2021). https://​
doi.​org/​10.​1021/​acs.​nanol​ett.​1c023​78

	141.	 F. Cheng, Z. Li, L. Wang, B. Yang, J. Lu et al., In situ iden-
tification of the electrocatalytic water oxidation behavior of 
a nickel-based metal–organic framework nanoarray. Mater. 
Horiz. 8(2), 556–564 (2021). https://​doi.​org/​10.​1039/​D0MH0​
1757D

	142.	 Y.N. Xu, B. Mei, Q. Xu, H.Q. Fu, X.Y. Zhang et al., In 
situ/operando synchrotron radiation analytical techniques 
for CO2/CO reduction reaction: from atomic scales to 
mesoscales. Angew. Chem. Int. Ed. 63(25), e202404213 
(2024). https://​doi.​org/​10.​1002/​anie.​20240​4213

	143.	 J. Li, H. Xiong, X. Liu, D. Wu, D. Su et al., Weak CO 
binding sites induced by Cu-Ag interfaces promote CO 
electroreduction to multi-carbon liquid products. Nat. 
Commun. 14(1), 698 (2023). https://​doi.​org/​10.​1038/​
s41467-​023-​36411-5

	144.	 J. Liu, P. Li, J. Bi, S. Jia, Y. Wang et al., Switching between 
C(2+) products and CH(4) in CO2 electrolysis by tuning the 
composition and structure of rare-earth/copper catalysts. J. 
Am. Chem. Soc. 145(42), 23037–23047 (2023). https://​doi.​
org/​10.​1021/​jacs.​3c055​62

	145.	 C.-S. Hsu, J. Wang, Y.-C. Chu, J.-H. Chen, C.-Y. Chien 
et al., Activating dynamic atomic-configuration for single-
site electrocatalyst in electrochemical CO2 reduction. Nat. 
Commun. 14(1), 5245 (2023). https://​doi.​org/​10.​1038/​
s41467-​023-​40970-y

	146.	 H. Xiong, Q. Sun, K. Chen, Y. Xu, X. Chang et al., Correlat-
ing the experimentally determined CO adsorption enthalpy 
with the electrochemical CO reduction performance on Cu 
surfaces. Angew. Chem. Int. Ed. 62(10), e202218447 (2023). 
https://​doi.​org/​10.​1002/​anie.​20221​8447

	147.	 X. Ding, J. Zhang, Y. Li, CO electroreduction: what can we 
learn from its parent reaction, CO2 electroreduction? eSci-
ence 3(6), 100137 (2023). https://​doi.​org/​10.​1016/j.​esci.​2023.​
100137

	148.	 M. Chen, C. Guo, L. Qin, L. Wang, L. Qiao et al., Atomi-
cally precise Cu nanoclusters: recent advances, challenges, 
and perspectives in synthesis and catalytic applications. 
Nano-Micro Lett. 17(1), 83 (2024). https://​doi.​org/​10.​1007/​
s40820-​024-​01555-6

	149.	 C.-X. Cui, Y. Shen, J.-R. He, Y. Fu, X. Hong et al., Quantita-
tive insight into the electric field effect on CO2 electrocataly-
sis via machine learning spectroscopy. J. Am. Chem. Soc. 
146(50), 34551–34559 (2024). https://​doi.​org/​10.​1021/​jacs.​
4c121​74

	150.	 W. Gao, Y. Xu, L. Fu, X. Chang, B. Xu, Experimental 
evidence of distinct sites for CO2-to-CO and CO conver-
sion on Cu in the electrochemical CO2 reduction reaction. 
Nat. Catal. 6(10), 885–894 (2023). https://​doi.​org/​10.​1038/​
s41929-​023-​01002-6

	151.	 Y. Zhao, X.-G. Zhang, N. Bodappa, W.-M. Yang, Q. Liang 
et al., Elucidating electrochemical CO2 reduction reaction 
processes on Cu(hkl) single-crystal surfaces by in situ Raman 
spectroscopy. Energy Environ. Sci. 15(9), 3968–3977 (2022). 
https://​doi.​org/​10.​1039/​D2EE0​1334G

	152.	 Z.-Z. Wu, X.-L. Zhang, Z.-Z. Niu, F.-Y. Gao, P.-P. Yang et al., 
Identification of Cu(100)/Cu(111) interfaces as superior 
active sites for CO dimerization during CO2 electroreduc-
tion. J. Am. Chem. Soc. 144(1), 259–269 (2022). https://​doi.​
org/​10.​1021/​jacs.​1c095​08

	153.	 D. Zhong, Z.-J. Zhao, Q. Zhao, D. Cheng, B. Liu et al., Cou-
pling of Cu(100) and (110) facets promotes carbon dioxide 
conversion to hydrocarbons and alcohols. Angew. Chem. Int. 
Ed. 60(9), 4879–4885 (2021). https://​doi.​org/​10.​1002/​anie.​
20201​5159

	154.	 Y. Yang, S. Louisia, S. Yu, J. Jin, I. Roh et al., Operando 
studies reveal active Cu nanograins for CO2 electroreduction. 
Nature 614(7947), 262–269 (2023). https://​doi.​org/​10.​1038/​
s41586-​022-​05540-0

	155.	 Q. Zhang, Z. Song, X. Sun, Y. Liu, J. Wan et al., Atomic 
dynamics of electrified solid-liquid interfaces in liquid-cell 
TEM. Nature 630(8017), 643–647 (2024). https://​doi.​org/​10.​
1038/​s41586-​024-​07479-w

	156.	 Q. Lei, L. Huang, J. Yin, B. Davaasuren, Y. Yuan et al., Struc-
tural evolution and strain generation of derived-Cu catalysts 
during CO2 electroreduction. Nat. Commun. 13(1), 4857 
(2022). https://​doi.​org/​10.​1038/​s41467-​022-​32601-9

https://doi.org/10.1002/adfm.202101405
https://doi.org/10.1002/anie.202502151
https://doi.org/10.1002/anie.202502151
https://doi.org/10.1016/j.chempr.2023.06.001
https://doi.org/10.1038/s41929-018-0043-3
https://doi.org/10.1038/s41929-018-0043-3
https://doi.org/10.1021/jacs.3c02288
https://doi.org/10.1021/jacs.3c02288
https://doi.org/10.1002/anie.202413749
https://doi.org/10.1021/jacs.4c13417
https://doi.org/10.1021/jacs.4c13417
https://doi.org/10.1021/acs.nanolett.1c02378
https://doi.org/10.1021/acs.nanolett.1c02378
https://doi.org/10.1039/D0MH01757D
https://doi.org/10.1039/D0MH01757D
https://doi.org/10.1002/anie.202404213
https://doi.org/10.1038/s41467-023-36411-5
https://doi.org/10.1038/s41467-023-36411-5
https://doi.org/10.1021/jacs.3c05562
https://doi.org/10.1021/jacs.3c05562
https://doi.org/10.1038/s41467-023-40970-y
https://doi.org/10.1038/s41467-023-40970-y
https://doi.org/10.1002/anie.202218447
https://doi.org/10.1016/j.esci.2023.100137
https://doi.org/10.1016/j.esci.2023.100137
https://doi.org/10.1007/s40820-024-01555-6
https://doi.org/10.1007/s40820-024-01555-6
https://doi.org/10.1021/jacs.4c12174
https://doi.org/10.1021/jacs.4c12174
https://doi.org/10.1038/s41929-023-01002-6
https://doi.org/10.1038/s41929-023-01002-6
https://doi.org/10.1039/D2EE01334G
https://doi.org/10.1021/jacs.1c09508
https://doi.org/10.1021/jacs.1c09508
https://doi.org/10.1002/anie.202015159
https://doi.org/10.1002/anie.202015159
https://doi.org/10.1038/s41586-022-05540-0
https://doi.org/10.1038/s41586-022-05540-0
https://doi.org/10.1038/s41586-024-07479-w
https://doi.org/10.1038/s41586-024-07479-w
https://doi.org/10.1038/s41467-022-32601-9


	 Nano-Micro Lett.          (2026) 18:170   170   Page 50 of 52

https://doi.org/10.1007/s40820-025-02014-6© The authors

	157.	 X. Su, Z. Jiang, J. Zhou, H. Liu, D. Zhou et al., Complemen-
tary operando spectroscopy identification of in situ gener-
ated metastable charge-asymmetry Cu(2)-CuN(3) clusters for 
CO2 reduction to ethanol. Nat. Commun. 13(1), 1322 (2022). 
https://​doi.​org/​10.​1038/​s41467-​022-​29035-8

	158.	 H. Li, X. Li, P. Wang, Z. Zhang, K. Davey et al., Machine 
learning big data set analysis reveals C-C electro-coupling 
mechanism. J. Am. Chem. Soc. 146(32), 22850–22858 
(2024). https://​doi.​org/​10.​1021/​jacs.​4c090​79

	159.	 G.H. Simon, C.S. Kley, B. Roldan Cuenya, Potential-depend-
ent morphology of copper catalysts during CO2 electrore-
duction revealed by in situ atomic force microscopy. Angew. 
Chem. Int. Ed. 60(5), 2561–2568 (2021). https://​doi.​org/​10.​
1002/​anie.​20201​0449

	160.	 F. Scholten, K.C. Nguyen, J.P. Bruce, M. Heyde, B. Roldan 
Cuenya, Identifying structure–selectivity correlations in the 
electrochemical reduction of CO2: a comparison of well-
ordered atomically clean and chemically etched copper sin-
gle-crystal surfaces. Angew. Chem. Int. Ed. 60(35), 19169–
19175 (2021). https://​doi.​org/​10.​1002/​anie.​20210​3102

	161.	 R. Amirbeigiarab, J. Tian, A. Herzog, C. Qiu, A. Bergmann 
et al., Atomic-scale surface restructuring of copper electrodes 
under CO2 electroreduction conditions. Nat. Catal. 6(9), 837–
846 (2023). https://​doi.​org/​10.​1038/​s41929-​023-​01009-z

	162.	 M.C.O. Monteiro, F. Dattila, B. Hagedoorn, R. García-
Muelas, N. López et al., Absence of CO2 electroreduction 
on copper, gold and silver electrodes without metal cations 
in solution. Nat. Catal. 4(8), 654–662 (2021). https://​doi.​org/​
10.​1038/​s41929-​021-​00655-5

	163.	 Q. Liu, W. Yang, Resolving non-covalent interactions 
between surface hydroxyl on Cu and interfacial water in alka-
line CO electroreduction. Nat. Catal. 8(8), 843–852 (2025). 
https://​doi.​org/​10.​1038/​s41929-​025-​01396-5

	164.	 Y. Xu, Z. Xia, W. Gao, H. Xiao, B. Xu, Cation effect on the 
elementary steps of the electrochemical CO reduction reac-
tion on Cu. Nat. Catal. 7(10), 1120–1129 (2024). https://​doi.​
org/​10.​1038/​s41929-​024-​01227-z

	165.	 J.-M. McGregor, J.T. Bender, A.S. Petersen, L. Cañada, J. 
Rossmeisl et al., Organic electrolyte cations promote non-
aqueous CO2 reduction by mediating interfacial electric 
fields. Nat. Catal. 8(1), 79–91 (2025). https://​doi.​org/​10.​1038/​
s41929-​024-​01278-2

	166.	 Y. Wang, S. Zhou, Y. Zheng, Y. Wang, Y. Hou et al., Meas-
urements of local pH gradients for electrocatalysts in the 
oxygen evolution reaction by electrochemiluminescence. J. 
Am. Chem. Soc. 147(22), 19380–19390 (2025). https://​doi.​
org/​10.​1021/​jacs.​5c048​96

	167.	 K.J.P. Schouten, Z. Qin, E. Pérez Gallent, M.T.M. Koper, 
Two pathways for the formation of ethylene in CO reduc-
tion on single-crystal copper electrodes. J. Am. Chem. Soc. 
134(24), 9864–9867 (2012). https://​doi.​org/​10.​1021/​ja302​
668n

	168.	 X. Wang, K. Klingan, M. Klingenhof, T. Möller, J. Fer-
reira de Araújo et al., Morphology and mechanism of highly 
selective Cu(II) oxide nanosheet catalysts for carbon dioxide 

electroreduction. Nat. Commun. 12(1), 794 (2021). https://​
doi.​org/​10.​1038/​s41467-​021-​20961-7

	169.	 J.-P. Grote, A.R. Zeradjanin, S. Cherevko, A. Savan, B. Breit-
bach et al., Screening of material libraries for electrochemical 
CO2 reduction catalysts–improving selectivity of Cu by mix-
ing with Co. J. Catal. 343, 248–256 (2016). https://​doi.​org/​
10.​1016/j.​jcat.​2016.​02.​026

	170.	 M. Choi, S. Bae, Y. Kim, Y. Lee, M. Cho et al., Selective 
formaldehyde condensation on phosphorus-rich copper cata-
lyst to produce liquid C3+ chemicals in electrocatalytic CO2 
reduction. Nat. Catal. 8(5), 476–486 (2025). https://​doi.​org/​
10.​1038/​s41929-​025-​01341-6

	171.	 X. Wang, S. Jiang, W. Hu, S. Ye, T. Wang et al., Quantita-
tively determining surface–adsorbate properties from vibra-
tional spectroscopy with interpretable machine learning. J. 
Am. Chem. Soc. 144(35), 16069–16076 (2022). https://​doi.​
org/​10.​1021/​jacs.​2c062​88

	172.	 C. Bozal-Ginesta, S. Pablo-García, C. Choi, A. Tarancón, A. 
Aspuru-Guzik, Developing machine learning for heterogene-
ous catalysis with experimental and computational data. Nat. 
Rev. Chem. 9(9), 601–616 (2025). https://​doi.​org/​10.​1038/​
s41570-​025-​00740-4

	173.	 M. Rüscher, A. Herzog, J. Timoshenko, H.S. Jeon, W. Frand-
sen et al., Tracking heterogeneous structural motifs and the 
redox behaviour of copper–zinc nanocatalysts for the electro-
catalytic CO2 reduction using operando time resolved spec-
troscopy and machine learning. Catal. Sci. Technol. 12(9), 
3028–3043 (2022). https://​doi.​org/​10.​1039/​d2cy0​0227b

	174.	 Y. Yang, J. Feijóo, M. Figueras-Valls, C. Chen, C. Shi et al., 
Operando probing dynamic migration of copper carbonyl 
during electrocatalytic CO2 reduction. Nat. Catal. 8(6), 579–
594 (2025). https://​doi.​org/​10.​1038/​s41929-​025-​01359-w

	175.	 M.-J. Xiao, H. Zhang, B. Ma, Z.-Q. Zhang, X.-Y. Li et al., 
Template-free synthesis of a yolk–shell Co3O4/nitrogen-
doped carbon microstructure for excellent lithium ion stor-
age. J. Mater. Chem. A 9(43), 24548–24559 (2021). https://​
doi.​org/​10.​1039/​d1ta0​7221h

	176.	 M.-J. Xiao, B. Ma, Z.-Q. Zhang, Q. Xiao, X.-Y. Li et al., Car-
bon nano-onion encapsulated cobalt nanoparticles for oxygen 
reduction and lithium-ion batteries. J. Mater. Chem. A 9(11), 
7227–7237 (2021). https://​doi.​org/​10.​1039/​D0TA1​2504K

	177.	 M.-J. Xiao, B. Ma, H. Zhang, X.-Y. Li, Q. Wang et al., Hol-
low NiO/carbon pompons for efficient lithium ion storage. J. 
Mater. Chem. A 10(40), 21492–21502 (2022). https://​doi.​org/​
10.​1039/​d2ta0​5746h

	178.	 S. Kaboli, H. Demers, A. Paolella, A. Darwiche, M. Don-
tigny et al., Behavior of solid electrolyte in Li-polymer 
battery with NMC cathode via in situ scanning electron 
microscopy. Nano Lett. 20(3), 1607–1613 (2020). https://​
doi.​org/​10.​1021/​acs.​nanol​ett.​9b044​52

	179.	 S. Qin, Y. Yu, J. Zhang, Y. Ren, C. Sun et al., Separator-
free in situ dual-curing solid polymer electrolytes with 
enhanced interfacial contact for achieving ultrastable lith-
ium-metal batteries. Adv. Energy Mater. 13(34), 2301470 
(2023). https://​doi.​org/​10.​1002/​aenm.​20230​1470

https://doi.org/10.1038/s41467-022-29035-8
https://doi.org/10.1021/jacs.4c09079
https://doi.org/10.1002/anie.202010449
https://doi.org/10.1002/anie.202010449
https://doi.org/10.1002/anie.202103102
https://doi.org/10.1038/s41929-023-01009-z
https://doi.org/10.1038/s41929-021-00655-5
https://doi.org/10.1038/s41929-021-00655-5
https://doi.org/10.1038/s41929-025-01396-5
https://doi.org/10.1038/s41929-024-01227-z
https://doi.org/10.1038/s41929-024-01227-z
https://doi.org/10.1038/s41929-024-01278-2
https://doi.org/10.1038/s41929-024-01278-2
https://doi.org/10.1021/jacs.5c04896
https://doi.org/10.1021/jacs.5c04896
https://doi.org/10.1021/ja302668n
https://doi.org/10.1021/ja302668n
https://doi.org/10.1038/s41467-021-20961-7
https://doi.org/10.1038/s41467-021-20961-7
https://doi.org/10.1016/j.jcat.2016.02.026
https://doi.org/10.1016/j.jcat.2016.02.026
https://doi.org/10.1038/s41929-025-01341-6
https://doi.org/10.1038/s41929-025-01341-6
https://doi.org/10.1021/jacs.2c06288
https://doi.org/10.1021/jacs.2c06288
https://doi.org/10.1038/s41570-025-00740-4
https://doi.org/10.1038/s41570-025-00740-4
https://doi.org/10.1039/d2cy00227b
https://doi.org/10.1038/s41929-025-01359-w
https://doi.org/10.1039/d1ta07221h
https://doi.org/10.1039/d1ta07221h
https://doi.org/10.1039/D0TA12504K
https://doi.org/10.1039/d2ta05746h
https://doi.org/10.1039/d2ta05746h
https://doi.org/10.1021/acs.nanolett.9b04452
https://doi.org/10.1021/acs.nanolett.9b04452
https://doi.org/10.1002/aenm.202301470


Nano-Micro Lett.          (2026) 18:170 	 Page 51 of 52    170 

	180.	 L. Zhang, T. Yang, C. Du, Q. Liu, Y. Tang et al., Lithium 
whisker growth and stress generation in an in situ atomic 
force microscope-environmental transmission electron 
microscope set-up. Nat. Nanotechnol. 15(2), 94–98 (2020). 
https://​doi.​org/​10.​1038/​s41565-​019-​0604-x

	181.	 X. Meng, Z. Bi, X. Wang, G. Shang, A novel design for 
the combination of electrochemical atomic force micros-
copy and Raman spectroscopy in reflection mode for in situ 
study of battery materials. Rev. Sci. Instrum. 93(7), 073707 
(2022). https://​doi.​org/​10.​1063/5.​00967​66

	182.	 D. Zhang, J. Lu, C. Pei, S. Ni, Electrochemical activa-
tion, sintering, and reconstruction in energy-storage tech-
nologies: origin, development, and prospects. Adv. Energy 
Mater. 12(19), 2103689 (2022). https://​doi.​org/​10.​1002/​
aenm.​20210​3689

	183.	 C. Xu, K. Märker, J. Lee, A. Mahadevegowda, P.J. Reeves 
et al., Bulk fatigue induced by surface reconstruction in lay-
ered Ni-rich cathodes for Li-ion batteries. Nat. Mater. 20(1), 
84–92 (2021). https://​doi.​org/​10.​1038/​s41563-​020-​0767-8

	184.	 R. Endo, T. Ohnishi, K. Takada, T. Masuda, In situ obser-
vation of lithiation and delithiation reactions of a silicon 
thin film electrode for all-solid-state lithium-ion batteries 
by X-ray photoelectron spectroscopy. J. Phys. Chem. Lett. 
11(16), 6649–6654 (2020). https://​doi.​org/​10.​1021/​acs.​jpcle​
tt.​0c019​06

	185.	 X.H. Liu, L. Zhong, S. Huang, S.X. Mao, T. Zhu et al., Size-
dependent fracture of silicon nanoparticles during lithiation. 
ACS Nano 6(2), 1522–1531 (2012). https://​doi.​org/​10.​1021/​
nn204​476h

	186.	 J. Wan, Y. Hao, Y. Shi, Y.-X. Song, H.-J. Yan et al., Ultra-
thin solid electrolyte interphase evolution and wrinkling pro-
cesses in molybdenum disulfide-based lithium-ion batteries. 
Nat. Commun. 10(1), 3265 (2019). https://​doi.​org/​10.​1038/​
s41467-​019-​11197-7

	187.	 Y. Gu, E.-M. You, J.-D. Lin, J.-H. Wang, S.-H. Luo et al., 
Resolving nanostructure and chemistry of solid-electrolyte 
interphase on lithium anodes by depth-sensitive plasmon-
enhanced Raman spectroscopy. Nat. Commun. 14(1), 3536 
(2023). https://​doi.​org/​10.​1038/​s41467-​023-​39192-z

	188.	 Y. Lu, Q. Cao, W. Zhang, T. Zeng, Y. Ou et al., Breaking 
the molecular symmetricity of sulfonimide anions for high-
performance lithium metal batteries under extreme cycling 
conditions. Nat. Energy 10(2), 191–204 (2025). https://​doi.​
org/​10.​1038/​s41560-​024-​01679-4

	189.	 Y. Feng, L. Zhou, H. Ma, Z. Wu, Q. Zhao et al., Challenges 
and advances in wide-temperature rechargeable lithium 
batteries. Energy Environ. Sci. 15(5), 1711–1759 (2022). 
https://​doi.​org/​10.​1039/​d1ee0​3292e

	190.	 W. Wang, Y. Zhang, B. Xie, L. Huang, S. Dong et al., Deci-
phering advanced sensors for life and safety monitoring 
of lithium batteries. Adv. Energy Mater. 14(24), 2304173 
(2024). https://​doi.​org/​10.​1002/​aenm.​20230​4173

	191.	 S. Huang, Z. Du, Q. Zhou, K. Snyder, S. Liu et  al., In 
situ measurement of temperature distributions in a Li-ion 
cell during internal short circuit and thermal runaway. J. 

Electrochem. Soc. 168(9), 090510 (2021). https://​doi.​org/​
10.​1149/​1945-​7111/​ac1d7b

	192.	 M. Nascimento, M.S. Ferreira, J.L. Pinto, Real time ther-
mal monitoring of lithium batteries with fiber sensors and 
thermocouples: a comparative study. Measurement 111, 
260–263 (2017). https://​doi.​org/​10.​1016/j.​measu​rement.​
2017.​07.​049

	193.	 M. Nascimento, T. Paixão, M.S. Ferreira, J.L. Pinto, Ther-
mal mapping of a lithium polymer batteries pack with FBGs 
network. Batteries 4(4), 67 (2018). https://​doi.​org/​10.​3390/​
batte​ries4​040067

	194.	 W. Zhang, D. Schröder, T. Arlt, I. Manke, R. Koerver et al., 
(Electro)chemical expansion during cycling: monitoring the 
pressure changes in operating solid-state lithium batteries. J. 
Mater. Chem. A 5(20), 9929–9936 (2017). https://​doi.​org/​10.​
1039/​C7TA0​2730C

	195.	 J. Zhang, M. Xiao, T. Liu, Y. Meng, F. Zhu et al., Conductive 
V2O3 electrocatalyst on carbon hollow spheres to accelerate 
polysulfide conversion for long-cycle and high-rate lithium 
sulfur batteries. Green Chem. 26(9), 5546–5555 (2024). 
https://​doi.​org/​10.​1039/​d3gc0​5055f

	196.	 S. Zhou, J. Shi, S. Liu, G. Li, F. Pei et  al., Visualizing 
interfacial collective reaction behaviour of Li-S batteries. 
Nature 621(7977), 75–81 (2023). https://​doi.​org/​10.​1038/​
s41586-​023-​06326-8

	197.	 Y. Li, Q. Liu, S. Wu, L. Geng, J. Popovic et al., Unraveling 
the reaction mystery of Li and Na with dry air. J. Am. Chem. 
Soc. 145(19), 10576–10583 (2023). https://​doi.​org/​10.​1021/​
jacs.​2c135​89

	198.	 B. Choi, K.-G. Kim, M. Lim, B. Kim, J. Seo et al., Surface 
adaptive dual-layer protection of Li-metal anode for extend-
ing cycle-life of Li–sulfur batteries with lean electrolyte. 
Adv. Funct. Mater. 34(28), 2316838 (2024). https://​doi.​org/​
10.​1002/​adfm.​20231​6838

	199.	 Z.-Z. Shen, S.-Y. Lang, C. Zhou, R. Wen, L.-J. Wan, In 
situ realization of water-mediated interfacial processes at 
nanoscale in aprotic Li–O2 batteries. Adv. Energy Mater. 
10(46), 2002339 (2020). https://​doi.​org/​10.​1002/​aenm.​20200​
2339

	200.	 M.M. Rahman, A. Ronne, N. Wang, Y. Du, E. Hu, Spatial 
progression of polysulfide reactivity with lithium nitrate 
in Li–sulfur batteries. ACS Energy Lett. 9(5), 2024–2030 
(2024). https://​doi.​org/​10.​1021/​acsen​ergyl​ett.​4c004​53

	201.	 Z. Ning, D.S. Jolly, G. Li, R. De Meyere, S.D. Pu et al., Visu-
alizing plating-induced cracking in lithium-anode solid-elec-
trolyte cells. Nat. Mater. 20(8), 1121–1129 (2021). https://​
doi.​org/​10.​1038/​s41563-​021-​00967-8

	202.	 R. Liu, Z. Wei, L. Peng, L. Zhang, A. Zohar et al., Estab-
lishing reaction networks in the 16-electron sulfur reduction 
reaction. Nature 626(7997), 98–104 (2024). https://​doi.​org/​
10.​1038/​s41586-​023-​06918-4

	203.	 W. Zhang, J. Zhu, Y. Ye, J. She, X. Kong et al., Suppressing 
shuttle effect via cobalt phthalocyanine mediated dissocia-
tion of lithium polysulfides for enhanced Li-S battery perfor-
mance. Adv. Funct. Mater. 34(40), 2403888 (2024). https://​
doi.​org/​10.​1002/​adfm.​20240​3888

https://doi.org/10.1038/s41565-019-0604-x
https://doi.org/10.1063/5.0096766
https://doi.org/10.1002/aenm.202103689
https://doi.org/10.1002/aenm.202103689
https://doi.org/10.1038/s41563-020-0767-8
https://doi.org/10.1021/acs.jpclett.0c01906
https://doi.org/10.1021/acs.jpclett.0c01906
https://doi.org/10.1021/nn204476h
https://doi.org/10.1021/nn204476h
https://doi.org/10.1038/s41467-019-11197-7
https://doi.org/10.1038/s41467-019-11197-7
https://doi.org/10.1038/s41467-023-39192-z
https://doi.org/10.1038/s41560-024-01679-4
https://doi.org/10.1038/s41560-024-01679-4
https://doi.org/10.1039/d1ee03292e
https://doi.org/10.1002/aenm.202304173
https://doi.org/10.1149/1945-7111/ac1d7b
https://doi.org/10.1149/1945-7111/ac1d7b
https://doi.org/10.1016/j.measurement.2017.07.049
https://doi.org/10.1016/j.measurement.2017.07.049
https://doi.org/10.3390/batteries4040067
https://doi.org/10.3390/batteries4040067
https://doi.org/10.1039/C7TA02730C
https://doi.org/10.1039/C7TA02730C
https://doi.org/10.1039/d3gc05055f
https://doi.org/10.1038/s41586-023-06326-8
https://doi.org/10.1038/s41586-023-06326-8
https://doi.org/10.1021/jacs.2c13589
https://doi.org/10.1021/jacs.2c13589
https://doi.org/10.1002/adfm.202316838
https://doi.org/10.1002/adfm.202316838
https://doi.org/10.1002/aenm.202002339
https://doi.org/10.1002/aenm.202002339
https://doi.org/10.1021/acsenergylett.4c00453
https://doi.org/10.1038/s41563-021-00967-8
https://doi.org/10.1038/s41563-021-00967-8
https://doi.org/10.1038/s41586-023-06918-4
https://doi.org/10.1038/s41586-023-06918-4
https://doi.org/10.1002/adfm.202403888
https://doi.org/10.1002/adfm.202403888


	 Nano-Micro Lett.          (2026) 18:170   170   Page 52 of 52

https://doi.org/10.1007/s40820-025-02014-6© The authors

	204.	 Z. Yu, B. Wang, X. Liao, K. Zhao, Z. Yang et al., Boosting 
polysulfide redox kinetics by graphene-supported Ni nano-
particles with carbon coating. Adv. Energy Mater. 10(25), 
2000907 (2020). https://​doi.​org/​10.​1002/​aenm.​20200​0907

	205.	 L. Jia, J. Wang, S. Ren, G. Ren, X. Jin et al., Unraveling shut-
tle effect and suppression strategy in lithium/sulfur cells by 
in situ/operando X-ray absorption spectroscopic characteriza-
tion. Energy Environ. Mater. 4(2), 222–228 (2021). https://​
doi.​org/​10.​1002/​eem2.​12152

	206.	 Z. Liang, Y. Xiang, K. Wang, J. Zhu, Y. Jin et al., Under-
standing the failure process of sulfide-based all-solid-state 
lithium batteries via operando nuclear magnetic resonance 
spectroscopy. Nat. Commun. 14(1), 259 (2023). https://​doi.​
org/​10.​1038/​s41467-​023-​35920-7

	207.	 Z. Zhao, L. Pang, Y. Wu, Y. Chen, Z. Peng, In situ spec-
troscopic probing of oxygen crossover effects on solid elec-
trolyte interphase in aprotic lithium-oxygen batteries. Adv. 
Energy Mater. 13(29), 2301127 (2023). https://​doi.​org/​10.​
1002/​aenm.​20230​1127

	208.	 C. Xu, A. Ge, K. Kannari, B. Peng, M. Xue et al., The deci-
sive role of Li2O2 desorption for oxygen reduction reaction in 
Li–O2 batteries. ACS Energy Lett. 8(3), 1289–1299 (2023). 
https://​doi.​org/​10.​1021/​acsen​ergyl​ett.​2c027​14

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/aenm.202000907
https://doi.org/10.1002/eem2.12152
https://doi.org/10.1002/eem2.12152
https://doi.org/10.1038/s41467-023-35920-7
https://doi.org/10.1038/s41467-023-35920-7
https://doi.org/10.1002/aenm.202301127
https://doi.org/10.1002/aenm.202301127
https://doi.org/10.1021/acsenergylett.2c02714

	In situ Studies of Electrochemical Energy Conversion and Storage Technologies: From Materials, Intermediates, and Products to Surroundings
	Highlights
	Abstract 
	1 Introduction
	2 In situ Characterization Techniques
	2.1 Characterization of Materials
	2.1.1 Electron Microscopy
	2.1.2 Optical Microscopy
	2.1.3 Probe Characterization Techniques
	2.1.4 X-ray Characterization Techniques
	2.1.5 Electrochemical Impedance Spectroscopy (EIS)

	2.2 Probing of Intermediate Species
	2.2.1 X-ray Absorption Spectroscopy (XAS)
	2.2.2 Infrared Absorption Spectroscopy (IR)
	2.2.3 Raman Spectroscopy
	2.2.4 Electron Paramagnetic Resonance (EPR)

	2.3 Detection of Products
	2.3.1 Nuclear Magnetic Resonance (NMR)
	2.3.2 Chromatographic Characterization Techniques
	2.3.3 Mass Spectrometry (MS)

	2.4 Sensing of Reaction Environment
	2.5 Combination of Various in situ Techniques for Comprehensive Mechanistic Insights
	2.6 AI-assisted in situ Characterization Techniques

	3 In situ Studies of EECSTs
	3.1 Fuel Cells
	3.1.1 Oxygen Reduction Reaction (ORR)
	3.1.2 Hydrogen Oxidation Reaction (HOR)

	3.2 Water Electrolysis
	3.2.1 Hydrogen Evolution Reaction (HER)
	3.2.2 Oxygen Evolution Reaction (OER)

	3.3 Carbon Dioxide Reduction (CO2RR)
	3.4 Lithium-ion Batteries
	3.5 Li-sulfurLi-oxygen Batteries

	4 Conclusions and Outlook
	Acknowledgements 
	References


