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Abstract: 

Energy-related catalytic reactions have been extensively investigated in past years in 

order to efficiently utilize clean and environmentally benign energy sources. In these systems, 

the catalysts and the catalyst/active medium interfaces play a crucial role in determining their 

performance. Thus, understanding the physical and chemical properties of catalysts during 

reactions is of importance to provide fundamental insights for designing the devices. 

Transmission electron microscopy can provide tremendous information of materials’ 

morphology, microstructure, and chemical properties at nanoscales. With in situ electron 

microscopy, dynamic processes of catalytic reactions in both gas and liquid environments have 

been investigated in real-time. In this review, the recent research progresses of in situ and 

operando electron microscopy techniques are introduced with the representative works in 

energy-related reactions, including electrochemical catalysis in liquid media and heterogeneous 

catalysis in gas media. The uniqueness of the specific electron microscopy methods and 
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scientific merits of each work are highlighted. Finally, outlooks on emerging research 

opportunities are discussed. 

 

1. Introduction 

Throughout the history, primary energy of human society has been supplied 

predominantly by fossil fuels. However, these resources are not sustainable and they have 

induced a significant amount of greenhouse gas emissions and long-lasting environmental 

pollution.[1–3] Alternatively, clean and renewable energy suppliers including solar,[4] wind,[5] 

geothermal,[6] ocean thermal and tidal energy[7] are suggested to be capable of replacing the 

fossil fuel resources, at least partially, for reducing the pollution and protecting the environment. 

The important and urgent concerns are prompting scientists and engineers to develop 

technologies to harness the renewable energy. In this regard, energy technologies based on 

heterogeneous catalysis, batteries, fuel cells, etc., have been broadly explored and material 

science has played an essential role in the investigation of new electrode materials, new 

catalysts and new synthesis and fabrication methods for high-performance devices.[8–12] 

Fundamental understanding on the reaction processes, especially the reaction mechanisms 

under working environments is an urgent task to the rational designs of these technologies. 

Catalysis, which speeds up the rate of a chemical reaction, is tremendously important 

for modern industries as it underlies most of our energy supply and 80 percent of the products 

of the chemical industry.[13–17] A catalyst is a material, which can change the reaction pathway 

without itself being changed (stability) and maintain thermodynamic equilibrium under milder 

conditions (as at lower temperature) with a high reaction rate (reactivity).[18–23] Proper selection 

of catalysts is highly beneficial to address environmental concerns we currently have since 

desirable catalysts can not only reduce the pollutant generated during the utilization of fossil 

energy sources but also improve the efficiencies of renewable energy techniques.[13,24–26] 

Furthermore, catalysis also plays an important role in converting hazardous pollutants into more 
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environment-friendly products, for example, the Pt/CeO2 catalysts used in the automobile 

exhaust system.[27–29] Many energy-related applications take advantage of catalytic reactions 

occurring at heterogeneous interfaces, e.g., solid/liquid and/or solid/gas. For example, hydrogen 

proton exchange membrane fuel cells (PEMFC) utilize Pt-based catalysts for hydrogen 

oxidation and oxygen reduction reactions to convert chemical energy into electricity in an acid 

liquid media. Understanding and controlling three phase boundaries among solid catalyst, liquid 

electrolyte, and gaseous reactant are of importance to maximize the catalytic properties. 

The performance of catalyst is often defined with its reactivity, selectivity and stability. 

To achieve a high activity, catalysts of nanoparticles (NPs) or other nanostructures on solid 

supports are of the first choice for many catalytic reactions as nanomaterials provide a much 

higher surface/volume ratio than bulk materials. Many studies and researches about NPs have 

been performed to elucidate the relationships between features of NPs (size, shape, composition, 

crystal structure, surface atomic arrangement, support, etc.) and catalytic properties because the 

fundamental understanding of these correlations is of crucial importance for rational designs of 

new catalysts.[20,21,30–33] In order to make better catalysts, there is a substantial need to 

understand how catalysts work. A formidable task in heterogeneous catalysis study is to identify 

active sites and catalytic reaction pathways, crucial to understanding the selectivity and activity 

of a catalyst. Furthermore, characterizing a heterogeneous catalyst at the working conditions 

(temperature, gas pressure, liquid composition etc.) during catalytic operation would provide a 

direct relationship between structure-processing-properties.[34–36] This has driven the interest 

for introducing in situ methodologies in catalysis research. Various in situ techniques (Infrared 

spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction, X-ray absorption 

spectroscopy, etc.) have been utilized to unravel mechanisms of catalysis; however, as some of 

these techniques probe the bulk properties of materials, from which we can only acquire 

averaged information.[37–39]  

Transmission electron microscopy (TEM), firstly developed in 1930s, is a powerful 
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technique for micro- or nano- characterization by imaging, electron diffraction and 

spectroscopy.[40–43] The short wavelength of electron beam enables TEM to achieve an atomic 

resolution. Recently, the developments of aberration correctors and monochromators provide 

an exceptionally high spatial resolution (0.0405 nm) and a high energy resolution (4.2 meV).[44–

46] A combination of aberration-corrected optics, pixel-array detector, and full-field 

ptychography pushes the spatial resolution further to 0.039 nm on 2D materials.[45] With 

spectroscopic techniques, such as energy dispersive X-ray spectroscopy (EDX) and electron 

energy loss spectroscopy (EELS), chemical information can be examined at atomic scale. So 

far, TEM is an outstanding method to explore structure and chemistry of nanoscale catalyst 

materials. Furthermore, the development of TEM holders having in situ capability (heating, 

biasing, liquid/gas environment, etc.) as well as high-efficient digital recording system and 

increased computational power has allowed rapid image acquisition at increased temporal 

resolution (~1 ms) under external stimulus, making the in situ TEM techniques extremely 

valuable for probing the fast reaction dynamics.[47,48] For example, in situ TEM can directly 

probe the morphological, structural, and chemical changes of catalysts at working condition, 

which displays the close relationship with catalytic mechanism and failure mechanism.[49–51] 

The fundamental knowledge on TEM techniques can be found in the excellent books in 

reference part.[52–56]  

In this review, we focus on the development of in situ TEM techniques and their 

applications in the energy-related catalysis field. We categorize in situ TEM into two main 

branches by their applications, e. g., liquid-solid and gas-solid reactions. In the following 

section 2, we introduce the technical setups and challenges for exploring liquid-solid reactions, 

as well as the representative examples of using liquid-cell setups to study electrocatalysis. In 

section 3, we describe the environmental TEM approaches for investigating gas-solid reactions, 

including the technical details as well as the research frontiers. Then, we conclude this review 

with our perspectives on the future development of in situ and operando TEM techniques for 
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energy related catalysis.  

 

2. In situ TEM in liquid environment 

A large number of energy-related catalytic reactions take place in liquid environment. 

For example, electrocatalysts for fuel cells work in acidic media; catalysis for CO2 reduction 

reaction occurs in aqueous solutions; water is a reactant for water splitting reaction. Interpreting 

how catalysts behave in a liquid environment can shed lights on unravelling mechanisms and 

kinetics of catalysis. Recent development of in situ liquid TEM techniques provides us 

opportunities of investigating nanomaterials surrounded by a liquid solution, which may 

advance our knowledge in catalysis. Here we will discuss the recent progress in the liquid cell 

TEM approach and challenges for performing electron microscopy works, aiming to provide 

readers general ideas about the in situ liquid cell technique and how to implement this approach 

in research. Then, exemplary endeavors utilizing this approach to study catalytic reactions are 

followed. Quantitative electrochemical measurement performed in liquid cell is further 

discussed in order to correlate the TEM observations with electrochemical properties. 

 

2.1. Development of liquid cell TEM 

In the column of a TEM, a high level of vacuum is mandatory for electrons to transmit 

coherently. However, the development of liquid cell TEM can confine liquid medium 

surrounding a sample, providing us new opportunities to study the physical and chemical 

evolutions occurring at samples in solutions. In 1970s, the early pioneers demonstrated a 

feasibility to image inorganic and biological samples in liquids using both ‘open cell’ and 

‘closed cell’.[57] Here we mainly focus on the closed cell approach since current liquid cell TEM 

is mostly based on this strategy. The open cell technique is delineated in detail in section 3 as 

in situ observations of gas reactions have been performed with both approaches. In the closed 

cell, the specimen and its environment are isolated from the vacuum by two electron transparent 
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windows. For example, Figure 1 presents a schematic illustration of a liquid cell. This approach 

allows us to see the nucleation and growth of nanoparticles in liquid, image biological materials 

without complicate sample preparation processes like dehydration or freezing and observe 

structural evolution in electrodes during electrochemical reactions.  

The development of close-cell approach is largely attributed to the modern 

microfabrication techniques. M. J. Williamson et al. demonstrated the electrochemical 

deposition of copper at the solid-liquid interface using liquid cells shown at Figure 2a in 

2003.[58] The liquid cell was made with two sandwiched Si wafers. Si3N4 layer serving as an 

electron transparent window was deposited on each Si wafer, then Si wafers were etched from 

the back to make a 100×100 𝜇m silicon nitride viewing window. 0.5~1 𝜇m thick of SiO2 layer 

was patterned on the bottom wafer to keep the space between top and bottom wafers, which 

determines the thickness of the sealed liquid. Au contacts were introduced across the viewing 

window and connected through the wafer with an external contact. The upper window embraced 

two liquid reservoirs and the electrolyte flowed between viewing windows by capillary force. 

The liquid cell was finally sealed using glues for the completion. After the sample preparation, 

nucleation and growth of Cu clusters were observed in situ with an achievable spatial resolution 

of 5 nm. Detailed fabrication procedures were outlined in the reference.[59] These steps are 

broadly followed for making homemade liquid cells with variations in the thickness and type 

of materials for viewing windows, spacer, metal contacts, etc.[60–63]  

In most cases, Si wafers are diced into small chips after microfabrication, then two chips 

are glued to complete a liquid cell. This homemade liquid cell can be made fit for off-the-shelf 

TEM holders. In other words, we can observe samples in liquid under external stimuli using 

both a liquid cell and in situ TEM holders. For example, colloidal nanocrystal growth and 

hollow nanoparticle growth by Kirkendall effect were observed in real time using liquid cells 

at high temperatures (180-200 °C).[64,65] To increase the temperature, a furnace-type heating 

holder was used.  
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In situ capabilities of liquid cell TEM has further developed with 

microelectromechanical systems (MEMS). Researchers at Sandia National Laboratory have 

designed liquid cell chips with up to 10 ultramicroelectrodes at selectively exposed areas, which 

have picoampere-level current control.[66] (Figure 2b) Precise current control allows us to 

measure the property of a small sample volume. Furthermore, a number of electrodes in a chip 

can allow one to perform multiple experiments with different experimental parameters (electron 

dose, applying currents, etc.) in an identical environment.[66,67] It is also possible to add more 

functions, for example, heating. Temperature control in liquid cell was realized with two 50 nm 

thick Al resistors patterned on a chip with widely separated W electrodes.[68] (Figure 2c) One 

serpentine resistor at the top acts as a heater while the line resistor at the bottom measures 

temperature. The thermometer’s temperature control was calibrated in air over the range of 100-

200 °C.  

In spite of the development in microfabrication, designing own liquid cell chips and 

customizing TEM holders are huge barriers for who wants to perform in situ liquid cell TEM. 

Fortunately, specialized liquid cell holders and chips are available on the market. Hummingbird 

Scientific,[69] Protochips,[70] and DENSsolutions[71] commercialize the liquid cell TEM holder 

and dedicated MEMS chips with the patented designs for liquid flow, liquid biasing, and liquid 

heating, which enable one to investigate materials and dynamic processes in disciplines of 

materials science, chemistry, and biology, etc. in liquid environments. For example, Figures 

2d and e present a schematic illustration showing the assembly of the silicon microchip devices 

within a commercial liquid cell holder and a chip with microfabricated Pt counter electrode, Pt 

reference electrodes and glassy carbon working electrode for electrochemistry studies. 

 

2.2. Challenges in liquid cell electron microscopy 

2.2.1. Spatial resolution 
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Imaging a sample in liquid media may be problematic because of i) substantial 

background scattering from liquid around the sample, ii) resolution degradation from chromatic 

aberration, iii) loss of contrast and beam spreading from plural elastic scattering.[72] We might 

cope with those difficulties by i) reducing the thickness of liquid, ii) minimizing extraneous 

scattering sources such as viewing windows, and iii) choosing imaging mode providing better 

contrast and resolution. 

Figure 3a shows achieved spatial resolution in liquid cells as a function of the liquid 

thickness.[58,60,62,73–76] The thickness of liquid media is determined by a thickness of spacer 

material between two electron transparent windows. It is clear that as the thickness of liquid 

decreases, we can obtain images with much enhanced spatial resolution. The resolutions at the 

TEM and scanning TEM (STEM) mode are defined as:[77,78] 

𝑑𝑇𝐸𝑀 = 6 × 1012 𝛼𝐶𝑐𝑇

𝐸2                              Equation 1 

𝑑𝑆𝑇𝐸𝑀 = 5𝑙𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒√
𝑇

𝑁𝑜𝑙𝑙𝑖𝑞𝑢𝑖𝑑
             Equation 2 

where 𝛂 is the objective semi-angle, Cc is the chromatic aberration coefficient, E is the electron 

beam energy, and T is the thickness of liquid layer, l is the mean free path length for elastic 

scattering, and N0 is the number of incident electrons. Apparently, at both the TEM and STEM 

modes, we can visualize much smaller details of samples with thinner liquid layer.  

In order to achieve atomic-level resolution imaging, graphene liquid cell has been 

introduced,[73,79] where liquid solution is encapsulated between graphene layers. Compare to 

microfabricated liquid cells, which have tens of a nanometer-thick silicon nitride windows, 

graphene has a thickness of one carbon atom and its relatively low atomic number (Z=6) 

facilitates electron transmittance. Therefore, graphene liquid cell has advantages in reducing 

unwanted scattering and achieving better imaging resolution. However, it has to be considered 

that the liquid solutions are stagnant between graphene layers, therefore there is no mass flow. 
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Also, the functions that we can have in microfabricated liquid cells, such as biasing are 

unattainable since it is hard to implement contact electrodes inside graphene liquid cell. 

When one acquires images in the TEM mode, the best resolution for a sample in liquid 

can be achieved when the object is at the electron beam exit of the sample. Meanwhile, the best 

resolution in the STEM mode can be achieved when the target is at the entrance of the sample.[78] 

Thus, in the STEM mode, if sample is located near the upper window, nanometer-level 

resolution is possible even with the presence of a micrometer-thick liquid.[72,80] In addition, 

image contrast in STEM is highly sensitive to atomic number (Z-contrast), leading to favorable 

imaging condition of a sample with heavy elements in liquids.[78]  

2.2.2. Artifacts from experimental apparatus 

When a liquid cell with its interior at the atmospheric pressure is introduced in to the 

TEM, bulging of the electron transparent windows occurs due to the pressure difference 

between the hermetically sealed liquid cell and high vacuum of the microscope. Window 

bulging results in an increase in the thickness of liquid layer, which leads to degradation of 

spatial resolution due to beam broadening and chromatic aberrations. The energy resolution in 

electron energy loss spectroscopy (EELS) is also degraded because of multiple scatterings and 

low signal-to-noise ratio.[81] As a result, the observable areas are usually limited to the corners 

of liquid cells, where window bulging is minimal. Additionally, window bulging can result in 

micro bubble formation and degassing due to reduced pressure inside of liquid cell.[82] To 

reduce the bulging, modifying the geometry of windows, adding pillars within window area, 

and wafer bonding are suggested but still it cannot be fully mitigated.[59,81]  

If sealing is not perfect, evaporation of liquid between electron transparent windows 

would occur, leading to degradation of vacuum in a microscope. Removing large particulates 

between two windows would be helpful to ensure the sealing issue.[81] Adding other liquid 

having lower vapor pressure such as glycerol is also beneficial to reduce the evaporation of the 

liquid by decreasing the vapor pressure.[61] 
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Surface property of electron transparent windows is important for wettability of liquids. 

Poor wetting of liquids on the window materials can be a source of bubble formation and 

artifacts during experiments.[81] Silicon nitride is hydrophobic as a result of organic 

contaminants on the surface and surface roughness, inhibiting liquid wetting. Making it 

hydrophilic is advantageous to prevent possible artifacts, therefore, surface treatments such as 

plasma and glow discharge, coating of hydrophilic poly-L-lysine on SiNx windows have been 

applied for achieving hydrophilicity.[84]  

Surface treatment of windows can also be effective to reduce carbon contamination. 

During experiment, carbon deposition in the electron beam-irradiated area can occur, which 

hinders imaging and chemical analysis. Hydrocarbons on the surface of samples are suspected 

as the source of the carbon contamination and they can be polymerized by the incoming 

electrons. This polymer has a low vapor pressure and low surface mobility, resulting in 

accumulation as the electron beam irradiation proceeds.[85] Plasma cleaning of windows before 

the liquid cell assembly would eliminate hydrocarbons, and mitigate carbon contamination. In 

addition, each chip should be handled with extra care to minimize all the sources of carbon 

contamination. 

2.2.3. Challenges in performing spectroscopy within liquid cell 

One of the most attractive aspects of modern electron microscopy is its capability of 

simultaneous imaging and elemental analysis. Particularly, elemental distribution in a catalyst 

is of importance to determine its properties, chemical analysis of the catalyst in liquid media 

thus would provide novel insights for understanding catalytic reactions in working conditions. 

For chemical identification of materials, EDX and EELS are routinely used in a combination 

with S/TEM. Figure 3b and c show the effects of multiple scattering on spectroscopy of 

materials with EELS and EDX spectra, respectively, acquired from a thin (t/λ=0.23) and thick 

(t/λ=1.75) NiO samples where t is the sample thickness and λ is the electron inelastic mean free 

path. It is apparent that as multiple scattering prevails (thick sample), signal/background (S/B) 
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ratio significantly drops in EELS while slight decrease S/B is observed in EDX.[86] In addition, 

presence of SiNx window may further reduce S/B in EELS. In other words, EDX may have an 

advantage to study chemical properties of objects within a liquid cell having a thick liquid layer. 

Despite the benefits of EDX in thick samples, EDX analysis has been generally excluded 

in liquid cell TEM because of the geometry issues.[87] Part of the body of the liquid cell holder 

and liquid cell itself may block the line-of-sight path of X-rays from the sample to the 

detector.[86] This shadowing of X-ray detector by the liquid cell and TEM holder primarily 

prevents one from using EDX. In order to mitigate the shadowing issue, modifying the liquid 

cell holder and the chip has been pursued, and acquisition of EDX from liquid cell was 

successfully demonstrated with the modified setup.[86,88] Commercial vendors also have 

optimized their holders for obtaining EDX signal by cutting the part of tip area and optimized 

chip designs for EDX experiments are also available on the market. 

EELS is still a valid approach for studying chemical properties of materials even though 

multiple scattering, occurring when the electron beam is transmitted through the whole liquid 

cell (SiNx windows, liquid layer, target material), degrades signal-to-noise ratio. First, we can 

estimate the thickness of the liquid layer by EELS according to Beer’s law,[87,89–91] which 

predicts an exponential decay of the zero-loss peak with sample thickness:[87]  

𝐼 = 𝐼𝑜 exp (−
𝑡

𝜆
)            Equation 3 

where t is the sample thickness and λ is the electron inelastic mean free path, I is the number of 

unscattered electrons in the zero-loss peak and I0 is the total number of incident electrons. If the 

liquid has moderate thickness (t/λ < 3), plural-scattering effect can be minimized with Fourier-

log or Fourier-ratio deconvolution.[87,91] For example, Ti L2,3 edge from Li4Ti5O12 and Mn L2,3 

edge from LiMn2O4 were clearly observed within anhydrous dimethyl carbonate.[91] However, 

if liquid thickness exceeds more than 3 times of the inelastic mean free path, it is almost 

impractical to investigate core-loss EELS from the material. Meanwhile, low-loss EELS is still 
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discernible even with much thicker liquid (t/λ~6), thus, valence EELS has been exploited for 

demonstrating the in situ chemical evolutions.[87,92]  

Graphene liquid cell has been suggested as a successful platform for EELS analysis.[93–

95] Figure 3d shows a schematic diagram of ferritin molecules in graphene sandwiches and 

acquired Fe, N, O elemental maps from EELS.[93] Ferritin is a beam sensitive protein sample 

having a core of hydrous ferric oxide surrounded by a spherical protein shell (apoferritin). 

Graphene liquid cell can reliably protect biological molecules from electron beam under 

controlled dose rate and pixel dwell time. In addition, absence of edges from Si and N makes 

spectroscopic analysis easier by not covering the absorption edges of interest. In addition to 

elemental mapping, the feasibility of analyzing the fine structure of EELS was also 

demonstrated.[93] 

2.2.4. Side reactions with electron beam 

The major challenge of liquid cell TEM is undesirable events occurring between liquids 

and the electron beam, particularly in aqueous solution. When an incident electron beam having 

an energy greater than 10 eV (the bonding energy of a valence electron in water) interacts with 

water molecules, energy transfer readily happens, leading to decomposition of water molecules 

into hydrated electrons (eh
-), hydrogen radical H•, hydroxyl radial OH•, and H2.

[96]
 Then, the 

initial yield further reacts to form primary products: [81,96,97]  

𝐻2𝑂 → 𝑒ℎ
−, 𝐻•, 𝑂𝐻•, 𝐻𝑂2

• , 𝑂𝐻−, 𝐻3𝑂+, 𝐻2, 𝐻2𝑂2         Equation 4 

The concentrations of each product depend on illumination area, dose rate, and liquid volume.[98] 

Both hydrogen radical and aqueous electron are strong reducing agents; therefore, they can lead 

the reduction of aqueous electronegative ions and eventually precipitation of nanoparticles. This 

interaction may be employed to understand the mechanism of electron beam-induced 

nanoparticle growth. For example, growth of catalysts including Pt,[60] Pt3Fe,[62] Pt-Pd[99] 

nanoparticles, Au-Pd core-shell structure,[89] metal-organic frameworks[100] was observed in 

situ within the liquid cell. Figure 4a and b are a time-series TEM images and enlarged color 
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images showing Pt particle growth via monomer addition (left column) and coalescence (right 

column).[60] Nanopatterning is demonstrated with nanoparticles precipitated from the solution 

by hydrated electrons.[101]  

Radiolysis of water also produces strong oxidizing species such as OH•, HO2
•, and 

H2O2,
[102] leading to decreasing the size of particles. Etching of nanocrystals has been observed 

in aqueous solutions with oxidative etchant and oxidizing agents from water radiolysis, which 

promote the etching processes: Pd nanocubes in KBr solution,[103] Au nanoparticles and 

nanorods in FeCl3 solution,[104] Pt nanocrystals in a mixture of HAuCl4 and KCl solution 

(Figure 4c).[105] By introducing surface capping agent and halogen ions, formation of concave 

Pd nanocrystals having high-index faces was observed via dissociation of Pd atoms from {100} 

surfaces and preferential redeposition of Pd on the corners and edges of the nanocubes.[106] 

Since products from water radiolysis include both reducing and oxidizing species, the relative 

concentrations of eh
- and H• would determine whether etching or growth of nanoparticles 

happens, which are a function of electron dose rate with other parameters held constant.[96] 

(Figure 4d) Thus, controlling electron dose rate may allow us to write, read and erase metallic 

nanocrystals on demand in liquid cell.[107]  

As H3O
+ is one of products from radiolysis, the pH of the solution could be changed 

upon e-beam irradiation depending on the dose rate. When the dose rate is low, the pH of the 

solution barely changes but if the dose rate is high, pH becomes as low as 3 with an increase of 

beam-induced H3O
+.[96] As the dose rate increases, alkaline solutions experience significant 

changes in pH while strong acids (pH<3) have minimal changes in pH. At a certain dose rate, 

the steady state pH is highly dependent on initial pH of the solution. In addition, the 

concentration of products resulting from radiolysis varies with pristine pH and aeration.[96] 

Changes in pH of solution may alter the mechanisms and kinetics of catalytic reactions, 

therefore, the effect of beam-induced pH change should be carefully considered. 
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Radiolysis also can bring about bubble formation when the amount of produced H2 gas 

exceeds the solubility limit in aqueous solution.[108,109] Bubble formation is also affected by the 

dose rate: at moderate dose rate, the existence of reverse reaction prevents the concentration of 

gaseous radiolysis products from growing, while at high dose rate, periodic and reproducible 

nucleation and growth of nanobubbles are observed.[96,101] Reducing the electron dose may 

minimize the unwanted events associated with electron beam but it may compromise the quality 

of image. Compressive sensing has been suggested as an effective approach to reduce electron 

dose without losing the details in the images.[110]  

Liquid cell TEM allow us to observe physical changes of catalysts in working 

environment, leading us to have new insights to unravel the degradation mechanisms of fuel 

cells. For example, dissolution and deposition of electrocatalysts for  polymer electrolyte 

membrane fuel cells can be explored in liquid medium.[111] To deliver meaningful results from 

liquid TEM, it has to be sure that what we observe is not subsidiary beam-induced artifacts. For 

example, radiolysis of solvent needs to be understood in advance since it can generate highly 

reactive radicals and solvated electrons,[97] which may react with samples and as it may change 

the reaction environment, such as pH. In the lithium ion battery field, electron beam induced 

breakdown of various electrolytes (LiAsF6 salt dissolved in 1,3-dioxolane, dimethyl carbonate 

(DMC), and a mixture of DMC and ethylene carbonate (EC), and lithium triflate in dimethyl 

sulfoxide, LiPF6 in EC/DMC) was systematically investigated upon electron beam irradiation 

under controlled electron dose.[90]  

 

2.3. Operando liquid cell electron microscopy studies on electrocatalysis 

In order to understand the morphological or chemical evolution of catalysts during fuel 

cell operation, the “identical-location TEM” method has been employed. This is an ex situ 

analysis being performed at the same spot before and after the tests.[112,113] This approach might 

give us ideas about the localized changes on nanocrystals under working conditions; however, 
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it still can lead us misunderstanding since there might be some changes when the sample is 

removed from the native liquid environment and placed under a high vacuum in electron 

microscopes. Instead, operando liquid cell TEM allows us to observe the changes of the 

samples in real time with recording their properties, thus, to achieve direct correlation between 

structural changes and properties. Several works have demonstrated real time exploration of 

electrocatalysts during operation. 

Effect of e-beam irradiation is a problematic issue and should be addressed prior to 

actual studies. It has been suggested that electrochemical signals can be altered under electron 

beam. Hodnik et al.[114] compared cyclic voltammogram (CV) curves of PtCu/C at a rate of 0.2 

V/s in 0.1 M HClO4 with or without electron beam (~ 500 e- nm-2s-1). Spike patterns were 

observed in CV when the electron beam shutter was opened. In addition, whole CV curves 

elevated, and the peaks were shifted, which may be related to electrolyte radiolysis. 

Furthermore, they reported that electron beam can lower the electrochemical potential through 

absorption in the sample. Reducing electron beam dose may minimize the unwanted results. 

Zhu et al. investigated structural evolutions of Pt-Fe nanoalloy while recording CV 

curves.[115] Commercial electrochemical liquid cell holder, which features microfluidic and 

electrical circuitry for introducing liquid flow and applying electrical bias, was utilized for this 

work. 0.1 M HClO4 was the electrolyte for this operando studies, showing particle growth over 

cycles. It was visualized that the coarsening of each particle was not uniform both in space and 

time and the growth rate is a function of the position and the potential. Beermann et al.[51] 

demonstrated the time-resolved degradation pathways of Pt-Ni alloy on carbon support for 

oxygen reduction reaction (ORR) in fuel cell during cycling and at startup and shutdown 

conditions. Figure 5 shows a set of HAADF-STEM in situ images acquired during sequential 

sets of potential cycles separated by periods of constant potential, which is a test cycle for 

automotive or stationary proton-exchange membrane fuel cells. Microstructural changes of 
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catalysts, e. g. carbon support motion, particle motion, and particle agglomeration, were 

observed and precisely correlated with electrochemical potentials. 

The degradation processes of Pt nanoparticles on carbon support for automotive fuel 

cells were observed with CV measurement in 0.1 M H2SO4/H2O solution, indicating Ostwald 

ripening and coalescence of Pt particles are both responsible to performance degradation. 

Additionally, a breakdown of carbon support was presented at 1.9 V with a function of time.[116]  

Structural and morphological changes of cobalt oxide nanoparticles were monitored 

during oxygen evolution reaction (OER).[117] In situ electrochemical TEM chronopotentiometry 

while applying constant current density in aqueous 0.1 M KOH was performed, corroborating 

amorphization of Co3O4 during the water oxidation process. 

Lithium-air batteries work via ORR during discharge and OER during charge.[118] ORR 

and OER could occur according to thermodynamics but catalysts can accelerate the sluggish 

reaction kinetics and reduce charge overpotentials. Thus, various kinds of catalysts are being 

used in lithium-air batteries. Real-time exploration of this battery system can provide insights 

on understanding electrocatalytic reactions. RuO2 catalyzed lithium-air battery operation has 

been visualized in 1.0 M LiClO4 DMSO solution using micro battery built in commercial liquid-

electrochemistry holder.[119] Before flowing electrolyte solution, pure O2 gas was introduced 

into the electrolyte as the source of oxygen. Possible influence from e-beam irradiation was 

tried to be minimized with a short dwell time and low magnifications during STEM 

observations. Electron dose was estimated as 1.56 e- Å-2, which is much lower than conventional 

STEM imaging. Electrochemical tests were performed inside a microscope with a constant 

current of 100 nA. During discharge and charge, formation and dissolution of Li2O2 were 

clearly observed in the vicinity of RuO2 catalysts respectively. 

Photocatalytic hydrogen evolution reaction (HER) at the water/ anatase TiO2 interface 

was observed in real time.[120] Experimental setups for studying the photocatalytic reaction were 

realized using homemade liquid cell holder and UV light fiber introduced between the pole 
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pieces of microscope. (Figure 6) Anatase TiO2 nanoparticles were dispersed in water, then 

injected into the liquid cell. Afterwards, UV light was illuminated to instigate the photocatalytic 

reactions on aqueous TiO2. Before an initiation of H2 formation, hydrogenated surface shell 

was formed on the surface of TiO2 nanoparticles, where the valence of Ti is lower than that of 

at TiO2. It was claimed the surface hydrogenated shell promotes HER reaction. The role of Pt 

co-catalysts in the kinetics of HER reaction was also investigated by using H2PtCl6 solution, 

showing much faster evolution of hydrogen gas. It is noteworthy that the control experiments 

were also performed to ensure that H2 evolution is not originated from water radiolysis. Electron 

dose rate was restricted about 3 e- Å-2s-1, at which the steady-state concentrate of hydrogen is 

lower than the saturation concentration. 

 

2.4. Electrochemical measurements in liquid cells  

Liquid cell TEM enables us to directly link the electrochemical properties with S/TEM 

imaging, diffraction, or spectroscopy as we discussed in previous section. To establish the 

validity of this operando approach, reliable electrochemical measurement within liquid cells is 

also important. To this end, Unocic et al. corroborated that various quantitative electrochemical 

test can be performed with a commercial liquid electrochemistry holder (Figure 2d).[121] Cyclic 

voltammetry, chronoamperometry, electrochemical impedance spectroscopy was successfully 

conducted to investigate the redox reaction between [Fe(CN)6]
3-/4-, proving the capability of 

liquid cell configurations for electrochemical measurements. The influence of e-beam on the 

measurements was also considered: electron dose rate of 154 e- nm-2s-1 in this work did not 

cause any observable artifacts in CV curves with beam irradiation. 

For accurate and precise measurement of current and potential, different aspects of the 

experimental setup that could arouse noise were identified with various aqueous solutions.[122] 

This work delineated three important factors for precise measurement: potentiostat design and 
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ground connections, electron beam influence on the measured potential, area of electrode 

wetted by liquid solution.  

 

3. In situ TEM on catalytic gas reaction 

Various configurations of catalysts such as single-atom,[123] monometallic and 

bimetallic catalyst,[124-126] etc. have been extensively explored to improve catalyst applications. 

Analytical TEM has been a useful technique to investigate the structural characters and 

chemical properties of catalysts at the atomic scale. However, the necessity of understanding 

the fundamental mechanisms puts forward new requirements for in situ probing the size, 

morphology, composition and structure evolutions during the catalytic reactions under working 

conditions.[127–130] Environmental TEM (ETEM) and specialized gas holders have been 

developed to directly probe catalytic reactions in gaseous environment at high spatial resolution.  

The pioneering work of Hashimoto and Naiki (1968) promoted the development of the 

high-temperature gas-reaction specimen chamber compatible with TEM using a differential 

pumping system, which is also incorporated in current ETEM systems.[131] Baker et al. 

employed the refined ETEM to measure the mobility of nanoparticles and to observe the growth 

of carbon filament growth from decomposition of acetylene in 1970’s.[132,133] About 20 years 

later, Gai and Boyce achieved a spatial resolution of 0.23 nm, sufficient to resolve lattice fringes 

of heterogeneous catalysis in nitrogen gas.[134] Since then, the use of the field emission electron 

gun has gradually improved the spatial resolution to the atomic level, as shown by Hansen et 

al.[135,136] ETEM was then commercialized by FEI (currently Thermo-Fischer Scientific) in 

2008 with the demonstrated capability of monitoring the chemical and physical behaviors of 

nanomaterials during gas-solid reactions.[137–139] Meanwhile, the closed cell system has been 

also considered for gaseous environments for a long time. Comparing with ETEM, the closed 

cell can be easily adopted in different types of electron microscopes without modifications of 

the TEM column. The gas pressure applied in the closed cell now could reach ambient pressure 
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up to 4 atmospheres.[140] Certainly, the interactions of the electron beam with two membranes 

and confined gas molecules may induce artifacts to TEM observations. Same to the liquid cell 

holders, gas holders have been commercialized by different companies, including Protochips,[70] 

Hummingbird Scientific,[69] and DENS solution.[71] 

 

3.1. Designs and Techniques 

The challenges for monitoring gas-solid reactions with TEM include i) maintaining high 

vacuum in the TEM column, ii) avoiding the unwanted scattering of high energy electron beam 

with gas molecules, and iii) the corrosion effects of electron beam even though the gas is 

introduced only into the specimen area.[141–143] In general, there are two main approaches to 

fulfill these requirements: (1) ETEM with the differential pump system: where multi-stage 

pumps are used to keep the pressure difference between the electron source and specimen area 

during the gas injection processes.[144] (2) Specially designed holders with a gas cell. In this 

closed cell approach, the specimen is sealed between two electron transparent windows made 

of either C or SiN with the gas atmosphere at pressure up to the ambient pressure.[145,146]  

3.1.1. ETEM 

The differential pumping system of ETEM is equipped with pressure limiting apertures 

in the bore of pole-pieces and three additional turbo pumps to maintain the high vacuum in the 

electron source region. For a commercial Titan 80-300 ETEM, the pressure difference between 

the specimen area and electron source can be greater than 9 orders of magnitude, therefore one 

can have a gas pressure around the specimen up to 10 Torr.[147–149] One of the merits of ETEM 

is its compatibility with various in situ holders, such as heating, cooling, biasing, and 

maintaining the tilt capability of the sample stage. For example, we can examine the specimens 

under chemical reactions occurring in a gaseous environment at high temperature with both 

ETEM and a heating holder, which can benefit the study of catalysis. Thermal drift is a great 

concern for in-situ observations in ETEM. The stable power supply and restricted heating zone 
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are preferred in these designs to minimize temperature oscillation under confined reactive gas 

environments.  

Figure 7a displays a schematic diagram of a differentially pumped ETEM column. 

Figure 7b shows a picture of the ETEM at the Center for Functional Nanomaterials, 

Brookhaven National Laboratory.[150] The placed differential pumping systems (three turbo 

pumps) along with additional apertures above and below the specimen area successfully restrict 

the introduced gas leaking from the sample region to the TEM column.  The current ETEM can 

capture in situ atomic-scale TEM images at the gas pressure usually less than 10 Torr. The 

temporal resolution of ETEM can reach up to 1 ms with the advanced digital acquisition system, 

for example, Gatan K2 and K3 systems.[48,151] The commercialized K2 or K3 Summit cameras 

are specially designed by counting individual electron events, which could greatly improve the 

detector resolution and eliminate noises.[151,152]  

3.1.2. Gas cells 

In order to realize a gas-solid reaction at ambient pressure, closer to real reactive 

conditions, a closed-cell approach is a rational choice rather than an ETEM with the differential 

pumping system. Like a liquid cell, thin electron transparent windows can confine a gaseous 

environment with specially designed holders. The pioneering concept of a “sealed gas cell” was 

proposed by Heide in 1962 for in situ TEM observations.[153] The initial design for the gas cell 

used two specimen grids separated at a desired distance by a thin metallic foil and sealed by the 

specimen holder. However, the thermal drift has been the major challenges with this setup due 

to the expansion and contraction of metal grids during heating and cooling, respectively. Later, 

the development of MEMS based chips mitigated this challenge and extended the maximum 

heating temperature.[154,155]  

Figure 8 shows a typical design of a windowed gas cell developed by Creemer et al., 

illustrating the gas inputting system and the details of sample areas.[154,156] The bottom and top 

windows made of C or SiN amorphous thin films confine both specimens and gas with thickness 
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of 3-4 μm.[154,157] Besides the capability of holding a high gas pressure, the closed cells with 

specified holders have an advantage that they can easily be applied in different microscopes 

without modifications to the TEM column. However, there are also challenges to overcome, 

including imaging distortions induced by the interactions between the electron beam with the 

top/bottom membranes and gas molecules, difficulty of EDX analyses like liquid cells. Gas 

holder systems are still under rapid development, and many new designs such as multichannel 

gas flow holder and gas & heating holder have been commercialized.  

3.1.3. Measurement of gas composition 

Precise measurements of gas compositions are difficult to perform during the reaction 

processes of heterogeneous catalysts in reactive environments due to the lack of effective 

measurement options. Li et al.[158] investigated the complex structural dynamics of supported 

Pt catalysts and corresponding gas compositions for ethylene hydrogenation reactions by a 

combination of synchrotron X-ray adsorption spectroscopy and STEM. These experiments 

were conducted at the micro-focusing X-ray beamline X27A and the FEI Titan 80/300 ETEM 

at Brookhaven National Laboratory with the identical micro-reactor and gas input/output 

systems. In both cases, the same conditions of ambient temperature and pressure were 

maintained during the reaction process. Due to 50 nm-thick confining SiN windows and SiO2 

supports, the spatial resolution of STEM measurements was limited to 1 nm. In spite of the 

experimental limitations, this work demonstrated the feasibility of multimodal analysis of 

XANES, EXAFS, and STEM to adequately characterize all metal species and gas species 

during the reactions. 

Another interesting work for the measurement of gas compositions was reported by 

Crozier et al. using in situ EELS.[159] The authors took advantage of various catalytic reactions 

to produce desirable gases (H2, CH3OH, CH4, NH3 etc.) and used ETEM to directly probe the 

structure evolutions occurring at catalysts via in-situ imaging and diffractions. Besides 

characterizing the catalysts, local gas environments also should be assessed to fully understand 
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the fundamental mechanisms of the catalytic reactions. Crozier et al. demonstrated that the 

inner-shell EELS can be applied to measure the composition of the gas mixture with an accuracy 

of about 15% or better. However, inner-shell EELS is not able to evaluate the composition of 

gas mixture containing H2 due to the ionization edge at around 12.5 eV. In their work, a linear 

combination fitting of component gas spectra to a spectrum from gas mixture was proposed for 

measuring the composition of gas mixture. This work demonstrated the possibility to determine 

the gas composition and volume fraction inside the windowed cell in real time during a catalytic 

reaction. 

Muto et al.[160] employed an ETEM equipped with a quadrupole mass spectrometer 

(QMS) to detect product gas species during the chemical reactions occurring in the TEM 

column, which allows operando characterization of the catalytic reactions. In this work, they 

demonstrated the direct correlation between the detected gas species and atomic structural 

evolutions of catalysts during the redox reactions under reactive conditions. Figure 9 

schematically shows the block diagram of the system with two valves implemented in the back 

side (V1 between the closed-cell and a turbo-molecular pump; V2 between the closed-cell and 

the QMS system). They tested the system in two different cases including carbon nanotube 

combustion and metal oxide reduction, and detected CO2 gas species during the redox reactions.  

3.1.4. Side effects with electron beam 

The well-known e-beam effects considered in TEM are knock-on damage, electrostatic 

charging and ionization damage (radiolysis).[144] There are two well-known assumptions for e-

beam damage: the radiation damage is proportional to the electron beam dose rate independent 

of beam size; the extent of damage is proportional to the energy deposited on the samples.[85,161–

164] The dose rate of the electron beam in a TEM column can be high, which may induce 

artifacts.  

The knock-on damage is resulted from displacement of atoms in a specimen by 

deflecting electrons in high angles through transferring momentum and kinetic energy to atoms. 
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The atom displacements from their original positions occur when the e-beam energy (E) 

exceeds the atomic displacement energies (Ed), which depend on the properties of specimen 

materials (e.g., bond strength, atomic weight, crystal structure).[85,163] This early stage damage 

can be observed from diffraction patterns of the crystalline samples with faded or blurred 

diffraction spots or rings. Usually, this process is responsible for radiation damage in 

electrically conducting samples: metals or semiconductors. In this case, the method used to 

minimize the damage is lowering the energy of the e-beam, such as 60 keV enough for most 

materials.[161] If an accelerating voltage is unchangeable, limited dose rate and low exposure 

time are alternative ways to reduce the undesirable damage.[164]  

The radiolysis from inelastic scattering of electrons with energy loss may damage the 

samples by modifying the chemical bonds.[163] In conducting specimens (e.g., metals), the 

vacancies formed at the initial state (conduction band) induced by energy transfer can be refilled 

by other electrons in the system, which minimizes the ionization damage. However, for the 

insulating or semiconducting materials, the loss of electrons in the valence band or inner atomic 

shell lasts for long enough time without compensation, resulting in the movement of atoms and 

eventually permanent damage of chemical bands and alteration of the atomic or molecular 

structures. The last type of electron damage is electrostatic charging caused by the ejection of 

secondary and Auger electrons into vacuum from the incident beam.[164,165]  

For gas-solid reactions in TEM, in addition to the general beam effects, the interaction 

between electrons and gas molecules induces the ionization of gas molecules, thus increasing 

reactivity of gas. In other words, the inputted gases can be highly reactive after ionization by e-

beam. Therefore, many studies have been performed to investigate the e-beam effects 

(especially the ionic gas molecules) as a function of dose rate during the gas-solid 

reactions.[166,167] For example, Sharma et al. reported a dissociative adsorption of water and 

hydroxylation on {100} neutral surfaces of MgO smoke nanocrystals under water environments 

in ETEM.[168] They revealed that the reaction rate is related with the electron flux, modifying 
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the perfect surfaces of MgO specimens at constant water pressure. Kizuka et al. performed 

another interesting work about the structure evolution of MgO under e-beam irradiation, 

showing the diffusion of mobile Mg and O atoms on the surface under high vacuum.[169]  

 

3.2. Heterogeneous metallic nanoparticle catalysis 

Heterogeneous catalyst systems are required to assist converting original chemical 

reactants into desirable products at a rapid reaction rate with long-term sustainability and high 

product purity. Complex nanoparticle (NP) systems composed of single or multi components 

have been developed to serve as successful catalysts. Along with chemical composition, the 

supporting materials (CeO2, ZnO, Al2O3, etc.), shapes (circular, rectangular, square, etc.), 

composition distributions (e.g., homogeneous mixture, core-shell, etc.) and phases (alloy, 

ordered intermetallic phase, etc.) also play a significant role in determining the catalytic 

properties of NPs. To maximize the performances of NPs, advanced nano-characterization is 

highly requested to probe not only their as-synthesized property but also changes of structure 

and the chemical composition and distribution during the real reaction processes for 

understanding how the NPs behave for catalysis.  

3.2.1. In-situ/operando observations of catalysts’ synthesis  

Nearly 90% of chemical reactions are relying on the utilization of catalysts (especially 

NPs) in industries. The optimized synthesis methods are greatly important for controlling 

catalytic behaviors of NPs. With the development of ETEM/closed cell, a direct observation of 

synthesis processes becomes possible, which could be used to reveal the fundamental synthesis 

mechanisms. 

Transformation from metal noble particles to thermally stable single atoms 

In general, single metallic atoms or metal clusters tend to agglomerate during thermal 

heating processes, showing ripening characters in order to reduce surface energies. By contrast, 

the work by Wei et al.[170] illustrated an inverse phenomenon, noble metal NPs transforming 
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into stable single atoms (SAs) above 900 °C in an inert atmosphere. By using in situ 

environmental TEM, they directly probed the dynamic processes, the competition between 

thermal sintering and atomization. The structural evolution from Pd-NPs to Pd-SAs was traced 

in a heated cell from 100 °C to 1,000 °C under an Ar atmosphere of 0.433 Torr. As shown in 

Figure 10a-c, the steady increase in average particle diameters and decrease of particle numbers 

were observed from room temperature to 900 °C, indicating aggregation. However, the high 

vapor pressure of the noble metal promotes the emission of Pd atoms that are subsequently 

trapped by N defects on nitrogen-doped carbon (CN). Thus, as heated to 1000 °C, the 

aggregation and atomization were both accelerated as shown Figure 10c. DFT calculations 

suggested  the energy barrier from the decomposition of Pd clusters to the formation of a single 

atom in N4 defects is about 1.47 eV, higher than the energy barrier for sintering diffusion (about 

0.58 eV), but energy penalty may be overcome at high temperatures. By a combination of in 

situ TEM observations and DFT calculations, they demonstrated that the sintering governed 

low temperature (300-900 °C), while the atomization dominated the high temperature. Their 

work clearly revealed the atomization processes of noble metals (e. g. Pt, Pd, Au), which can 

take part in various catalysis. 

Exsolution of metallic nanoparticles on perovskite parent 

The design of highly active and stable NP catalysts on supporting materials has attracted 

great research interests. Planting NPs has been identified as an effective approach to achieve 

this configuration. The production of Co nanoparticles on PBMCo was observed in situ by Sun 

et al., which exemplified a conceivable method to fabricate a series of supported NPs on 

perovskite catalysts.[171] They demonstrated a facile operando manufacture way to produce 

finely distributed Co NPs in a reductive atmosphere. Segregation of NPs and the formation of 

ordered layered oxygen deficiencies were observed by in situ TEM. As shown in Figure 11a, 

there are no detectable exsolution NPs on the parent support under 770 °C. The formation of 

Co NPs could be detected at 810 °C, and the size of Co NPs increased with raising temperature 
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to 850 °C as shown in Figure 11b and c. Figure 11d-f illustrate the time-sequenced TEM 

images captured at 850 °C and pH2 = 3.75 × 10-3 Torr.  

3.2.2. Catalytic behaviors under reactive conditions 

Size redistribution during catalytic reactions 

The sustainability of size and shape of nanoscale catalysts at working conditions are 

important for maintaining catalytic performance since nanomaterials generally undergo 

sintering processes at high temperatures under reactive gas conditions, resulting in the loss of 

active sites and eventually deterioration of performance. Therefore, thorough understanding of 

the sintering process of nanocatalysts during chemical catalytic reactions has been a significant 

interest. Recently, Simonsen et al. addressed the sintering mechanisms of Pt nanoparticles 

dispersed on the amorphous Al2O3 substrate during the exposure to 7.5 Torr of air at 650 °C as 

a model system for a catalyst for automotive exhaust abatement.[172] They proposed that the 

sintering of Pt is mediated by an Ostwald ripening process. The particle diameter distribution 

(PDS) changed from initial Gaussian distribution into a skew form, subsequently to the Lifshitz-

Slyozov-Wagner (LSW) distribution; However, for the individual nanoparticle, the observation 

deviated from the Ostwald model due to the influences of local environment on atom exchange 

process.  

Yuan et al.[173] reported sintering behaviors of Au nanoparticles on distinct TiO2 

surfaces under oxygen gas environments. The Au nanoparticles on the TiO2 (101) surface 

migrated together and became a large particle corresponding to the Ostwald ripening 

mechanism. As shown in Figure 12a-d, the typical sintering process, particle migration and 

coalescence and Ostwald ripening on TiO2 (101) was directly observed from the time sequenced 

HRTEM images. However, the Au NPs on the (001) surface behaved differently, no sintering 

phenomenon under the same condition. They also confirmed this difference by time-sequence 

HRTEM images, showing that Au NPs are firmly attached to the TiO2 (001) surface, displaying 

a strong resistance to sintering, as illustrated in Figure 12e and f. DFT calculations supported 
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the in situ observations that the interface structures may govern whether the sintering processes 

occur or not. This work provides an insight regarding the substrate influences on the sintering 

processes of supported NPs.  

Gas induced morphology evolution 

For NPs, the shape and morphology determine the exposed surface facets and atomic 

active sites, which consequently enable the control of the activity, stability and selectivity. 

Therefore, structural evolutions of catalysts under different temperatures and environmental 

conditions is of importance to determine catalytic performances. The changes in the structure 

and morphology of nanomaterials during a chemical reaction can be monitored via in situ TEM 

in order to reveal the reaction mechanisms and provide insights for optimizing nanomaterials 

designs. 

One exemplary work was given by Hansen et al.[135] The morphological changes of Cu 

NPs on ZnO, catalysts for methanol synthesis and hydrocarbon conversion inside fuel cell, were 

observed in real time at the atomic scale under various gas environments at 220 °C. Lattice 

fringes resolved from both Cu and ZnO have been used to calculate the interfacial and surface 

energies. Combining the information about Cu lattice planes and the observation of angles 

between the terminal planes, the exposed facets of the projected Cu nanocrystals were identified 

as the low-index planes. The corresponding Wulff reconstructions for the structures were 

extracted, which matched well with the observed shapes of the NPs. They proposed that change 

in the oxidation potential of the gas may alter the oxygen content in the ZnO surface, and 

thereby the interface energy. The in-situ observation illustrated the atomic-scale details about 

structure-catalytic property relationships, demonstrating that the relevant active sites (low index 

planes, corners, steps, etc.) were generated during the catalytic reactions. Important information 

deduced from such in situ HRTEM imaging includes the orientation relationships between the 

NPs and the supports, and Wulff reconstruction of the 3D shape providing critical information 
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about surface and interface energies under distinct gas environments. Furthermore, this 

representative work provides important insights about more realistic conditions regarding 

complex NP systems with many different surfaces and interfaces. 

Recently, Yoshida et al. reported how molecules reconstruct the surfaces of Au NPs 

supported by CeO2 when exposed to CO at room temperature from visualization of atoms in 

real space and time.[174] The aberration-corrected ETEM with lower energy electrons has been 

applied to examine the adsorbent (light-element) and the reconstruction of the gold NP. Figure 

13a and b display HRTEM images presenting {100} facets of a Au nanocrystal exposed to 

vacuum and a gas mixture (1 volume % CO in air at 0.75 Torr) at an accelerating voltage of 80 

keV. The viewing direction parallel to the {100} facets, yet off the <100> zone axis induced a 

decrease in the contrast of Au nanoparticle but an increase in the contrast of light-atoms, carbon 

and oxygen. Combining ab initio electronic calculations of CO adsorbed on Au {100} facets, 

image simulations (Figure 13d) were conducted based on the DFT-obtained most energetically 

favorable configuration for CO adsorption to compare the experimental HRTEM observation 

(Figure 13c). The plane and cross-section views of the proposed model in Figure 13e and f 

show half of Au atoms adsorbing CO molecules. Exceeding 50% coverage is energetically 

unfavorable with an adsorption energy 0.26 eV per CO molecule. On the basis of this work, 

they proposed that the Au {100} surface having modified stacking sequence contributes 

unusual bonding configurations for CO adsorption with a high affinity. This work demonstrated 

the feasibility of visualizing light atoms and molecules at the atomic scale under reactive 

conditions by using a low accelerating voltage of 80 keV. The work provided a showcase of an 

experimental route to elucidate the catalytic mechanism by directly probing the metal atoms 

and gas species. 

As mentioned above, it is well known that the size of NPs significantly affects the 

catalytic reactions. The common understanding regarding the size effect is that smaller NPs can 

provide more active sites for the reactions thus have higher activity. The assumption behind 
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this belief is that the supported NPs are more or less intact during the redox reactions. He et 

al.[175] reported a distinct case for Au clusters supported by the CeO2 substrate in the CO 

oxidation conditions at room temperature. While large Au nanoparticles remain rigid in the 

catalytic working condition, ultra-small Au clusters lose their intrinsic crystallinity and become 

disordered, featuring vigorous structural rearrangements and formation of dynamic low-

coordinated atoms on the surface. Figure 14 displayed the representative structure evolutions 

of supported Au NPs with different sizes under reactant gas conditions. For the large NP, the 

atomic structure remained almost intact except for the surface reconstruction of the Au (100) 

surface due to CO adsorption, displayed in Figure 14a and b. In Figure 14c and d, the atomic 

structure of the Au NP with the moderate size transformed into a disordered structure when 

exposed to the same reaction condition, evidenced by the HRTEM image and fast Fourier 

transform (FFT) results. The ultra-small Au cluster (single layer) in Figure 14e and f wrapped 

into an “onion-like” 3D-structure. These dynamic structural changes have been presented from 

vacuum to CO oxidative condition at room temperature. The size-dependent interaction 

between Au NPs and CO gas species is directly evidenced by these results, especially the 

activation of Au atoms via Au-Co species in sufficiently small Au clusters (single layer). 

Xin et al.[176] revealed correlation between valence states of the Co catalyst and its 

nanoporous structure. The nanoporous Co nanoparticles coated with silica were heated at 

different temperatures (300-600 °C) under a 15 mTorr H2 environment, aiming to study 

structural coarsening during the hydrogen reduction reaction for Fischer-Tropsch synthesis. A 

noticeable structural change of the nanoporous core was observed at 300 °C after the injection 

of H2 gas. The core structure was coarsened with preserved some degree of porosity at 450 °C 

and eventually, the large Co nanoparticles with smooth surfaces surrounded by silica were 

shown during the heating process at 600 °C under H2. On the basis of combination of 

microscopic imaging and EELS analysis in real time, they revealed quantitative correlation of 
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Co valence states with morphological changes, which could be used to design catalysts with 

improved catalytic property and selectivity. 

Elemental composition and phase evolution 

Noble metals such as Pt and Pd have been served as a benchmark catalyst for various 

reactions but finding other catalyst systems has been urgently requested because of the scarcity 

and high price of them. Ordered core-shell bimetallic NPs (e. g. Pt-M, Pd-M), where noble 

metal is at the shell and ordered phase in the core, are one of promising alternatives. The core-

shell structure with Pt or Pd outer shell on the surface of NPs at least partially reduces the cost 

and demand of precious metals. Meanwhile, the specially designed and produced ordered 

structure in the core could help to achieve enhanced catalytic activity relative to the pure Pt or 

Pd catalysts. The ordered structure could also be advantageous to enhance the stability during 

catalytic reactions.  

 Dai et al. recently reported the oxygen-driven counter-intuitive core-shell formation in 

Pt3Co NPs.[177] They took advantage of in situ STEM-HAADF imaging to illustrate the 

segregation and ordering processes concurrently occurring under oxygen environments. As 

displayed in Figure 15, the layer-by-layer growth of the (100) Pt shell was directly probed 

during annealing at 300 °C in the oxygen environment. The snapshot was taken at 0 s after 

cooling from 760 °C to 300 °C, displaying the same diameter of NP (12.79 nm) at 760 °C 

(Figure 15a). The enlarged view (Figure 15d) of the localized area in (a) identified the 

formation of a 2 atomic-layer-thick Pt-rich shell. After an elapsed time of 64 s, growth of the 

NP was noticed with an increase of 0.39 nm in diameter, detailed in Figure 15b and e. Figure 

15c and f exhibit the newly formed 4 atomic layers of Pt on the (100) surface of the NP. This 

experiment suggested a two-step process of forming the ordered core-shell structure under the 

oxidation conditions: i) phase transition from disordered Pt3Co alloy to ordered L12 structure at 

720 °C with the initial formation of two atomic Pt rich layers on the surface via surface 

segregation, then ii) layer-by-layer growth of Pt shell through the migration of Pt atoms from 
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other clusters at lower temperature of 300 °C. Using in-situ STEM, Dai et al. also revealed 

facet-dependent elemental oxidation in Pt3Co NPs.[178] Under oxidative conditions, Co atoms 

segregated onto the {111} surface and were selectively oxidized, but not happening on the 

{100} surfaces. These results suggest that the {100} surfaces of Pt3Co might play a critical role 

as ORR catalysts. 

Carbon nanofiber growth over nanocatalysts 

As carbon nanotubes hold great potential for widespread applications in various 

nanotechnologies, research efforts have been exerted to understand their growth mechanisms. 

Meanwhile, the inhibition of carbon growth plays a central role in catalysis including the 

hydrogen and synthesis gas productions. Helveg et al.[179] used in-situ atomic-scale TEM 

imaging to investigate carbon nanofiber growth over supported Ni NPs from methane 

decomposition. Figure 16 displays the transformation of Ni NPs from the initial equilibrium 

shape to a highly elongated shape during the methane decomposition. The (002) lattice planes 

of graphene sheets were parallel to the elongated Ni surface as shown in Figure 16a. HRTEM 

images confirmed that the atomic steps of Ni, spontaneously formed during the reaction, play 

a critical role in the nucleation and growth of graphene sheets, as shown in Figure 16b-g. The 

Ni nanocrystal extends laterally until an aspect ratio (length/width) of up to ~4 before 

contracting to a spherical shape within ~0.5 s, illustrated in Figure 16h. They proposed that the 

transportation of C along the graphene-Ni interface happens with the transporting of Ni atoms. 

Combining DFT calculations, they demonstrated that the step edges are more energy favorable 

to adsorb carbon than the closed-packed facets of Ni. They also pointed out that the driving 

force of graphene formation is originated from an energy gain of 0.7 eV per C atom by 

incorporating of C atoms from step edges into a graphene sheet. Observations of preferential 

adsorption of C atoms on atomic steps provide general idea about the metal catalyst assisted 

carbon nanofiber growth. 
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Hofmann et al.[180] also published an interesting study regarding the growth of carbon 

nanotubes. The fundamental formation mechanism of single-walled carbon nanotubes and 

nanofibers with metallic nanoparticles through chemical vapor deposition was explored using 

ETEM. It was demonstrated that single-walled carbon nanotubes nucleate by a lift-off of a 

carbon cup on a metal catalyst, and the subsequent growth is accompanied with a dynamic 

reshaping of the NP catalyst. Formation of carbon nanofibers proceeds with an elongation and 

contraction of the NP catalyst. In this study, they proposed that the structural selectivity was 

determined by the dynamic interplay between carbon network formation and catalyst particle 

deformation. 

 

4. Outlook 

We have reviewed the recent progresses of in situ and operando TEM techniques in 

both liquid and gas environments. The representative works which employed these approaches 

to study energy-related catalysis are summarized in Table 1. In situ environmental TEM 

techniques can uniquely provide structural, composition, and chemical information of 

nanomaterials at the atomic scale under specific conditions. Both liquid- and gas- 

environmental TEM are facing their technical challenges. The spatial resolution would suffer 

degradations due to the scattering effect by both liquid and gas media. For the liquid-cell, the 

interaction between electron beam and liquid media is the main issue. In most cases, the dose 

of electron beam needs to be controlled to reduce the radiolysis. For the gas ETEM techniques, 

highly reactive beam induced ionic gas molecules may affect the reaction processes. As 

mentioned in this review, the media may also introduce instabilities and artifacts to the 

microscopic observations. These factors will physically limit the spatial and temporal 

resolutions of in-situ TEM observations, demanding continuous attentions and efforts to 

improve.   
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While researchers are conducting in situ/operando studies with TEM under the 

environmental conditions, the temporal resolution is also important to capture the transient 

reaction dynamics. A fast record detector such as Gatan K3 can largely help to improve the 

temporal resolution. However, it demands enough numbers of electrons to form a decent and 

informative image, which depends on the brightness of the electron gun and the beam-specimen 

interaction. Compared to imaging and spectroscopy, electron diffraction can be acquired much 

faster without compromising the quality. Ultrafast electron microscopy, especially ultrafast 

electron diffraction, is another rapid growth field, which explores catalytic reactions at a much 

higher temporal resolution (~ fs).[181-183]   

The in situ environmental TEM is a newly introduced technique for energy-related 

materials. There are plenty of opportunities to develop and apply in-situ environmental TEM 

techniques on dedicated reactions. For example, the micro-electro-mechanical system (MEMS) 

chip technique is being widely applied in ETEM to achieve a well control of temperature and 

operando measurement of catalytic properties. In situ liquid and gas holders and MEMS chips 

have been developed to meet various needs of the research, for example, realizing multifunction 

in one system (e.g. liquid biasing and heating); modifying design for accurate performance 

measurement, etc. Multimodal in situ approaches combining in situ TEM and other in situ 

techniques (X-ray, Raman, etc.) are being developed, which require complicated hardware 

modifications but can enrich the understanding of materials at different length scales and time 

domains. With these new developments, in situ TEM is expected to create more unprecedented 

scientific opportunities for providing fruitful, in-depth understanding on reaction mechanisms 

and dynamic processes in energy-related reactions.  
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Figure 1.  A schematic diagram of the liquid cell and its applications for imaging phenomena 

in diverse disciplines. 
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Figure 2. (a) The components of the liquid cell. Reproduced with permission.[58] Copyright 

2003, American Association for the Advancement of Science. (b) Optical micrograph of the 

electrode tips and (c) scanning electron microscope images showing a serpentine heater (top) 

and thermometer (bottom) patterned with 50-nm thick Al. Reproduced with permission.[68] 

Copyright 2015, Cambridge University Press. (d) Schematic illustration of commercial in situ 

electrochemical-scanning/transmission electron microscopy system depicting the assembly of 

the silicon microchip devices within the tip of the in situ transmission electron microscopy 

(TEM) holder and (e) Electrochemical microchips with microfabricated platinum counter 

electrode, platinum reference electrodes and glassy carbon working electrode. Reproduced with 

permission.[121] Copyright 2014, Cambridge University Press. 
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Figure 3. (a) Spatial resolution of transmission electron microscopy with liquids.[58,60,62,73–76] 

(b) EELS and (c) EDX spectra taken from a thin (blue t/λ ~ 0.23) and thick (red t/λ ~ 1.75) NiO 

region. Reproduced with permission.[86] Copyright 2014, Cambridge University Press. (d) A 

schematic diagram of graphene liquid cell embracing ferritin molecules and (e) Fe, N, O EELS 

elemental maps acquired from ferritin molecules. Reproduced with permission.[93] Copyright 

2014, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 4. (A) Video images and (B) enlarged color images from (A) showing simple growth 

by means of monomer addition (left column) or growth by means of coalescence (right column). 

Reproduced with permission.[60] Copyright 2009, American Association for the Advancement 

of Science. (C) Morphological changes of icosahedral and cubic nanoparticles of platinum in 1 

h in the presence of a mixed solution of HAuCl4 and KCl. Reproduced with permission.[105] 

Copyright 2017, American Chemical Society. (D) Growth and etching of metal nanoparticles 

at various e-beam dose rates. Reproduced with permission.[96] Copyright 2014, American 

Chemical Society. 



  

51 

 

  

Figure 5. HAADF-STEM in situ imaging of the impact on the catalyst structure of an 

electrochemical sequence consisting of electrochemical potential cycling between 0.0 to +1.2 

VRHE and 0.0 to +1.4 VRHE for 10 CV with 100 mV s-1 and holding on different upper potentials 

in 0.1 M HClO4. (a) Potential profile over time with marked points for shown images. (b–i) 

Images taken at the marked potential and cycle number, with cutouts of small regions from 

other areas of the movie sequence to track individual particles (left) and stringy Pt growth 

(right). Reproduced with permission.[51] Copyright 2019, Royal Society of Chemistry. 
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Figure 6. (a) Experimental setup of a fluidic TEM holder with function of in situ UV 

illumination. (b) Photocatalysis experiments with different times of UV exposure. Each TEM 

image is recorded independently with fresh aqueous suspensions of TiO2 NPs controlled by the 

fluidic holder. Red arrow indicates the gas bubble around the TiO2 NPs. (c) Magnified views 

of the TEM images in (b). (d) Thickness of the surface shell on anatase TiO2 vs. UV illumination 

time: experimental data (black squares) and fitted curve (blue line). (e) EELS spectra from the 

bubble (black line) and from the pure water region (dashed blue line). (f) EELS for the initial 

crystalline surface of TiO2 (red curve), the surrounding water (blue curve), and the surface shell 

(black curve). Purple vertical lines highlight the pre-edge feature at ~527 eV, before the O-K 

edge in the spectrum of surface shell. Reproduced with permission.[120] Copyright 2018, 

Springer Nature. 
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Figure 7. (a) Schematic diagram of a differentially pumped TEM column. FEG: field emission 

gun; IGP: ion getter pump; TMP: turbo molecular pump; RGA: residual gas analyzer; PC: 

plasma cleaner; C1: first condenser aperture; SA: selected area aperture. Reproduced with 

permission.[150] Copyright 2012, Elsevier. (b) A picture of the differentially pump of FEI-Titan 

environmental TEM (with a CEOS aberration-correction system) in Center for Functional 

Nanomaterials, Brookhaven National Laboratory.  
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Figure 8. Illustration of the nanoreactor device: (a) Schematic cross-section of the nanoreactor. 

(b) Optical image of the TEM holder with the integrated nanoreactor and the four electrical 

probe contacts. (c) Optical close-up of the nanoreactor membrane. The bright spiral is the Pt 

heater. The small ovaloids are the electron-transparent windows. The circles are the SiO2 

spacers that define the minimum height of the gas channel. (d) A low-magnification TEM image 

of a pair of superimposed 10 nm thick windows. Reproduced with permission.[154] Copyright 

2017, Elsevier. 
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Figure 9. Schematic diagram of the present HVEM-QMS system (see text for details). OL P. 

P.: objective lens pole piece; TMP: turbo-molecular pump; Scroll P: scroll pump. Reproduced 

with permission.[160] Copyright 2018, Oxford University Press. 
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Figure 10. Representative images acquired at different temperatures, statistical analysis of 

particle diameters and numbers. a, Frames acquired at various temperatures and times of Pd-

NPs@ZIF-8 pyrolysed in situ with ETEM under an Ar atmosphere (N and D are the number 

and the average diameter of particles, respectively, the scale bar is 50 nm). b, Average diameter 

and number of particles as a function of heating temperatures. c, Average diameter and number 

of particles versus pyrolysing time at 1,000 °C. Reproduced with permission.[170] Copyright 

2017, Springer Nature. 
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Figure 11. (a−c) In situ TEM images of PBMCo with 3.75 × 10-3 Torr of H2 supplied from 770 

to 850 °C with one image captured every 40 °C with a ramping rate of 20 °C min−1. (d−f) TEM 

images of PBMCo in 3.75 × 10-3 Torr of H2 supplied at 850 °C over a time period of 500 s. 

Reproduced with permission.[171] Copyright 2016, American Chemical Society. 
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Figure 12. (a-d) The serial ETEM images show the sintering behavior of Au NPs on the TiO2 

(101) surface. (e, f) The serial TEM images show the sintering behavior of Au nanoparticles on 

the TiO2 (001) surface, from side view. The images are acquired at 500℃ and the oxygen 

pressure is circa 3.75 × 10-4 Torr. Reproduced with permission.[173] Copyright 2018, Wile-VCH. 
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Figure 13. Aberration-corrected ETEM images in (A) a vacuum and (B) a reaction environment 

(1 volume % CO in air at 0.75 Torr at room temperature) taken using 80 keV electrons using 

an under-defocus condition. (C) The observed image in the rectangular region in (B) at higher 

magnification. (D) A simulated image based on an energetically favorable model. The model 

is superimposed on the simulated image. The model in (E) plan view along the [001] direction 

of crystalline gold and (F) cross-sectional view along the [110] direction of crystalline gold to 

show the undulating topmost Au layer. As shown in models (D) and (E), the [1.37, –0.37, 0] 

direction is nearly parallel to one side of the surface hexagonal lattice. Reproduced with 

permission.[174] Copyright 2012, American Association for the Advancement of Science. 
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Figure 14. Dynamic structural changes of various Au nanostructures supported on CeO2 (111) 

upon exposing to the reactant gases. HRTEM images (a and b) of a 4-nm Au NP with ∼1,000 

atoms; the arrow in b indicates the Au (100) surface reconstruction. (c–d) The <2-nm Au NP 

with 100∼200 atoms; the Insets show corresponding fast Fourier transform of the Au NP. (e–f) 

The ∼2-nm SL with ∼40 atoms. (Scale bars: a, c, and e, 1 nm; also apply to b, d, and f, 

respectively.) Reproduced with permission.[175] Copyright 2018, National Academy of Sciences.  
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Figure 15. Layer-by-layer growth of the (100) Pt shell during oxygen annealing. a–c Sequential 

HAADF images taken at 0, 64, and 128 s during oxygen annealing at 300 °C, respectively. 

Scale bar, 2 nm. d–f Corresponding enlarged false-colour panels of the (100) surface (indicated 

by red boxes) in a–c, respectively. Yellow and blue spheres represent Pt and Co atoms, 

respectively. Scale bar, 5 Å. Reproduced with permission.[177] Copyright 2017, Springer Nature.  
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Figure 16. Image sequence of a growing carbon nanofiber. (a-h) In situ illustration of the 

elongation/contraction process. Drawings are included to guide the eye in locating the positions 

of mono-atomic Ni step edges at the C–Ni interface. The images are acquired in situ with 

CH4:H2 ¼ 1:1 at a total pressure of 1.575 Torr with the sample heated to 536 ℃. Scale bar, 5 

nm. Reproduced with permission.[179] Copyright 2004, Springer Nature. 
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Tables 

Table 1. Representative works exploiting in situ TEM techniques related to catalysts and 

catalysis  

Characterization technique Topics Ref. 

Liquid cell 

Growth mechanisms of nanomaterials for catalysts  51,60, 62, 73, 75 

Interaction between electron beam-liquid solution  96, 97, 114 

Agglomeration of Pt-based nanoparticles alloy during ORR 51, 115, 116 

Amorphization of Co3O4 during OER  117 

RuO2 catalyzed lithium-air battery  119 

Photocatalytic HER on TiO2  120 

Environmental TEM (ETEM) 

Conversion of Pt nanoparticle to Pt single atoms  170 

Exsolution of Co nanoparticles on perovskite parent 171 

Pt nanoparticle ripening  172 

Facet-dependent sintering of Au nanoparticles on TiO2 173 

Surface reconstruction of Au nanoparticle  174,175 

Changes in morphology and chemistry of Co during hydrogen 

reduction for Fischer-Tropsch synthesis 
176 

Carbon nanofiber growth after methane decomposition 179 

Gas cell 

Structural dynamics of Pt nanoparticles during ethylene 

hydrogenation 
158 

Formation of core-shell Pt3Co nanoparticles 177 

Facet-dependent oxidation of Pt3Co nanoparticles 178 

 


