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Abstract 1 

The electrochemical carbon dioxide reduction reaction (CO2RR) driven by renewable sources presents 2 

a promising avenue for converting CO2 into valuable fuels and chemicals, thereby addressing both 3 

energy and environmental challenges. However, the development of high performance CO2RR 4 

electrocatalysts has been impeded by a limited understanding of their dynamic evolution mechanisms, 5 

intrinsic stability factors, and activity origins under operational conditions. Transmission electron 6 

microscopy (TEM), with its nanoscale and atomic-level spatial resolution coupled with in situ 7 

microregional analyses, has emerged as an essential analytical tool in the study of heterogeneous 8 

electrocatalysis. In situ liquid cell TEM (LC-TEM) provides a powerful method for time-resolved 9 

monitoring of structural changes in catalysts during electrochemical CO2RR. By correlating these 10 

observations with corresponding product distributions and electrochemical signals, it becomes 11 

feasible to elucidate precise structure-activity relationships and the intrinsic activation/deactivation 12 

mechanisms of electrocatalysts, thereby addressing the existing knowledge gap in electrochemical 13 

CO2RR research. This critical review explores the evolution of in situ LC-TEM techniques and their 14 

applications in electrochemical CO2RR research, focusing on three key aspects: the dynamic evolution 15 

of morphology and size effects, the dynamic identification of active sites, and the dynamic 16 

transformation of crystal structure and composition. Additionally, we evaluate the current challenges 17 

facing in situ LC-TEM and offer recommendations for its future advancement in electrochemical CO2RR 18 

research. 19 

20 

Keywords: CO2 reduction reaction; electrocatalysis, transmission electron microscopy; in situ TEM; 21 

liquid cell 22 
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1. Introduction 1 

The Industrial Revolution has significant accelerated economic and industrial growth, albeit at the cost 2 

of increased fossil fuel dependence and excessive CO2 emissions.1,2 In response, there is a growing 3 

emphasis on utilizing renewable energy sources to drive CO2 reduction and convert it into value-added 4 

chemicals, addressing pressing environmental and energy challenges.3,4 The electrochemical CO2 5 

reduction reaction (CO2RR) stands out among CO2 utilization methods due to its mild operation 6 

conditions, high energy efficiency, tunable reaction kinetics, and flexible product distribution control.5-7 

7 Recent decades have witnessed significant advancements in CO2RR performance. Sargent's group has 8 

extensively investigated Cu-based catalysts, achieving highly selective generation of multicarbon 9 

products in acidic electrolytes.8-11 They demonstrated efficient CO2 electrolysis at pH < 1, attaining 77% 10 

single-pass CO2 utilization and up to 50% conversion efficiency for multicarbon products at 1.2 A cm-2 11 

and 4.2 V full cell voltage.9 Addressing industrialization challenges, Jiao and colleagues developed a 12 

tandem, kilowatt-scale CO2 electrolyzer producing 98 liters of 1.2 M acetate with 96% purity with a 13 

total cell current of 300 A over 125 hours.12 Concurrently, Han's team explored rare-earth metal 14 

integration with copper-based catalysts for multicarbon product generation under industrial current 15 

conditions.13-16 Their Gd-doped CuOx catalysts leveraged rare-earth metals’ properties to stabilize 16 

active Cu+ species and induce tensile strain for CO2 activation, achieving a partial current density of 444 17 

mA cm-2 at -0.8 V with 81.4% Faradaic efficiency for C2+ products.15 18 

 19 

Despite significant advancements in CO2RR performance, certain aspects of the reaction mechanisms 20 

remain elusive, primarily due to the complexity of multiple proton-coupled electron transfer steps and 21 

numerous reactive intermediates.17-22 To address these challenges, various in situ characterisation 22 

techniques have been developed and applied. In situ Fourier transform infrared spectroscopy (FTIR) 23 

and Raman spectroscopy are frequently employed to monitor catalyst surface information and identify 24 

reaction intermediates, but suffer from water peak interference and low sensitivity, respectively. 23,24 25 

In situ X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) provide 26 
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insights into element valence states and coordination environments, but are constrained by detection 1 

depth (1-10 nm) and averaged structural information.25-27 In CO2RR, the cathodic catalysts typically 2 

undergo reconstruction due to applied potentials.28-38 Elucidating these structural changes is essential 3 

for comprehending CO2RR mechanisms, as they correlate with catalyst activation/deactivation36 and 4 

structure-activity relationships.34 However, conventional in situ characterization techniques are limited 5 

in providing intuitive and precise information regarding alterations in catalyst morphology, 6 

components, valence states, and crystal structure during CO2 electrolysis at atomic level. This limitation 7 

necessitates the development of more advanced analytical methodologies to fully elucidate the 8 

dynamic processes occurring during CO2RR and to precisely tailor the synthesis of catalysts. 9 

 10 

Transmission electron microscopy (TEM) provides high-resolution spatial information on catalyst 11 

structural changes during CO2RR. Nevertheless, conventional ex situ TEM methods are limited in 12 

capturing dynamic catalyst evolution in real time and may misclassify active components due to post-13 

electroreduction and re-oxidation. To address these limitations, advanced in situ TEM techniques have 14 

been developed to visualize these processes at atomic level. Identical location TEM (IL-TEM) bridges 15 

the gap between ex situ and in situ TEM, allowing observation of the same catalyst before/after 16 

different electrochemical test and study of various degradation mechanisms in electrocatalysis. While 17 

IL-TEM only captures pre- and post- reaction states, it provides insights into phenomena like support 18 

medium corrosion or aggregation due to weakened catalyst-support interactions. However, it cannot 19 

differentiate between migration, detachment/re-attachment, and dissolution/redeposition processes 20 

when observing the same catalyst.39 Going one step further, in situ electrochemical liquid cell TEM (LC-21 

TEM) systems leverage microelectromechanical system (MEMS) micromachining to fabricate a nano-22 

laboratory within the sample stage, enabling time-resolved observations in liquid or gaseous 23 

environments incorporating heating and/or biasing the sample. For CO2RR studies, potentials are 24 

applied through MEMS chips to simulate authentic CO2 electrolysis conditions. When integrated with 25 

various state-of-the-art analytical techniques, such as electron energy loss spectroscopy (EELS)40, 26 
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selected area electron diffraction (SAED)41, and energy-dispersive X-ray spectroscopy (EDS)42, these 1 

advanced in situ or operando LC-TEM or liquid cell scanning TEM (LC-STEM) methodologies provide 2 

valuable insights into dynamic structural evolution, structure-activity relationships and activation/ 3 

deactivation mechanisms in CO2RR through direct visualization of the electrocatalytic processes. 4 

 5 

This review critically evaluates the development and applications of in situ LC-TEM in heterogeneous 6 

catalysis, with a focus on recent CO2RR studies. It delves into three key aspects: (1) dynamic evolution 7 

of morphology and size effects, (2) dynamic identification of active sites, and (3) dynamic 8 

transformations of crystal structure and composition. The review highlights the importance of 9 

understanding structure-activity relationships and activation/deactivation mechanisms of 10 

electrocatalysts using this technique. By addressing challenges in spatial resolution and 11 

electrochemical measurements, the review aims to improve imaging precision and accuracy of in situ 12 

LC-TEM studies. Additionally, it explores future directions for advancing this approach in 13 

electrocatalysis, including refinement of chip fabrication, development of advanced imaging 14 

technologies, and integration of machine learning. By providing time-resolved access to the chemical 15 

and structural information of catalysts during CO2RR, in situ LC-TEM techniques offer valuable insights 16 

into catalyst stability and reaction mechanisms. The ongoing advancement of these methods is 17 

anticipated to greatly enhance our understanding of structure-activity relationships under real-time 18 

conditions, potentially leading to breakthroughs in the design and optimization of catalysts for more 19 

efficient and selective CO2RR processes. 20 

 21 

2. In situ LC-TEM for heterogeneous electrocatalysis 22 

2.1 A concise overview of evolution of in situ LC-TEM 23 

TEM, pioneered by Ernst Ruska and Max Knoll in 1933 (Figure 1), has revolutionized analytical 24 

capabilities in physics, materials science, and biology by surpassing optical microscopy’s resolution 25 

limits.43-45 In situ TEM techniques aim to directly observe nanomaterial transformation processes and 26 
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elucidate chemical reaction mechanisms at atomic level, facilitating the synthesis of materials that can 1 

be understood, controlled, and designed based on the inherent nature of chemical reactions.46 Poppa’s 2 

seminal work in the 1960s demonstrated in situ TEM’s potential by enabling continuous observation 3 

of vapor-phase heterogeneous nucleation process of silver on amorphous carbon. 47 This research 4 

allowed direct measurement of absolute nucleation rates and precise nucleation size distribution 5 

functions.47 Despite these advancements, TEM’s high vacuum requirements hindered real-time 6 

observation of most heterogeneous reactions. The development of LC-TEM has provided researchers 7 

with a novel approach to investigate the real time microstructural evolution of substances in solution 8 

during chemical reactions, along with associated chemical and physical processes.48-52 Notably, Parsons 9 

made significant contributions to the field in the 1970s by advancing imaging capabilities for inorganic 10 

and biological samples in liquid media. This was achieved through modifications to the environmental 11 

chambers, enabling the utilization of both "open cells" and "closed cells" configurations.53 12 

 13 

In 2003, Ross et al. pioneered the integration of a microelectromechanical system (MEMS) into a 14 

custom-built electrochemical liquid cell for TEM imaging. 54 This cell, featuring two electrodes and two 15 

high flexural silicon nitride (SiNx) electron transparent windows, enabled real-time observation of 16 

nanoscale Cu cluster nucleation and growth on gold wire during electrodeposition. The technique 17 

achieved a spatial resolution of approximately 5 nm and a temporal resolution of 30 frames per second, 18 

facilitating the visualization of solid-liquid interface reactions.54 To address resolution limitations 19 

imposed by thicker liquid layers, Zheng et al. developed an improved SiNx liquid cell in 2009, featuring 20 

a thinner solution layer of 200 nm confined between two SiNx membranes with the thickness of 25 21 

nm.55 This design enhanced imaging resolution to the sub-nanometer scale, representing a significant 22 

progress in LC-TEM capabilities. This innovation enabled the first demonstration of platinum 23 

nanocrystals growth trajectories in liquids, allowing differentiation between monomer attachment and 24 

coalescence mechanisms.55 In 2012, Yuk et al. introduced the graphene liquid cell to overcome 25 

limitations in electron transmittance, sensitivity and resolution caused by liquid thickness and 26 
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insufficient electron transmittance of SiNx windows for higher atomic number elements. 56 This design 1 

achieved prolonged, high-resolution in situ imaging of platinum nanocrystal growth processes. 2 

Graphene’s superior properties, including thinness, high mechanical tensile strength, and flexibility, 3 

were employed to encapsulate the growth solution under experimental conditions. Moreover, 4 

graphene’s excellent heat and electrical conductivity render the liquid cell virtually immune to heating 5 

and biasing under electron beam irradiation, marking a breakthrough in in situ LC-TEM development.57-6 

61 7 

Initial in situ LC-TEM experiments were limited by the absence of a heating reaction chamber. Chee et 8 

al. addressed this by developing a liquid cell with heating capabilities, comprising a heater top chip (50 9 

nm-thick SiNx window) and a bottom chip (25 nm-thick SiNx window).62 This innovation enabled direct 10 

in situ observation of the nanoscale Kirkendall effect during electrochemical substitution reactions, 11 

demonstrating hollow nanostructure formation mechanism.62 These advancements provided valuable 12 

insights into heterogeneous electrochemical reactions, facilitating time-resolved tracking of catalyst 13 

structure and morphology evolution, and exploration of reaction mechanisms and structure-activity 14 

relationships.33,63-67 The application of in situ LC-TEM to electrochemical CO2RR studies has gained 15 

prominence since 2020. Arán-Ais et al. conducted pioneering experiments using a liquid and biasing 16 

holder with a flow cell chip to address the limited understanding of the stability of tailored 17 

nanostructures, such as cubic Cu2O, under reaction conditions. 32 This setup employed continuous 18 

electrolyte delivery to the microfluidic cell via a pump, with real-time electrochemical performance 19 

analyzed using a potentiostat connected to the holder. The study visually demonstrated catalysts’ 20 

highly dynamic properties during CO2 electrolysis, including mobility and reconstruction processes, 21 

highlighting in situ LC-TEM’s advantages in elucidating electrochemical synthesis mechanisms and 22 

monitoring catalyst performance during electrocatalysis.28,32 Subsequently, in situ electrochemical LC-23 

TEM has undergone rapid development in CO2RR research. The typical experimental setup for these 24 

studies utilizes a three-electrodes electrochemical liquid cell encapsulated in a holder between two 25 

SiNx windows.28-32,34-38 26 
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Despite the significant progress in electrochemical in situ LC-TEM techniques for CO2RR, the presence 1 

of a liquid electrolyte continues to pose challenges for directly probing atomic dynamics at the solid-2 

liquid interface under operando conditions. In 2024, Zhang and co-workers developed a polymer 3 

electrochemical liquid cell to enable time-resolved observation of atomic dynamics in CO2RR. This 4 

innovation facilitated the first atomic-scale observation of the formation and dynamics of amorphous 5 

transition layers on metallic copper catalyst surfaces during CO2 electrolysis. This study not only reveals 6 

the dynamic atomic structure of the electrified solid-liquid interface but also established critical 7 

structure-activity relationships, thus laying the foundation for precise control of various 8 

electrochemical reactions.68 9 

 10 

2.2 In situ LC-TEM imaging techniques for electrochemical CO2RR 11 

Currently, the study of CO2RR using in situ LC-TEM faces several challenges due to the reaction’s three 12 

phase (gas-liquid-solid) nature and the requirement for potential-controlled processes. The primary 13 

difficulties include: (1) maintaining an appropriate thickness in the projection direction, as TEM 14 

samples must be electron-transparent, ideally within 50 nanometers69-71, which is difficult to achieve 15 

for observations involving aqueous-phase CO2RR; (2) ensuring compatibility with the vacuum 16 

environment, since the high vacuum conditions of the TEM column (≤10-5 Pa)72-74 are incompatible 17 

with most liquid electrolytes used in CO2 electrolysis due to their high saturated vapor pressures. These 18 

factors significantly affect image quality and the accuracy of data analysis during visualized CO2 19 

electrolysis. Consequently, this section examines the evolution of in situ LC-TEM imaging techniques 20 

developed to address these challenges and enable the visualization of electrochemical CO2RR 21 

processes (Figure 2). 22 

 23 

Early in situ LC-TEM imaging approaches utilized thin samples of ionic liquids with low vapor pressures 24 

to overcome the challenges associated with liquid-phase imaging in high vacuum environments.75-78 A 25 

significant advancement in this field was made by Mizoguchi and Miyata in 2017, who developed a 26 
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sample preparation method for liquid thin film samples suitable for STEM-EELS observation.79 Their 1 

technique, which combined ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethyl-sulfonyl) 2 

imide (C2mim-TFSI)) and ethanol and deposited the solution onto a thin, porous solid film using a 3 

pipette, enabled the fabrication of liquid-only layers with thicknesses ranging from one to tens of 4 

nanometers within an open cell (Figure 2a). This method is promising to facilitate high spatial 5 

resolution studies of chemical reactions, ionic behaviors, and local structures in liquids.79 Ionic liquids 6 

have garnered attention as potential electrolytes for CO2RR due to their electrical stability, high ionic 7 

conductivity, high CO2 solubility, and a wide electrochemical window.80,81 However, the application of 8 

this liquid-phase TEM imaging technique for visualizing CO2 electrolysis remains limited. The primary 9 

constraints include the high cost and potential environmentally toxicity of ionic liquids, exemplified by 10 

tetrafluoroborate’s decomposition to hydrogen fluoride, which poses challenges for commercial CO2 11 

electrolysis applications.82 Additionally, the high vacuum environment of the TEM column causes CO2 12 

dissolved in ionic liquids to overflow, impeding effective CO2 electrolysis. 13 

14 

An alternative open LC-TEM imaging technique is environmental TEM (ETEM), which is capable of 15 

managing the intrinsic vapor pressure of the liquids used.63,83-85 ETEM maintains a relatively higher 16 

pressure in the sample chamber (up to 2 kPa) compared to the rest of the microscope, achieved 17 

through differential pumping, as illustrated in Figure 2b.52,86,87 This approach has been applied in 18 

studies of metal-air batteries 88-90 and used to examine transformations in electrode materials during 19 

the operation of lithium-ion batteries.91 Despite these advancements, challenges persist for CO2 20 

electrolysis under harsh conditions using open ETEM. The precise control of droplet states in ETEM 21 

experiments remains difficult. While ETEM provides a near-atmospheric pressure environment within 22 

the specimen chamber, electrolyte solutions with high vapor pressures may still evaporate, leading to 23 

salt precipitation. Additionally, the gaseous products generated during the CO2RR process can be 24 

removed by the vacuum, complicating the establishment of relationships between the generated 25 

products and the reactions, electrocatalyst changes, and its degradation. These limitations collectively 26 
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hinder the widespread application of the open ETEM technique for liquid-phase CO2RR analysis. 1 

2 

In contrast to the open-cell strategies previously discussed, closed liquid sample chambers have been 3 

developed to maintain higher pressures in the specimen environment. These microchip liquid cells are 4 

specifically designed to meet the requirements of visualizing CO2 electrolysis. As illustrated in Figure 5 

2c, closed electrochemical liquid cells with three-electrode MEMS chips provide both liquid isolation 6 

and TEM imaging capabilities essential for visualizing CO2 electrolysis studies.91-94 Several TEM device 7 

manufacturers, including DENSsolutions, Hummingbird, Protochips, Zeptools and Insight Chips, have 8 

introduced analytical TEM holders with MEMS chips for in situ electrochemical analysis. This 9 

innovation enables time-resolved monitoring of catalysts during the CO2RR process and allows for the 10 

adjustment of applied electrical signals to simulate actual CO2RR conditions via MEMS. Consequently, 11 

existing in situ TEM studies for CO2RR have predominantly employed closed liquid cell strategies with 12 

MEMS chips.28-38 13 

14 

Building upon the closed liquid phase TEM imaging technique, graphene liquid cells have 15 

demonstrated efficacy in preserving volatile samples, such as biological cells and liquid crystals within 16 

the ultra-high vacuum environment of TEM.56-59,61 As shown in Figure 2d, graphene can be suspended 17 

over grid apertures, providing coverage across the entire grid. The low atomic number of carbon atoms 18 

in graphene results in minimal interaction with the electron beam, leading to enhanced image 19 

sharpness.56,58,95 This characteristic enables high-resolution in situ observations under liquid conditions. 20 

However, graphene liquid cells face several limitations in visualizing CO2 electrolysis. These include 21 

complex assembly procedures, restricted liquid mobility, and an extremely low liquid cell capacity. In 22 

contrast to the nanoliter capacity of microchip liquid cells, graphene liquid cells can encapsulate and 23 

image less than 0.01 picolitres of liquid.49 This ultra-small capacity constrains the design of electrode 24 

patterns and the application of cathode bias. Furthermore, the chemical inertness of graphene renders 25 

it less reactive than amorphous carbon substrates at lower accelerating voltages.96 These limitations 26 
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underscore the need for continued development of in situ LC-TEM techniques for CO2 electrolysis 1 

studies, balancing the advantages of high-resolution imaging with the practical requirements of 2 

electrochemical experiments. 3 

 4 

3. Applications of in situ LC-TEM for electrochemical CO2RR 5 

Techno-economic analyses of commercial CO2 electrolysis processes suggest that the Faradaic 6 

efficiency (FE) for C1 products (e.g., CO and formate) must exceed 90% at industrial current densities 7 

(>200 mA cm-2) to be economically viable.97 However, the reported operating times for CO2 electrolysis 8 

with stable FE typically do not exceed 1000 hours, which is significantly less than the approximately 9 

100 days required for initial prototype electrolyzer testing and the 50,000-hour lifespan necessary for 10 

commercial CO2 electrolysis processes.98,99 This discrepancy underscores the urgent need to investigate 11 

the intrinsic stability of CO2RR, including structure-activity relationships and activation/deactivation 12 

mechanisms, to ensure long-term efficient CO2 electrolysis. A comprehensive study100 has identified 13 

general deactivation modes of electrocatalysts for CO2RR, including aggregation101, coalescence102, 14 

adsorbate-induced atom mobility103, segregation104, defect formation105, dissolution106, 15 

fragmentation32, Ostwald ripening36, self-inhibition107, impurity effect108, cocatalyst depletion109, 16 

detachment110, and self-poisoning111,112. These deactivation modes are typically associated with 17 

structural evolution of the catalyst, emphasizing the importance of conducting in situ electron 18 

microscopy studies to visualize the dynamic changes in heterogeneous CO2RR catalysis.24,86,94,113-116 To 19 

provide a structured overview of existing studies applying in situ LC-TEM techniques to CO2RR, we 20 

classify and discuss them according to three main categories: morphology and size effect, active sites, 21 

and dynamic changes in crystal structure and composition. 22 

 23 

3.1 Dynamic evolution of morphology and size effect 24 

Establishing credible structure-activity relationships in CO2RR necessitates time-resolved tracking of 25 

dynamic structural changes on electrocatalyst surfaces, linking these changes (e.g., morphology and 26 
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size) to electrocatalytic performance.115,117-119 Cu-based catalysts are widely recognized for enabling 1 

deep electrochemical reduction of CO2 to multicarbon products, attributed to their negative 2 

adsorption energy for adsorbed CO (*CO) and positive adsorption energy for adsorbed hydrogen (*H), 3 

facilitating a deeply coupled process involving multiple proton and electron transfers.19,120-123 However, 4 

the stability and morphological evolution of catalysts, particularly oxide-derived Cu-based catalysts 5 

with tailored nanostructures, under CO2 electrolysis conditions remain poorly investigated.124-129 Cu-6 

based catalysts’ electrocatalytic performance is highly sensitive to surface structure and treatment. 7 

Under applied potential, electrocatalysts undergo reconstruction, primarily influenced by cathodic 8 

material and electrolyte properties.130-133 Therefore, understanding their stability and morphological 9 

evolution is crucial for the rational design of the optimal electrocatalysts for CO2RR. 10 

 11 

Arán-Ais et al. conducted a comprehensive investigation into real-time structural changes of cubic 12 

Cu2O with (100) facet during CO2 electrolysis using STEM.32 The study utilized a liquid biasing holder 13 

and a flow-cell chip equipped with a SiNx window and three Pt electrodes (Figures 3e-g) to capture in 14 

situ STEM images at various time points (1 s, 61 s, 246 s, and 750 s) as illustrated in Figures 3a-d. To 15 

mitigate electron beam-induced artifacts, the researchers employed a low electron dose rate of 16 

approximately 20 e− nm−2 s−1 for in situ LC-STEM experiments. At this dose rate, CO2RR remained 17 

unaffected by electron beam irradiation, with sample reorganization observed only upon application 18 

of a working potential. Upon applying a potential of −0.7 V vs. reversible hydrogen electrode (RHE) to 19 

the cubic Cu2O, minimal changes were observed during the initial stage (1-61 s), except for slight 20 

positional shifts of loosely attached cubic Cu2O (Figures 3a and b). As the chronoamperometry (CA) 21 

progressed (61-750 s), a notable decrease in cubic Cu2O size was observed, accompanied by the 22 

emergence of new structures, some displaying dendritic morphology (Figures 3c and d). This 23 

transformation may be attributed to variations in surface energy covered by different intermediates, 24 

resulting in the formation of specific facets during in situ reconstruction of the cubic Cu2O surface. This 25 

research provides valuable insights into the intrinsic stability of electrocatalysts with specific 26 
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nanostructures. Importantly, the in situ TEM studies investigated the persistence of anticipated 1 

favorable catalyst structures during dynamic CO2 electrolysis and their influence on the electrocatalytic 2 

selectivity and activity trends. Through this approach, the researchers successfully achieved time-3 

resolved imaging of morphological features and unveiled the evolution of electrocatalytic selectivity 4 

and activity during CO2RR. 5 

 6 

Subsequently, Grosse et al. systematically delved into the reconfiguration process of cubic Cu2O during 7 

CO2 electrolysis, considering varying particle sizes and loadings.31 The study encompassed catalyst 8 

detachment, redeposition, fragmentation, and aggregation. In situ experiments were conducted using 9 

a high-capacity electrochemical LC-TEM holder equipped with an Ag/AgCl reference electrode (RE) and 10 

a Pt counter electrode. The researchers correlated morphological changes with electrocatalytic 11 

efficiency and reaction selectivity by analyzing electron selectivity trends for various gaseous products 12 

using online gas chromatography (GC), with a time resolution of approximately 17 minutes. Live-13 

recorded images revealed that both larger (390 nm and 170 nm) and smaller (80 nm) cubes underwent 14 

fragmentation and size reduction upon application of reduction potentials. Larger cubes (390 nm and 15 

170 nm) exhibited no significant positional migration and maintained a stable framework from 0 to 45 16 

minutes under an applied potential of −0.9 V vs. RHE (Figures 3h-k and l-o). In contrast, smaller cubes 17 

(80 nm) demonstrated poor stability, evidenced by degradation and substantial reduction in quantity 18 

upon electrolyte introduction (Figures 3p-s). The researchers employed a combination of in situ TEM 19 

imaging and on-line GC detection to investigate time-resolved structure-activity relationships (Figure 20 

3t). Over a 12-hour period at −1.1 V vs. RHE, the selectivity for C2H4 and CH4 products from three cubic 21 

Cu-based catalysts gradually diminished under CO2RR conditions, attributed to degradation in cubic 22 

catalyst morphology. Notably, 80 nm sized cubic particles exhibited a sharp decline in selectivity for 23 

hydrocarbon products (C2H4 and CH4) from 0 to 6 hours while sustaining high partial current density 24 

for CO. Additionally, their activity and selectivity for the hydrogen evolution reaction (HER) increased 25 

significantly from 8 to 12 hours. This phenomenon may stem from the instability of the nanocubes 26 
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during CO2 electrolysis, leading to degradation and detachment from the working electrode surface 1 

(Figures 3p-s). 2 

 3 

While ex situ studies have demonstrated the dynamic evolution of Cu-based catalysts under applied 4 

potential and its impact on CO2RR performance, these findings are inherently limited due to the 5 

cessation of electrochemical operations and removal of potentials prior to analysis. In contrast, in situ 6 

LC-TEM techniques offer valuable real-time insights into the optimal kinetic morphology endpoints of 7 

Cu-based catalysts throughout CO2 electrolysis processes. Wang et al. employed a novel one-step 8 

approach to fabricate 2D Cu(II)O nanosheets (NS), enabling multicarbon product generation via CO2 9 

electrolysis at industrial-scale current densities under neutral electrolytic conditions.29 The study 10 

utilized TEM with imaging, diffraction, and other techniques to elucidate CuO NS recombination during 11 

CO2RR (Figure 4). A Poseidon Select electrochemical cell holder (Protochips, in situ TEM E-chip cell with 12 

3-electrodes) maintained the ultrathin liquid electrolyte layer and liquid chamber. The researchers 13 

initially investigated the morphological evolution of CuO NS as the cathode under open circuit 14 

potential (OCP) conditions in 0.1 M CO2-saturated KHCO3 solution. In situ TEM images revealed that 15 

within 50 s of OCP application, CuO NS (approximately 300 nm in width) fragmented into smaller flake 16 

fragments (Figures 4a-b). From 50 to 110 s, fragmentation continued, with smaller fragments 17 

desorbing from the working electrode and eventually disappearing (Figures 4b-c). Subsequently, the 18 

application of −0.84 V vs. RHE enabled real-time monitoring of the fragmented Cu-based catalyst’s 19 

morphological evolution (Figure 4d). During 0-200 s, some fragments gradually agglomerated (red 20 

circles), while others disappeared from the view (cyan circles) (Figures 4e-h). After 8 and 16 minutes 21 

of applied bias, Cu flake fragments acting as "building blocks" aggregated into spherical shapes, 22 

ultimately forming branching dendritic structures as the final stable catalyst morphology (Figures 4i-l). 23 

This work elucidated the morphological transformation pathway of Cu-based catalysts, progressing 24 

from nanosheets to highly active nanoscale flake fragments, and ultimately aggregating into dendric 25 

Cu structures resembling trees. Through real-time imaging, the study successfully captured the final 26 
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stable electrocatalyst morphology under flowing CO2 electrolysis conditions. Notably, the growth 1 

mechanism could only be comprehensively understood through real-time morphological analyses 2 

facilitated by in situ TEM techniques, highlighting the limitations of traditional ex situ methodologies. 3 

 4 

3.2 Dynamic identification of active sites  5 

In situ observations of catalyst dynamics during CO2 electrolysis provide a robust framework for the 6 

precise identification of active sites and the acquisition of crystal structure dynamics information. This 7 

approach offers an effective strategy for advancing the development of high-performance catalysts in 8 

CO2RR, while simultaneously facilitating the establishment of structure-activity relationships.134-137 9 

 10 

Single-atom catalysts (SACs), characterized by precisely defined coordination structures and uniformly 11 

controllable active sites, present an ideal platform for exploring structure-activity relationships.138-142 12 

Hsu et al. pioneered the application of in situ electrochemical LC-TEM, enabling real-time monitoring 13 

of structural transformations in Cu SACs during CO2 electrolysis (Figures 5a).30 The preparation process 14 

for in situ electrochemical LC-TEM involved initial dispersion of as-prepared Cu SACs in ethanol. 15 

Subsequently, the catalyst ink was drop-cast onto an electrochemical chip equipped with three 16 

platinum (Pt) electrodes designated as working, counter, and reference electrodes. Another 17 

electrochemical chip window was positioned at the bottom to create a sealed ultra-thin liquid layer, 18 

isolating it from the vacuum environment within the TEM column (Figures 5b). Electrolyte injection 19 

through the observation window was performed at a flow rate of 300 μL h−1, maintaining a thickness 20 

of approximately 500 nm to mitigate the risk of air bubble aggregation. At a constant potential of −1.83 21 

V vs. a Pt reference, the characteristics of SACs on the working electrode remained indiscernible during 22 

the initial reaction stage (0-40 s) due to the limited mass scattering contrast of individual atoms within 23 

the liquid layer (Figures 5a1-a2). However, during the reaction period from 80 to 120 s, TEM images 24 

revealed an increased number of bright spots, approximately 2.6 nm in size (highlighted in orange 25 

circles), indicating Cu cluster formation (Figures 5a3-a4). The Cu clusters subsequently grew to about 26 
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3 nm before ceasing growth, confirming that the bright spots were attributable to Cu cluster formation 1 

rather than redeposition (Figure 5a5). 2 

 3 

The Integration of in situ TEM imaging with operando spectroscopies elucidates that the morphological 4 

alterations observed in Cu SAC during CO2 electrolysis stem from potential-driven recombination. 5 

Notably, operando X-ray absorption/emission spectroscopy unveils that this phenomenon is closely 6 

linked to Cu-N coordination bonds.30 These findings demonstrate that coordination recombination in 7 

SACs triggers an adaptive dynamic low-coordinated conformation, enabling exceptional activity and 8 

selectivity for the electrochemical CO2RR-to-CO process. Consequently, we advocate for the 9 

combination of in situ TEM techniques with more advanced characterization methods to obtain 10 

comprehensive information during CO2 electrolysis, particularly emphasizing time- and energy-11 

resolved methods. Typical characterization methods suitable for integration with in situ TEM 12 

techniques include XAS143, XRD144, and XPS23. These techniques provide evidence for the identification 13 

of dynamically changing coordination environments, crystal structures, and valence information of 14 

electrocatalysts, respectively. 15 

 16 

While significant progress has been made in advancing Cu-based electrodes for the electrocatalytic 17 

conversion of CO2 to C2+ products, enhancing C-C coupling efficiency and understanding the relevant 18 

reaction mechanisms remain crucial challenges in the field of CO2 electrolysis.145-149 Li et al. employed 19 

a comprehensive approach which integrates ex situ electron microscopy, chemical passivation 20 

techniques, and in situ electrochemical LC-STEM to uncover and analyze critical information regarding 21 

the active sites on Cu-based catalysts in CO2 electrolysis, focusing on their morphology and crystal 22 

structure.28 As illustrated in Figures 5c, initial ex situ structural characterization of Cu nanoparticles (Cu 23 

NPs) used as cathodic catalysts, both before and after CO2 electrolysis, revealed a significant 24 

morphological transformation at approximately 50 s, leading to the appearance of previously 25 

unobserved cubic structures. During the subsequent minutes of CO2 electrolysis, the material 26 
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reconstructed into derived cubic Cu-based catalysts (Figures 5d). Further investigation through HRTEM 1 

and selected area electron diffraction (SAED) indicated that the resulting cubes were monocrystalline 2 

Cu2O cuboids (Figures 5e). The phenomena of oxidation and crystallization observed in ex situ SEM 3 

stem from the behavior of Cu NPs transforming into a highly reactive disordered state upon the 4 

application of cathodic bias. Upon releasing the biasing voltage, this reactive state gradually stabilizes, 5 

facilitating oxidation and crystallization under ambient conditions. 6 

 7 

Despite the observation of small particles derived from Cu NPs, monocrystalline Cu2O cuboids, and 8 

their reduced equivalents, these entities were insufficient to be considered as the active phase for 9 

CO2RR-to-C2+ process. To pinpoint the active phase, Li and co-workers utilized chemical immersion to 10 

introduce the passivator benzotriazole (BTA), aiming to prevent Cu oxidation in the surrounding 11 

environment.150 The findings revealed that the highly active disordered state of Cu NPs, formed 12 

through electrochemical reconstruction, optimized the binding of catalytic intermediates on their 13 

surfaces, thereby enhancing the C-C coupling efficiency for efficient CO2RR-to-C2+ process. To rule out 14 

the possibility of monocrystalline Cu2O cuboids as the active phase, in situ electrochemical LC-STEM 15 

was employed to monitor the dynamic evolution of Cu NPs under cathodic bias. The entire assembly, 16 

comprising a 500-nm liquid layer and a SiNx window with the thickness of 100 nm, was designed to 17 

enhance TEM imaging resolution. Additionally, the electrolyte purge was halted during the bias process 18 

to obtain higher quality structural information from the catalyst with improved accuracy. As shown in 19 

Figures 5f, under a negative bias potential of −0.6 V vs. the internal reference electrode (C/Pt) in 0.1 20 

M KHCO3 electrolyte, irregular smaller Cu nanoparticles (∼7 nm) transformed into a disordered Cu 21 

structure (~20 nm) within just one second. In contrast, larger Cu NPs (15-20 nm) did not exhibit similar 22 

morphological changes under identical conditions (Figures 5g). Furthermore, it was observed that the 23 

precursor Cu nanoparticles (∼7 nm), due to their higher surface energy, experienced significant atomic 24 

migration upon electrochemical perturbations, leading to a high concentration of disordered 25 

structures serving as catalytic sites. This investigation confirmed that the active phase was the ~20 nm 26 
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disordered Cu phase, formed within a few seconds by fusion, while the formation of Cu2O cuboids 1 

occurs exclusively at open circuit. Consequently, determining the active phase in CO2RR cannot solely 2 

rely on post-reaction catalyst structure characterization. Given the inherent instability of active sites, 3 

a comprehensive combination of characterization techniques is imperative for accurate 4 

identification.27,94,115,118,119,151-153 5 

 6 

Yang's research team extended the investigation by Li and co-workers through the application of 7 

operando electrochemical LC-STEM and four-dimensional STEM (4D-STEM) techniques (Figure 8 

6a).34,37,154,155 The 4D-STEM technique provides image, orientation and strain information to investigate 9 

the morphology and structural dynamics of the catalyst during the reaction process by recording a 10 

two-dimensional electron diffraction pattern over a 2D grid of probe positions.34 This integrated 11 

approach aimed to validate the presence of metallic copper nanograins, utilizing 7-18 nm Cu NPs as a 12 

model catalyst. Their findings provided critical insights for elucidating the true origin of active sites. 13 

Operando electrochemical LC-STEM allows for the real-time tracking of changes in the morphology 14 

and crystal structure of Cu at the nano-scale in liquid phase, while preserving electrochemical reaction 15 

conditions.34 The beam dose during the in situ electrochemical LC-STEM experiments was 16 

approximately 12.5 e− nm−2 s −1, thereby preventing beam-induced damage. 17 

 18 

As depicted in Figure 6b, substantial aggregation of Cu NPs was observed after a single LSV scan from 19 

0.4 V to 0 V vs. RHE. Images acquired through operando electrochemical LC-STEM at the same location 20 

with a potential of 0 V vs. RHE revealed that the initial 7 nm Cu NPs had aggregated into larger particles 21 

ranging from 50-100 nm in size (Figures 6c-d). Following the initial LSV scan, applying a potential of 0 22 

V disclosed rapid structural transformations of the Cu NPs, leading to the formation of new Cu NPs and 23 

additional particle growth (Figures 6e-h). At the optimal potential for CO2RR-to-C2+ products (−0.8 V 24 

vs. RHE), pronounced particle migration was observed within the first 8 s, followed by progressive 25 

particle aggregation between 8-32 s (Figures 6i-l). Collectively, the operando electrochemical LC-STEM 26 
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analysis of the 7 nm Cu NPs identified two distinct morphological types: loosely connected small Cu 1 

NPs and tightly packed large Cu NPs, which may function as active sites for CO2RR. However, detailed 2 

crystallographic information on these structures remains lacking. 3 

 4 

Consequently, a significant advancement in this work was achieved through the application of in situ 5 

liquid-phase 4D-STEM. At potential of 0 V vs. RHE, the 7 nm Cu NPs formed loosely connected 6 

structures with nanograins. As shown in Figure 6m, the virtual 4D-STEM image reconstructed from 7 

three diffraction spots distinctly reveals the highly polycrystalline nature of active copper, 8 

characterized by finely dispersed nanoparticles. Two distinctive regions were identified, delineating 9 

nanoparticle boundaries with either loose connections (Figure 6n) or tight overlapping (Figure 6o). 10 

The initial 7 nm Cu NPs served as foundational units for establishing nanoparticle boundaries, which 11 

may become enriched with defects and dislocations following the initial phase of electrolysis at 0 V. 12 

False-color dark-field 4D-STEM images, based on three diffraction points shown in Figure 6p, illustrated 13 

that most Cu NPs consist of individual particles separated by grain boundaries and/or stacking layers 14 

(Figure 6q, white arrows). This study also indicated that the initial aggregation and formation of 15 

nanograins in 10 nm and 18 nm Cu NPs were less pronounced compared to those observed in 7 nm Cu 16 

NPs, resulting in lower nanoparticle boundary densities and reduced activity at under-coordinated Cu 17 

sites. 18 

 19 

Furthermore, in situ X-ray spectroscopic characterization confirmed that the coordination number at 20 

polycrystalline copper nanocrystalline boundaries was approximately 8, indicating that the formation 21 

of polycrystalline nanograins can create active copper sites with low coordination numbers. By 22 

employing appropriate operando characterization techniques and analyzing in situ TEM images, the 23 

researchers were able to establish a structure-activity relationships between the low coordination sites 24 

on Cu NPs and their performance in electrochemical CO2RR process.156 These quantitative structure-25 

activity relationships, which can be accurately determined only through in situ characterizations, 26 
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contribute to the precise regulation of catalytic activity and selectivity and facilitate the development 1 

of efficient CO2RR catalysts. 2 

 3 

In the context of CO2RR, electrified solid-liquid interfaces (ESLIs) play a crucial role in facilitating 4 

electron and proton transfer, which can significantly alter catalyst structure and, subsequently, 5 

influence reaction pathways and product distributions. While ESLIs are fundamental for the 6 

thermodynamic and kinetic processes of these reactions, directly probing the atomic dynamics at 7 

solid-liquid interfaces under electro-biasing conditions remains a significant challenge. This limitation 8 

primarily stems from the extremely limited spatial resolution at the atomic scale when conducting in 9 

situ TEM imaging through liquid electrolytes. To address this challenge, Zhang et al. developed an 10 

innovative electrochemical polymer liquid cell (PLC) which enables direct, high-resolution monitoring 11 

of atomic dynamics at ESLIs during Cu-catalyzed CO2 electrolysis.68 The PLC substrate comprises two 12 

commercial copper TEM grids: a complete bottom grid and a top-truncated grid with truncated lengths 13 

of 0.5-1.0 mm and 200 mesh squares. The top grid was coated with a layer of aluminum oxide on both 14 

sides via sputtering, followed by the transfer of a 10 nm thick formvar polymer film onto one side. The 15 

bottom grid underwent a similar process, with an aluminum oxide layer sputtered on both sides, 16 

followed by the sequential deposition of a 10 nm formvar polymer film and a 10 nm thick Pt electrode 17 

through electron beam evaporation. The experimental setup involved loading Cu nanowires (NWs) 18 

suspended in CO2-saturated 0.1 M KHCO3 electrolyte onto the bottom grid, which was then assembled 19 

with the top grid to form the electrochemical PLC (Figure 7a). This assembly was subsequently 20 

mounted into a custom-made electrical biasing TEM holder, allowing for the application of potential 21 

and the conduct of a visualized CO2RR study.68 22 

 23 

Upon application of a −1.1 V vs. RHE potential, the Cu NWs’ surface exhibited irregular fluctuations 24 

between 0 and 3.2 s, with a distinct amorphous phase interface emerging at 0.8 s (Figure 7b). This 25 

perturbed amorphous structure demonstrated periodic appearance and disappearance, vanishing at 26 



21 / 51 

1.6 s and reappearing at 3.2 s. Additionally, EELS and EDS analyses indicated that the amorphous 1 

interphase comprised a complex containing both Cu0 and Cu+1. The authors attributed the oxidation of 2 

Cu NWs under cathodic currents to the spontaneous degradation of the [CuCO]+ complex, formed from 3 

dissolved Cu species and CO from adsorbed molecules in solution, ultimately yielding Cu+ and CO. 4 

Further analysis of in situ TEM imaging revealed two dynamic behaviors of intermediate species 5 

affecting the amorphous interface reconstruction (Figures 7c). Firstly, the liquid amorphous structure 6 

flowed along the crystalline Cu surface, moving from left to right and eventually disappearing from 7 

view between T0 and T0 + 3.0 s (Figure 7d). Secondly, an interconversion process between crystalline 8 

and amorphous components was observed from T0 to T0 + 4.0 s. The amorphous interface gradually 9 

dissolved into the crystalline Cu from T0 to T0 + 2.8 s. However, from T0 + 2.8 s to T0 + 4.0 s, the 10 

crystalline Cu began replenishing the amorphous interface, leading to a rougher surface (Figure 7e).68 11 

 12 

This innovative PLC design not only enhances in situ LC-TEM resolution to the atomic level but also 13 

minimizes electrolyte addition by forming numerous small liquid pockets within the PLC, thus avoiding 14 

the window bulging problem common in SiNx liquid cells. Furthermore, PLC can be rapidly cooled using 15 

cryogenic TEM techniques, enabling immobilization of active reactive species and structures for 16 

subsequent EELS and EDS characterizations. In situ PLC TEM offers promising perspectives for studying 17 

atomic mechanisms of electrocatalysis at angstrom-scale resolution. However, this setup requires 18 

optimization for long-term reaction observations, as it cannot replenish the electrolyte through liquid 19 

flow. When conducting extended CO2RR stability studies, challenges such as product accumulation, gas 20 

bubble formation, local pH changes, and decreased CO2 concentration may arise in this configuration. 21 

 22 

3.3 Dynamic transformations of crystal structure and composition 23 

Recent studies on CO2RR have demonstrated that electrocatalysts undergo phenomena such as 24 

recrystallization and surface reconstruction during the reaction processes.157-159 Additionally, multi-25 

component catalysts experience changes including segregation, phase separation, and loss of active 26 
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components. These processes lead to alterations in the chemical composition and properties of the 1 

catalysts, ultimately resulting in diminished catalytic activity or complete deactivation.160-163 To address 2 

these issues, in situ LC-TEM techniques have been employed to elucidate the dynamic changes in the 3 

crystal structure and composition of electrocatalysts during CO2 electrolysis. The goal is to design high-4 

performance catalysts and to understand the mechanisms of activation and deactivation. 5 

 6 

Vavra et al. developed a customized in situ TEM electrochemical chip that incorporates a genuine glassy 7 

carbon working electrode. This experimental setup allowed for real-time monitoring of the 8 

electrochemical mechanisms underlying the activation of Cu-based catalyst during the initial stages of 9 

CO2RR.36 As shown in Figures 8a-c, a three-step in situ electrochemical scheme using 7 nm Cu 10 

nanospheres as the model was designed: starting from OCP, followed by a short LSV interval, and finally 11 

maintaining a constant potential (Figures 8d). During in situ LC-TEM experiments, the structure and 12 

size of the Cu nanospheres remained unchanged throughout the LSV interval from OCP to −0.25 V vs. 13 

RHE (−10 s to 0 s) (Figures 8a). However, during the subsequent 60 s chronoamperometry experiment 14 

at −0.25 V, it was observed that some primary particles (highlighted in red) grew into larger secondary 15 

particles (Figures 8b). In contrast, other nearby dispersed primary particles (highlighted in blue) 16 

exhibited a noticeable reduction in size or vanished altogether (Figures 8c). The area-weighted particle 17 

size distribution plots indicated that the average particle size within the field of view remained 18 

constant, despite a reduction in the number of primary particles and an increase in the number of 19 

secondary particles (Figure 8e). This phenomenon can be attributed to a net reduction in surface free 20 

energy. The high free energy associated with smaller-sized particles leads to their dissolution under 21 

applied potential (−0.25 V vs. RHE). However, this dissolution is compensated by the growth of 22 

secondary particles, ultimately achieving a more stable state (Figure 8f). 23 

 24 

Interestingly, to complement the monitoring of the crystal structure, in situ SAED patterns were 25 

recorded in the same electrochemical experiments to determine the structural changes in the initial 26 
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stages of the CO2RR (Figure 8g). In situ diffraction patterns of Cu2O were recorded at 0.4 V vs. RHE 1 

(Figure 8h), while diffraction patterns of Cu were recorded at −0.1 V and −0.8 V vs. RHE (Figures 8g 2 

and i). The full in situ SAED pattern reveals that the reduction of Cu2O to Cu is effectively accomplished 3 

during LSV scans down to −0.2 V vs. RHE (Figures 8j-l). The integration of in situ LC-TEM and SAED 4 

elucidates the dissolution/redeposition mechanism and crystal structure alterations of Cu 5 

nanospheres under initiation and constant applied potential, offering a new perspective on 6 

establishing structure-activity relationships. in CO2 electrolysis.164-167 7 

 8 

Non-metallic dopants, such as halogens, incorporated into Cu-based catalysts have demonstrated 9 

remarkable activity and selectivity in the electrochemical CO2RR, yielding highly specified C2+ 10 

hydrocarbons.168-174 Nevertheless, further elucidation is needed regarding the loss of halogen atoms 11 

at electrochemical reduction potentials and the dynamic transformation of compositions. Yoon et al. 12 

employed in situ electrochemical LC-TEM in STEM mode, featuring a Pt counter electrode and an 13 

Ag/AgCl (3 M KCl) reference electrode, to sequentially visualize compositional transformations and 14 

morphological changes of KI-pretreated hexagonally ordered Cu arrays during CO2RR.35 To mitigate 15 

electron beam artifacts, the electron flux was controlled to remain below 3.5 e− Å−2 s−1. Hexagonally 16 

ordered Cu arrays, serving as catalyst precursors, were fabricated using nanosphere lithography and 17 

physical vapor deposition techniques. A notable influence of the electrolyte composition on the 18 

resulting catalyst morphology was observed, with the hexagonal Cu islands maintaining their structural 19 

stability when immersed in Milli-Q pure water under OCP conditions (Figure 9a). 20 

 21 

Nevertheless, upon replacing pure water with a 0.01 M KI aqueous solution, a progressive reduction 22 

in the size of the Cu islands was observed, accompanied by the emergence of small and fragmented 23 

particles surrounding the Cu islands, even in the absence of applied cathodic bias (Figure 9b). The 24 

distinctive peak corresponding to the oxidation of Cu0 to Cu+ was discerned following anodic cyclic 25 

voltammetry (CV) treatment (between OCP and 0.60 V vs. RHE), indicating that the initial components 26 



24 / 51 

transformed during the anodizing process, resulting in the formation of relatively stable CuI species. 1 

Following the anodic oxidation of Cu islands in aqueous KI solution, continuous delivery of fresh CO2-2 

saturated 0.1 M KHCO3 solution and the application of negative bias were employed to observe the 3 

morphological evolution of CuI species during CO2 electrolysis (Figure 9c). As shown in Figures 9d-e, 4 

the CuI nanoparticles remained stable during the first 30 s of the reaction process with an applied 5 

potential of −1 V vs. RHE. After 35 s, significant chemical and structural alterations occurred, leading 6 

to the transformation of CuI NPs into fragmented filaments (Figures 9f-g). The emergence of a 7 

reduction peak in the LSV curve indicates that the Cu+, formed after anodic oxidation, was reduced to 8 

Cu0. 9 

 10 

Interestingly, in addition to in situ morphological reconstruction during the CO2RR process, secondary 11 

reconstruction of the catalyst was detected following the removal of biasing voltage. Upon 12 

discontinuation of the potential, the Cu filament network underwent aggregation and oxidation under 13 

OCP, resulting in the formation of a reconstructed tetrahedral configuration within the field of view at 14 

145 s (Figures 9h-k). Ex situ SAED and EDX mapping confirmed that the restructured compositions 15 

comprised a mixture of Cu2O and CuI, with the tetrahedral structures specifically identified as CuI. In 16 

this work, the occurrence of redox processes between Cu0 and Cu+ was inferred from the appearance 17 

of oxidation and reduction peaks in LSV and CV curves. However, this strategy may be constrained by 18 

the complex composition of the electrocatalyst, making it challenging to ascertain changes in the 19 

valence state of the target element when multiple redox processes occur simultaneously or 20 

sequentially at the electrode. Additionally, the LSV and CV scans differ from actual CO2 electrolysis 21 

operating conditions, potentially affecting the catalyst’s morphology. Therefore, we advocate the use 22 

of in situ TEM coupled with EELS to achieve real-time identification of the valence states of target 23 

elements in catalysts.175-178 24 

 25 

Beyond Cu-based catalysts, bismuth (Bi)-based metal electrocatalysts have been demonstrated to 26 
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enhance formic acid (HCOOH) selectivity and mitigate the HER in CO2RR.179-182 While some studies have 1 

explored the morphological and chemical composition changes of Bi-based catalysts before and after 2 

CO2RR, as well as proposed electrochemical transformation mechanisms, a comprehensive 3 

understanding of the dynamics of crystal structure and composition requires further elucidation 4 

through in situ characterization methods.183,184 Recently, B. Ávila-Bolívar et al. employed in situ LC-TEM 5 

strategy to unveil the transformation mechanisms underlying the electrochemical reductive 6 

reconfiguration of Bi2O3 nanoparticles into Bi nanosheets during CO2 electrolysis.38 Initially, the impact 7 

of a flowing 0.1 M KHCO3 electrolyte on the structural alterations of carbon-loaded Bi2O3 nanoparticles 8 

was examined (Figure 10a). During the initial 3 minutes of electrolyte solution delivery at OCP, Bi2O3 9 

retained a sheet-like structure of approximately 200 nm, with instances of Bi2O3 agglomeration into 10 

spherical structures. Between 3 and 5 minutes, the bright nanosheets in the field of view underwent 11 

extensive reorganization, moving and interconnecting to form larger star-shaped networks ranging 12 

from 400 to 700 nm. 13 

 14 

After 5 min, these structures ceased further changes in shape or size. Subsequently, the impact of 15 

various potentials on the alterations of the Bi-based stellar structure under CO2 electrolysis conditions 16 

was explored using in situ LC-TEM. The evolution of the Bi-based stellar structure was continuously 17 

monitored via chronoamperometry for up to 1 hour at different applied potentials (−0.3, −0.4, and 18 

−0.5 V vs. RHE) (Figures 10b-g). Operando Raman findings suggested that at potentials below −0.3 V 19 

vs. RHE, Bi-based oxides underwent electrochemical reduction to metallic Bi. Analysis of the data from 20 

in situ LC-TEM at various potentials indicated that the stellar network comprising Bi2O3 remained 21 

unaltered at a less negative potential (−0.3 V vs. RHE) (Figures 10b-c). However, as shown in Figures 22 

10d-g, with the application of more negative potentials (−0.4 and −0.5 V vs. RHE), the stability of the 23 

crystal structure is progressively challenged, exhibiting phenomena such as crystal structure changes 24 

and lattice oxygen mobility. 25 

 26 
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Moreover, the mechanism of transformation of Bi2O3 particles into Bi nanosheets during CO2 1 

electrolysis has also been explored through ex situ characterizations by Lee et al.184 They suggested 2 

that applying potential induces morphological transformation of Bi2O3 particle, and that Bi nanosheets 3 

arise from the removal of lattice oxygen from the surface of Bi2O3 particles. In contrast, in situ TEM 4 

experiments from Ávila-Bolívar et al. demonstrated the occurrence of pre-reconstruction of Bi2O3 5 

particles without applied potential, likely due to the intrinsic properties of Bi-based materials. This 6 

phenomenon underscores the differences between ex situ and in situ characterization techniques in 7 

CO2RR studies, leading to differing conclusions. 8 

 9 

4. Challenges of in situ LC-TEM for electrochemical CO2RR 10 

The primary challenge in employing in situ liquid cell STEM/TEM techniques for time-resolved studies 11 

of CO2 electrolysis lies in achieving high spatial resolution and maintaining the credibility of imaging 12 

samples in liquid media. To enhance the resolution of in situ TEM imaging, we primarily considered 13 

the effects related to the liquid electrolyte and the side effects induced by the electron beam. 14 

Additionally, the reliability and accuracy of in situ studies depend on standardized electrochemical 15 

measurement methods and the appropriate selection of electrodes during CO2 electrolysis in liquid 16 

cells. Therefore, we will next discuss the challenges associated with in situ LC-TEM, focusing on spatial 17 

resolution and electrochemical measurements. 18 

 19 

4.1 Spatial resolution 20 

As previously noted, common in situ LC-TEM testing is achieved by encapsulating the liquid between 21 

two SiNx electron transparent windows, with the entire assembly consisting commonly of an 22 

approximately 300 nm liquid layer and a 100 nm SiNx window. Liquid thickness is a critical parameter 23 

affecting TEM imaging resolution, as thicker liquid layers limit this resolution.28-38 The liquid layer 24 

thickness can also change slightly during electrocatalysis experiments.185,186 Variations in liquid layer 25 

thickness are primarily attributed to the vacuum environment of the TEM column and the applied 26 
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external biasing. First, the SiNx window used to seal the liquid will expand under the pressure 1 

difference between the high vacuum (outside) and the near ambient pressure (inside the cell). This 2 

expansion leads to an increase in the liquid layer thickness, reducing spatial resolution due to beam 3 

spreading and chromatic aberration, the extent of which depends on the mechanical properties of the 4 

SiNx.187 The gap between the windows determines the liquid thickness, including the thickness of the 5 

gasket and the displacement caused by window bulging. Additionally, electrowetting and electric field 6 

distribution due to the applied bias can also impact the sealed electrolyte .186 To estimate the thickness 7 

of the liquid layer in the sample chamber when the liquid medium fills the chamber, the relative 8 

thickness can be measured using the EELS test.188,189 According to Lambert-Beer law, t/λ = −ln (I0/It), 9 

the relative thickness is determined by the ratio of the number of zero-loss electrons (I0) to the total 10 

number of incident electrons (It) in the EELS spectrum. The overall relative thickness consists of two 11 

components: the relative thickness of the dry cell and the relative thickness of the liquid. By 12 

subtracting the relative thickness of the dry cell, the actual liquid thickness (tliquid) can be expressed by 13 

the following formula189: 14 

𝑡𝑙𝑖𝑞𝑢𝑖𝑑  = [(
t

λ
)𝑜𝑣𝑒𝑟𝑎𝑙𝑙  −  (

t

λ
)𝑑𝑟𝑦 𝑐𝑒𝑙𝑙] 𝜆𝑙𝑖𝑞𝑢𝑖𝑑  15 

Where t is the respective thickness and λ is the inelastic mean free path of the electrons.  16 

 17 

To reduce the thickness of the liquid layer, the "Stop and Go" strategy can be employed during CO2 18 

electrolysis, wherein the potential is halted, and most of the electrolyte is removed. Additionally, the 19 

relative thickness of the liquid layer can be estimated using the valence electron EELS test. 20 

 21 

The electron beam, with energy greater than 10 eV (the valence electron bonding energy of water), 22 

impinging the liquid layer can induce water radiolysis, producing hydrated electrons (eh
−), hydrogen 23 

radicals H•, hydroxyl radicals OH•, and H2.190-192 Lee et al. utilized time-resolved liquid cell EELS to 24 

identify several molecular products (CO2, CO, O2, H2O2, and H2) that result from the interaction of the 25 

electron beam with aqueous carbonate solutions.193 26 
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Moreover, high electron dose rates may lead to undesirable effects such as catalyst degradation and 1 

changes in OCP.186,194 These effects are detrimental to in situ observations of CO2 electrolysis. Therefore, 2 

two main solution strategies are recommended: the application of low electron dose rates and the 3 

introduction of non-reactive additives into the solution under observation. Generally, a low electron 4 

dose rate of 10-20 e− nm−2 s−1 is applied during in situ LC-TEM experiments to avoid electron beam-5 

induced artefacts.28-38 Controlled experiments must be conducted to determine the limit of the 6 

electron dose rate to ensure that electron beam irradiation does not affect the experiment. 7 

Furthermore, studies have shown that adding additives such as ethanol and isopropanol to electrolytes 8 

can mitigate adverse irradiation damage to materials examined in liquids.195,196 The catalyst particle 9 

size should not be too large, as this could result in imperfect sealing of the two electron-transparent 10 

windows. Sealing issues can cause the electrolyte to evaporate, leading to a decrease in vacuum and 11 

spatial resolution of the TEM column.190 In addition to careful cell assembly, liquid phase media with 12 

lower vapor pressure (e.g. glycerol) can be used to buffer or reduce the vapor pressure, thereby 13 

reducing the volatility of the liquid in the sample chamber without affecting the CO2 electrolysis 14 

process.197 15 

 16 

4.2 Electrochemical measurements 17 

The validity of in situ CO2 electrolysis studies relies on the precise and reliable implementation of 18 

electrochemical testing methodologies, as well as the accurate control of the electrochemical potential 19 

at the working electrode.198,199 Consequently, the availability of suitable electrochemical 20 

measurements and reference electrodes (REs) within cells is imperative for conducting rigorous in situ 21 

visualization of CO2 electrolysis.200-204 As discussed in Section 2, the catalyst structure undergoes 22 

various dynamic changes under different electrochemical testing methods (such as LSV, CV and pulsed 23 

electrolysis) and applied potentials. For instance, OCP is the equilibrium potential relative to a RE. The 24 

known OCP value facilitates setting the potential scanning range for subsequent CO2 electrolysis.205-208 25 

Therefore, researchers typically need to verify through controlled experiments whether the 26 
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application of OCP and LSV scanning (from OCP to the applied potential) affects the target catalyst’s 1 

morphology. Moreover, different gradients of cathodic potential are often set to observe diverse 2 

morphological changes within the potential scanning range.35 Correlating the applied electrochemical 3 

potentials with the microstructural response of the electrocatalysts aids in elucidating activation and 4 

deactivation mechanisms. 5 

 6 

In electrochemical experiments, for a specific reaction to proceed in a liquid cell, a stable potential 7 

must be externally applied to the working electrode.122,199 Ensuring the reproducibility and accuracy of 8 

CO2 electrolysis experiments necessitates precise potential control. Therefore, a RE is required as a 9 

potential reference standard to provide stable potentials, facilitate potential measurement, and ensure 10 

experimental reliability. While the sub-micron size of liquid cells poses challenges for accommodating 11 

standard REs (e.g., Ag/AgCl in 3M KCl) and forming salt bridges, some examples of this setup do 12 

exist.35,38 Consequently, many studies have employed platinum, which is chemically stable, has a wide 13 

potential window, and is easily nanofabricated, as the pseudoreference electrode.28-34,36,37 For the 14 

accuracy, comparability, and validity of electrocatalytic experiments, both conventional and quasi- or 15 

pseudo-REs must possess two properties: a known (standard) electrochemical potential and the ability 16 

to remain undisturbed throughout the electrocatalytic experiments, maintaining constant and 17 

accurate electrochemical potentials without drift.209 To achieve accurate electrochemical potentials in 18 

in situ LC-TEM experiments, Chen et al. calibrated potentials (vs. RHE) for different electrolysis times 19 

by applying a linear fit to the change in OCP relative to the Pt pseudoreference electrode over a 200 s 20 

period.30 21 

 22 

During electrochemical CO2RR processes, gaseous products such as CO and H2 are inevitably produced, 23 

and bubbles can become trapped in the flowing liquid, complicating their removal. These bubbles 24 

affect the electrochemical potential of nearby REs and cause irregular flow of the electrolyte solution 25 

in the cell observation area, leading to an unstable CO2 electrolysis and imaging processes. Additionally, 26 
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bubbles deactivate catalyst particles by displacing the electrolyte solution, effectively halting the 1 

reaction. Under these conditions, experiments must be designed to minimize bubble formation. 2 

Beyond reducing catalyst loading and adjusting the applied potential, managing electrolyte flow can 3 

help mitigate bubble formation issues in the liquid cell. Increasing the hydrophilicity of the top and 4 

bottom windows through plasma cleaning is another strategy to achieve more controlled liquid flow 5 

and easier bubble detachment from inner cell surfaces. Moreover, Garza et al. demonstrated a strategy 6 

to modulate bubble dissolution via pressure control.210 Gas bubbles are generated by splitting water 7 

on the surface of the working electrode. By varying the internal pressure of the liquid cell, the 8 

dissolution of gas back into the liquid can be controlled. 9 

 10 

5. Conclusions and outlook 11 

In situ LC-TEM studies offer valuable insights into electrochemical CO2RR. By examining how 12 

electrocatalysts evolve over time and correlating these changes with the distribution of CO2RR 13 

products, we can identify the active components and establish clear structure-activity relationships. 14 

Moreover, by integrating control over applied potential with monitoring the evolution of catalyst 15 

morphology, researchers can elucidate the reaction mechanisms underlying catalyst activation and 16 

deactivation. These approaches significantly enhance our comprehension of the electrochemical 17 

CO2RR mechanisms, thereby facilitating the development of high-performance electrocatalysts. 18 

 19 

This review begins with an introduction to in situ LC-TEM, tracing its evolution. Following this, we 20 

explore its application in CO2 electrolysis. We review the extant body of in situ LC-TEM studies that 21 

visualize CO2 electrolysis, discussing dynamic morphological evolution, size effects, the identification 22 

of active sites, and the transformation of crystal structures and compositions. This review also 23 

highlights the advantages, limitations, and complementarities of current TEM imaging techniques, 24 

addressing the challenges of achieving high-resolution and high-reliability in situ LC-TEM imaging. 25 

Based on existing studies, we propose coupling in situ LC-TEM with SAED or 4D STEM for crystal 26 
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structure analysis, EELS for valence state analysis, and EDX for elemental distribution analysis. 1 

Additionally, we discuss the challenges associated with time-resolved visualization of CO2RR, 2 

particularly concerning spatial resolution and electrochemical measurements, and provide suggestions 3 

to address these issues. Despite the nascent nature of current in situ LC-TEM methodologies for 4 

investigating CO2 electrolysis, achieving a thorough and profound understanding of the dynamic CO2RR 5 

processes remains challenging. Within this review, we outline the following recommendations for 6 

advancing in situ LC-TEM studies in the realm of CO2 electrolysis: 7 

 8 

1. Refinement of chip fabrication: The typical liquid cell thickness for in situ electrochemical LC-9 

STEM/TEM, often exceeding 300 nm, poses challenges in resolving structural details for nanoparticles 10 

smaller than 10 nm. Beyond the intrinsic thickness of the liquid cell, considerations must also be given 11 

to the increased thickness of the liquid layer caused by the bulging of SiNx film. Wu et al. observed 12 

inward bulging of SiNx thin films by modulating the internal pressure of the cell, thus creating an ultra-13 

thin liquid layer in the central window area conducive for high-resolution imaging.211 Additionally, 14 

operational conditions cause the liquid to flow along the chip’s edge, leading to notably higher relative 15 

velocities at the periphery than at the central region.212 Consequently, optimizing chip geometry, such 16 

as designing anti-swelling chips213, utilizing ultra-thin SiNx
214 or polymer films68, and employing liquid-17 

flowing graphene chips215 and monolithic chips216 can effectively minimize liquid layer thickness, thus 18 

facilitating robust high-resolution imaging without bulging while ensuring stable mass transport and 19 

improved microfluidic properties for CO2 electrolysis. Given that electrocatalyst stability is a constraint 20 

in industrial applications, long-term degradation studies will necessitate chips that maintain high 21 

stability throughout the process. However, the potential breakage of the SiNx film after prolonged 22 

experimental use may undermine the chip’s stability and reliability. Monolithic chips with microfluidic 23 

channels across a suspended electron-transparent membrane can effectively resolve these issues and 24 

improve in situ observation stability, along with addressing alignment and sealing challenges during 25 

cell assembly.216 26 



32 / 51 

2. Development of advanced imaging technologies: The spatial and temporal resolution in liquid 1 

samples is typically constrained by the maximum allowable beam dose. The energy emitted by the 2 

electron excitation source In TEM experiments can be excessively strong for certain structurally 3 

delicate electrocatalysts, such as bismuth-based materials.217 Advanced imaging techniques have been 4 

devised to mitigate this issue. For instance, 4D-STEM, can nowadays be obtained in modern hybrid 5 

detectors, which are known for their single-electron sensitivity, extensive dynamic range, and rapid 6 

readout speed of up to 10,000 frames per second. Consequently, this technique is well-suited for 7 

conducting low-dose electron diffraction of beam-sensitive samples in liquid environments.154,218 In 8 

vacuum conditions, 4D-STEM diffraction imaging has achieved sub-angstrom real-space resolution and 9 

sub-picometer reciprocal-space resolution.219 In liquid settings, it provides nanometer-scale real-space 10 

resolution and sub-angstrom reciprocal-space resolution, thereby offering valuable structural 11 

insights.34,220 12 

 13 

3. Integration of machine learning: To tackle challenges in TEM image analysis, researchers have 14 

endeavored to integrate automated methodologies with image processing techniques.221,222 Machine 15 

learning, in particular, has emerged as a promising avenue for automating TEM image analysis, 16 

including tasks such as defect identification223, morphology assessment224, structure analysis225,226, and 17 

spectra characterization227 of nanomaterials. As in situ TEM techniques advance in both temporal and 18 

spatial resolution, the large volume of data generated within short timeframes presents significant 19 

hurdles for data transfer and storage. Recent studies have demonstrated that efficient compression of 20 

vast amounts of electron microscopy data can be realized through deep compression-aware learning 21 

methodologies, providing a promising strategy for processing long-term in situ TEM images.22822 
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List of figure titles and legends 
 

Figure 1. A concise timeline of in situ LC-TEM development on heterogeneous catalysis.32,43,47,53-56,62,68 

 

Figure 2. Schematic illustration of in situ LC-TEM imaging techniques, including (a) Low-vapor-pressure 

liquid cell (Reproduced with permission from 79. Copyright 2017 Elsevier.), (b) TEM with differential pumping 

(Reproduced with permission from 86. Copyright 2014 Elsevier.), (c) Microchip liquid cell (Reproduced with 

permission from 94. Copyright 2019 Wiley-VCH.), and (d) Graphene liquid cell. (Reproduced with permission 

from 56. Copyright 2012, American Association for the Advancement of Science.) 

 

Figure 3. (a-d) In situ STEM images of the working electrode of cubic Cu2O at various times during the 

experiment: (a) t = 1 s, (b) t = 61 s, (c) t = 246 s, and (d) t = 750 s. The potential was applied at −0.7 V vs. Pt 

pseudo-reference. The scale bar represents 1 µm. Overview of an electrochemical cell setup: (e) a cross-

section of the LC-TEM at the top, (f) a bottom view of the electrodes on the electrochemistry chip at the 

bottom, and (g) an SEM image of the working electrode in the liquid cell. The dashed box indicates the size 

of the top window. (Reproduced with permission from 32. Copyright 2020, The Authors Springer Nature). In 

situ LC-TEM images showing the morphological evolution of Cu2O cubes of different sizes: (h-k) 390 nm, (l-

o) 170 nm, and (p-s) 80 nm, after applying a potential of −0.9 V vs. RHE over 45 min of CO2RR by LC-TEM. 

(t) Partial current densities for H2, CO, CH4, and C2H4, obtained from time-resolved gas chromatography data 

over 12 h. (Reproduced with permission from 31. Copyright 2021, The Authors Springer Nature.) 

 

Figure 4. In situ TEM images of CuO nanosheet (NS) catalyst morphology during OCP at (a) 2 s, (b) 50 s and 

(c) 110 s. (d) Current/potential (vs. RHE and vs. Pt) profiles over time during first linear sweep voltammetry 

(LSV) coupled with chronoamperometry (CA) measurements with marked time points, t1-t4 (vertical lines). 

(e-h) Corresponding to in situ TEM images in (d). In situ TEM snapshot sequence during (i-j) the second LSV 

coupled with CA at −1.23 V vs. RHE, and (k-l) during the third LSV coupled with CA at −1.73 V vs. RHE. 

(Reproduced with permission from 29. Copyright 2021, The Authors Springer Nature) 
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Figure 5. (a1-a5) In situ dark-field STEM images of as-prepared Cu SACs at accurately calibrated potentials 

vs. RHE for various durations ranging from 0 to 160 s. Below are magnified images of the selected area in 

(a) and line profiles of chosen clusters. (b) Schematic of in situ electrochemical LC-TEM and its 

corresponding electrochemical chip. (Reproduced with permission from 30. Copyright 2023 The Authors 

Springer Nature) Ex situ electron microscopy of the Cu nanoparticle (NP) ensemble evolution timeline. (c 

and d) Ex situ SEM images after electrode removal at various bias time points (scale bars, 100 nm). (e1) 

HRTEM (Scale bar: 10 nm) of a single Cu2O cube at 50 s, alongside (e2) its Fourier transform revealing Cu2O 

reflections (Scale bar: 2 nm−1), and (e3) a magnified view of a selected region (Scale bar: 2 nm). (f) In situ 

STEM imaging of the 7-nm Cu NP at −0.6 V vs. the carbon pseudo-reference over a 10 s biasing period. (g) 

In situ STEM imaging of larger Cu NPs (size of 20 nm) during a 60 s biasing period at −0.6 V vs. the carbon 

pseudo-reference. (Reproduced with permission from 28. Copyright 2020 National Academy of Sciences.) 

 

Figure 6. (a) Schematic of operando electrochemical LC-STEM. Overview of the life cycle of 7 nm Cu NPs 

depicted through electrochemical LC-STEM images: (b) initial growth after a single negative-direction LSV 

scan, ranging from 0.4 to 0 V; (c) further growth under constant applied potential at 0 V; and (d) post-

electrolysis formation of Cu2O cubes (indicated by the arrow) upon exposure to air at the same location. 

Morphological evolution of 7 nm Cu NPs at 0 V vs. RHE at 0 s (e), 8 s (f), 16 s (g), and 24 s (h). False-color 

images in the inset of (h) emphasize newly formed regions (highlighted in green) after 24 s of growth. 

Further aggregation of 7 nm Cu NPs at −0.8 V for 0 s (i), 8 s (j), 16 s (k), and 32 s (l), highlighting significant 

changes within dashed boxes. (m) False-color dark-field 4D-STEM maps exhibit Cu nanograins with 

diffraction spots, while specific regions demonstrate (n) loosely connected Cu nanograins and (o) 

overlapping nanograin boundaries. (p) Representative diffraction patterns of single-crystal-like Cu 

nanograins. (q) False-color dark-field 4D-STEM images revealing highly crystalline Cu nanograins with 

diffraction spots similar to those marked as 1, 2, and 3 in (p). (Reproduced with permission from 34. 

Copyright 2023 Springer Nature.) 
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Figure 7. (a) Schematics of the polymer liquid cell (PLC) structure and its assembly. (b) In situ TEM image 

sequences between 0.2 s and 3.2 s at an applied potential of −1.1 V vs. RHE showing the emergence and 

fluctuation of amorphous interphase. (c) Schematic diagram of the amorphous components affecting the 

reconstruction of the crystalline Cu surface through dynamic flow and interconversion behavior. (d) In situ 

high-resolution TEM (HRTEM) images of amorphous interphase showing liquid flow from left to right along 

the crystalline Cu edge from T0 to T0 + 3.0 s. Scale bar: 5 nm. (e) In situ HRTEM images of the interconversion 

between crystalline copper and amorphous interphase. Scale bar: 5 nm. (Reproduced with permission from 

68. Copyright 2024 The Authors Springer Nature.) 

 

Figure 8. (a) In situ LC-TEM images taken at various times during the experiment, the red and blue frames 

are magnified in (b) and (c), respectively. (b) Magnified images illustrating the secondary particle growth 

process (red). (c) Magnified images showing the shrinking process of the primary particles (blue). (d) 

Electrochemical data recorded in situ during the experiment. (e) Evolution of the area-weighted particle 

size distribution. Arrow I indicates the decline in the population of primary particles, while Arrow II denotes 

the gradual increase in the population of secondary particles. (f) The mean circular equivalent diameter 

(black line) ± its standard error (grey), alongside the standard deviation (red) derived from the fitted 

lognormal distribution, the biasing during CO2 electrolysis is −0.25 V vs. RHE. (g) Diffractograms at chosen 

potentials, depicted as rotational averages of the corresponding SAED patterns in panels (h) and (i). (j) Time-

resolved diffractograms synchronized with the electrochemical experiment, where selected potentials are 

represented as horizontal cross-sections from the dataset. (k) Fractions of Cu and Cu2O components. (l) LSV 

curve recorded during the experiment. (Reproduced with permission from 36. Copyright 2020 John Wiley 

and Sons.) 
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Figure 9. In situ electrochemical Liquid cell high-angle annular dark-field (LC-HADDF) STEM images of 

copper arrays observed (a) in Milli-Q pure water, (b) in 0.01 M KI after anodization, and (c) in iodine-free 

CO2-saturated 0.1 M KHCO3 after 30 minutes under CO2RR conditions at −1.0 V vs. RHE. (d–g) CuI transforms 

into Cu filaments under CO2RR conditions (−1.0 V vs. RHE, iodide-free CO2-saturated 0.1 M KHCO3). (h–k) 

Following 30 minutes of CO2RR, the potential was withdrawn, leading to the re-precipitation of triangular 

CuI structures at OCP. (Reproduced with permission from 35. Copyright 2022 Royal Society of Chemistry.) 

Figure 10. (a) In situ LC-TEM images collected while the samples were in contact with a 0.1 M KHCO3 

solution. In situ LC-TEM images of the (i) initial and (ii) post-reaction electrocatalysts at constant applied 

potentials of (b) −0.3 V, (d) −0.4 V, and (f) −0.5 V vs. RHE in CO2-saturated 1 M KHCO3 solution. (c, e, g) The 

corresponding current-time (i-t) curves for (b), (d) and (f). The current jumps occurring every 15-20 minutes 

are a result of pausing the chronoamperometry (CA) test to change the syringe containing the electrolyte, 

ensuring continuous electrolyte flow. (Reproduced with permission from 38. Copyright 2024 The Authors 

American Chemical Society.) 
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