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Quantitative gas‑phase transmission 
electron microscopy: Where are we now 
and what comes next?
Joerg R. Jinschek,*   Stig Helveg,   Lawrence F. Allard,   Jennifer A. Dionne,   
Yuanyuan Zhu,   and Peter A. Crozier* 

Based on historical developments and the current state of the art in gas-phase transmission 
electron microscopy (GP-TEM), we provide a perspective covering exciting new technologies 
and methodologies of relevance for chemical and surface sciences. Considering thermal and 
photochemical reaction environments, we emphasize the benefit of implementing gas cells, 
quantitative TEM approaches using sensitive detection for structured electron illumination (in 
space and time) and data denoising, optical excitation, and data mining using autonomous 
machine learning techniques. These emerging advances open new ways to accelerate 
discoveries in chemical and surface sciences.

© The Author(s) 2024
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Introduction
Properties and functionalities of materials often depend on the 
conditions to which the materials are exposed during manufac-
turing, processing, and application, including heat, gases, and 
light. Responses of materials to these stimuli can be complex, 
involving geometric, compositional, and electronic changes in 
the atomic structure. In the current article, we focus on gas-
phase transmission electron microscopy (GP-TEM) techniques 
developed to investigate materials in situ while exposed to gas, 
heat, and/or light stimuli. The importance of in situ observa-
tions has been recognized since the invention of the TEM.1,2 
Developments focused on improving microscope performance 
(imaging resolution and sensitivity) as well as on exposing 
specimens to relevant gaseous environments without compro-
mising the vacuum conditions required to generate and detect 
electron beams.3,4

A material’s spatiotemporal response is driven by ther-
modynamics with kinetics setting the timeline. For example, 
from thermodynamic considerations, the chemical potential is 
a function of partial pressures Pi and temperature T of a gas 

phase i, and the potential can vary by ~0.34 eV per molecule 
(at room temperature) when changing pressure from 10−10 mbar 
to 1 bar. Adsorption will consequently affect the surface free 
energies of many materials sufficiently to drive changes in the 
type and abundance of exposed surface sites. Also, kinetics 
exhibit a strong dependence on local surface structure.5 These 
factors can affect properties and functionalities of nanomateri-
als and can play an important role in surface reactivity and 
catalytic functionality. In fact, such insights are desirable to 
develop a fundamental understanding of the dynamic relation-
ships between surface structures and functions in heterogene-
ous catalysis. Today, it has become clear that surfaces generally 
respond dynamically to changes in their surrounding environ-
ments because adsorption energies and surface cohesive ener-
gies are generally comparable. Hence, enabling in situ stud-
ies of nanomaterials under chemically relevant conditions by 
exposing functional structures to a gaseous environment has 
been emphasized in the past two decades.5,6

To get an insight into the current and future possibilities 
for conducting in situ GP-TEM experiments, it is interesting 
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to revisit the “early days” and track progress leading up to 
“now.” Progress over seven decades of research is illustrated 
in Figure 1, from the study of conversion of ~150-nm-size 
colloidal silver particles into silver chloride (Figure 1a)3 to 
reveal that adsorbed CO molecules cause {100} facets of gold 
nanoparticles to reconstruct during CO oxidation (Figure 1b).7

This article serves as a brief review of a number of areas 
that the authors find important to GP-TEM. We look at the 
evolution and characteristics of gas cells, in situ and operando 
experiments, electron-beam effects, light illumination systems, 
and impact of state-of-the-art data science methods, such as 
machine learning.

Technologies for gas cells in transmission 
electron microscopy
The main challenge in introducing gas environments into the 
electron microscope is the short mean free path of electron 
beams in gasses. Therefore, confinement of the gas phase close 
to the specimen is required and mainly two types of technolo-
gies have emerged over the years.

The first technology utilizes the concept of differentially 
pumping individual vacuum stages of the microscope, sepa-
rated by small apertures, enabling regions of different pres-
sure to be maintained along the column. This allows large 
pressure differences (~nine orders of magnitude) between the 
specimen area (up to 20 mbar = 15 Torr) and microscope high-
vacuum components (e.g., electron source), with a free “line 
of sight” for the electrons. Such a microscope, often referred 
to as “apertured cell,” environmental (cell) TEM, E-TEM, or 
ETEM, is ideal for lower pressure work of <20 mbar extending 
over a 5-mm path along the electron-beam trajectory. Earlier 
approaches have been based on apertured cells8–13 with atomic 
resolution being reported in 1991.14 Apertured cells have 
continued to evolve and have been incorporated into newer 
microscope platforms.15–21 Major improvements in the host 
electron microscope’s hardware and automation have dramati-
cally improved spatial, energy, and time resolution to ca. 1 Å, 

0.1 eV, and 1 ms, respectively. An apertured cell microscope 
is generally compatible with the use of standard side-entry 
TEM sample holders, supports various sample geometries, and 
additional (in situ) functionality, such as heating, cooling, gas 
sensing, and application of light.

For many applications, heating in gas atmospheres is impor-
tant. The apertured cell microscope is compatible with furnace 
heating holders for bulk samples and with miniaturized heating 
holders, suitable for powders and FIB membrane samples, based 
on microelectromechanical systems (MEMS) devices.22 For 
example, MEMS-based holders use orders of magnitude lower 
powers compared to bulk heating holders, with improved stabil-
ity for applications requiring rapid heating and cooling rates.23–25

The primary limitation of the current generation of aper-
tured cells is that they can only support in situ experiments up 
to a total pressure of ca. 20 mbar. Such total pressures could 
equilibrate or kinetically stabilize structures unlike those that 
may evolve at higher and more technical relevant pressures in 
the >1 bar regime. Caution is therefore needed in the interpre-
tation of in situ observations using apertured cells because the 
importance of this pressure gap generally will depend on the 
reaction under investigation.

The second gas cell technology confines the gas phase to a 
few micrometers along the beam direction around the TEM sam-
ple to allow a corresponding increase in the gas pressure to the 
range of 1 bar. The confinement is achieved by introducing the 
gas environment between two electron-transparent membranes 
(“windows”) that separate the gas phase from the microscope 
vacuum. Early versions of a windowed cell used, e.g., carbon-
based windows and did not report significantly higher pressures 
than the apertured cell systems,26–28 but enabled the first atomic 
resolution in a TEM gas atmosphere.26 Fortunately, over the 
past two decades, SiNx-based windowed cells fabricated using 
MEMS technology25,29 have matured as a robust approach to 
making high-pressure measurements widely available.

SiNx-based windows are typically 10–50-nm thick. Due 
to similar ratio of gas path lengths to mean free path, the 

a b

Figure 1.   Examples of gas-phase transmission electron microscopy (GP-TEM) applications from the pioneering times and up until recently.  
(a) Conversion of colloidal silver into silver chloride, using the early transmission electron microscope “Übermikroskop.”3 Reprinted with permis-
sion from Reference 3. © 1942 Springer Nature. (b) Observation of a single gold nanoparticle during exposure to CO and O2, using an aberration-
corrected GP-TEM. For the first time, a molecular species (here: CO) on the catalyst’s active surface has been imaged.7 Reprinted with permission 
from Reference 7. © 2012 AAAS.
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degree of electron scattering by the gaseous species remains 
similar to the apertured cell approach, but the thin electron-
transparent windows give additional scattering. The windowed 
cell enables gas pressures up to at least 4 bar,30,31 allowing 
gas-phase experiments to be conducted under conditions that 
can be comparable to benchtop catalytic reactors. For thermal 
catalysis experiments, heating devices can be incorporated by 
adding a second MEMS-fabricated “window” spaced only a 
few microns from the heater.

Temperature and pressure can be estimated based on 
macroscopic stimuli and methods to measure the parameters 
locally have been explored.32,33 Windowed cells technology 
places some limitations on the sample preparation relative to a 
standard apertured cell heating holder geometry. But if appro-
priate samples deposited on the MEMS heater devices can be 
achieved, there are remarkable additional benefits.34,35 During 
operation of a MEMS heater, its resistance is continuously 
monitored and used to regulate temperature and compensate 
for any changes in gas pressure and/or gas species.

GP‑TEM: From in situ to operando
The commercial availability of apertured and windowed 
cells has significantly facilitated access to in situ TEM stud-
ies of materials exposed to reactive gaseous environments.5,6 
Although in situ studies offer unique mechanistic and kinetic 
insights into gas–surface interactions on heterogeneous mate-
rials, the investigations focus primarily on the structural or 
chemical evolution of the material but consider the reactive 
environment as static. However, phase transformations asso-
ciated with anion exchange (e.g., oxidation, carbonization, 
nitridation, and sulfidation) are correlated with changes in the 
gas environment. Moreover, in heterogeneous catalysis, the 
material is deliberately designed to control the conversion of 
reactant molecules into desired product molecules.

The phrases in situ and operando are often used inter-
changeably in different fields. Here, we consider an in situ 
TEM experiment to be one where the structural and chemi-
cal changes in the material are characterized in the presence 
of reactive gases. The term operando was first used in the 
field of catalysis to correlate surface structure changes from 
Raman spectroscopy to quantitative measurements of activity 
and selectivity.36 More generally, an operando experiment is 
an in situ experiment where a quantitative measurement of a 
functionality (e.g., catalyst activity/selectivity) is performed 
simultaneously with the materials characterization. To elu-
cidate the structure–functionality relations from operando 
measurements, it is usually necessary to perform a series of 
measurement over a range of different conditions.

For catalytic reactions, the functionality of interest is usu-
ally a determination of chemical kinetics associated with con-
verting reactants into product molecules. Kinetic information 
is in fact readily observable for reactions in which a reactant 
or product is present in the solid state (e.g., catalytic oxida-
tion of carbonaceous matter or catalyzed growth of carbon 
nanofibers or sheets).37–40 However, in the general case where 

all reactant and product molecular species are gases, gas char-
acterization is needed. Such observations can in principle be 
obtained directly using mass spectrometry of gas (including 
water vapor) exiting the environmental cells41,42 indirectly 
using calorimetry of the reaction power,41 with electron 
energy-loss spectroscopy (EELS),43,44 or combinations of 
spectroscopies.45,46

In the case of apertured cells, the volume of the catalyst 
specimen dispersed on a typical standard grid or MEMS heater 
device is very small relative to the gas volume. Hence, even 
for a highly active catalyst, the number of product molecules 
generated could be below detection limits. This limitation can 
be addressed by preparing three-dimensional porous pellets 
of an inert carrier material and impregnating it with a larger 
amount of catalyst materials.47 Determination of the gas com-
position in the various cell types has now become somewhat 
routine making it relatively straightforward to determine reac-
tant conversions (i.e., the fraction of reactants converted into 
products during an in situ study). This makes it feasible to 
determine whether catalysis is occurring and how changing 
reaction conditions could affect the conversion.

Going beyond conversions to a more quantitative measure-
ment of chemical kinetics requires an understanding of the 
heat and mass transfer characteristics of the reaction cells. 
An investigation of heat transfer characteristics through the 
gas phase of apertured cells showed that the conditions were 
primarily isothermal across the TEM grid placed in a furnace 
heating holder.48 Moreover, heat and mass transfer were stud-
ied in the apertured cell in conjunction with the porous pellet 
sample under CO oxidation conditions49 and showed the cell 
has the characteristics approaching a batch reactor as well as 
a relatively homogeneous gas composition. The gas homoge-
neity implies that it becomes more straightforward to relate 
observations of the catalyst structure and functionality any-
where across the TEM grid. With knowledge of the mass of 
catalyst on the porous pellet, the gas composition along the 
electron trajectory (from EELS) and modeling, it is possible 
to estimate the average chemical kinetics during observation in 
the apertured cell (Figure 2a). With this operando approach, it 
was shown that thin oxide layers formed on Ru/SiO2 catalyst 
during CO oxidation were spectator species with no significant 
catalytic functionality.46

The key to understanding structure–reactivity relations 
is being able to correlate changes in atomic structure with 
changes in chemical kinetics. The complexity of many cata-
lytic systems makes it difficult to identify an active site with 
a high degree of confidence because the molecular processes 
have not yet been visualized in the GP-TEM. However, in 
favorable cases (such as the Ru system), it could be possi-
ble to conclude which surface structures are less active. A 
similar operando approach has been used to investigate the 
metal–support interactions during CO oxidation over a Pt/
CeO2 catalyst.50 The study shows that the catalytic turnover 
frequency correlates with fluxional behavior that destabilizes 
the supported Pt particle, marks an enhanced rate of oxygen 
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vacancy creation and annihilation, and leads to increased strain 
and reduction in the CeO2 support surface. The advantage of 
this operando approach is that the catalyst structure and kinet-
ics are determined simultaneously under the same conditions.

The windowed cell can operate at pressures up to and above 
ambient pressures, as set by the tolerable pressure difference 
across the electron-transparent windows.25,29 Such pressure 
levels are attractive as they allow for a more direct comparison 
to technologically relevant conditions as well as conditions 
available with complementary photon-based operando tech-
niques. For the windowed cells, the window could impact the 
sensitivity, especially for detecting lighter elements and modu-
late atomic-scale image contrast patterns and spectral data.25 
The cells can be made of two half chips that are clamped or 
glued together25,29 or of a monolithic channel.41,51 Whereas the 
former has advantages in terms of depositing catalyst materials 
on the electron-transparent windows, the latter is superior with 
respect to fixing the gas channel height (against bulging) and 
controlling a unidirectional gas flow, as well as to avoiding gas 
bypass and leakages that could severely affect the functional 
interpretation of measurements on the gas phase. Moreover, 
the gas channel’s height of a few micrometers implies that the 
reaction zone volume is in the range of hundreds of nanoliters.  
Hereby, the catalyst-to-gas volume becomes significant 
for measuring conversion of reactants by catalyst particles  
dispersed only on the electron-transparent windows in the gas 
exiting the reaction zones. Under such gas flow conditions, 
however, gradients in the gas phase along the reaction zone are 
inherent and could affect the gas-dependent catalyst structure 
along the gas flow channel. It therefore becomes important 
to report structural evolution along the gas flow channel and, 

preferably, relate it to the functional measurements via reactor 
modeling.41 If desired, EELS can be employed to determine 
the gas composition along the flow channel. This approach 
was used to demonstrate that the oscillatory oxidation of car-
bon monoxide catalyzed by Pt nanoparticles can be mecha-
nistically related to synchronized oscillatory shape changes of 
the nanoparticles, as rationalized by comparing experimental 
observations with a time-dependent reactor model that com-
bined a description of mass transport and micro-kinetic model 
based on density  functional theory (DFT) calculations of 
adsorption and transition state energies (Figure 2b).41

Quantifying and suppressing 
electron‑beam‑induced sample alterations
The effect of a gas phase on TEM imaging sensitivity and 
resolution has been a subject of many studies.52–56 Radiolysis, 
knock-on damage, charging and free-radical formation with 
gas molecules have to be considered.57

The differentially pumped apertured cell can accommodate 
gas environments at pressures of up to 20 mbar and the MEMS-
based windowed cell pressures of up to 4 bar,30 corresponding 
roughly to a diatomic gas path for the electron beam of up to 75 
atoms/Å2.54 The gas phase, and in case of the windowed cell, the 
windows themselves as well, should therefore be considered as 
an additional random specimen, which can considerably enhance 
electron scattering, reduce the signal-to-noise ratio (SNR), and 
modulate the image contrast. It has been shown that the TEM 
image intensity, and thus its SNR, attenuates with increasing 
pressure.54,55 The corresponding decay constant reflects that the 
electron scattering cross sections are large enough to scatter elec-
trons to angles beyond the electron detectors.11,58

a b

Figure 2.   Operando gas-phase transmission electron microscopy (GP-TEM) investigations of nanoparticles catalyzing the CO oxidation reac-
tion. (a) Operando GP-TEM of Ru/SiO2 during steady-state CO oxidation in an apertured gas cell (environmental transmission electron micros-
copy, ETEM) at ~1 mbar total pressure. (Left) TEM image of Ru/SiO2. (Right) Electron energy-loss spectroscopy (EELS) was employed to detect and 
quantify catalytic products directly.44 Reprinted with permission from Reference 44. © 2012 American Chemical Society. (b) Operando GP-TEM 
of Pt nanocrystal during oscillatory CO oxidation in windowed gas cell (nanoreactor) at 1 bar total pressure. The gas entering the reaction zone is 
1.0 bar of CO:O2:He at 3%:42%:55% and nanoreactor temperature is 659 K. (Top) Mass spectrometry of the CO, O2, and CO2 pressures, reaction 
power, and shape factor for the Pt nanoparticle (seen below) as a function of time. Part of the reaction oscillation data is highlighted by the red rec-
tangle. (Bottom) Time-resolved TEM images of a Pt nanoparticle at the gas exit of the reaction zone.41 Reprinted with permission from Reference 
41. © 2014 Springer Nature.
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The attenuation of the image intensity affects the achiev-
able detection limits because a recognizable image feature 
requires an image SNR above a threshold value SNRRose

59 
(see Figure 3). In dynamic experiments, the corresponding 
electron dose DRose has to be accumulated within a chosen 
image exposure time t to detect a feature. This exposure time, 
tcutoff, is determined by (1) the characteristic time scale for the 
dynamic process under consideration; (2) the drift of the speci-
men stage; (3) the stability of the electron optics; and (4) the 
electron dose that can be tolerated without affecting the sample 
integrity. Therefore, a finite tcutoff translates into a criterion 
on the corresponding electron dose rate r or, equivalently, the 
brightness of the microscope’s electron source, which must 
exceed a critical level.

Unexpectedly, the electron dose D and dose rate r affect the 
combined gas-sample system differently and must be regarded 
as independent variables. The independent effect of D and r 
was illustrated by resolution tests of an Au/C sample in N2.54,60 
While the host microscope has an inherent resolution limit 
set by the electron-optical system, the practical image reso-
lution can degrade as gas is admitted to the apertured cell 
at increasing pressures. For the same dose D delivered at 
a higher electron dose rate (r = 104 e−/Å2/s), the resolution 
degrades faster with increasing pressure as compared to using 
a lower dose rate (r = 102 e−/Å2/s). These findings are surpris-
ing because it is commonly expected that only D determines 
the SNR and therefore practical image resolution. The finding 
that the image resolution differs markedly even for the same 
electron dose demonstrates that the gas is not only acting as an 
intensity (electron dose) attenuator but makes the high spatial 
TEM resolution dependent on the way the electrons are deliv-
ered.54,55,61 The dose-rate-dependent resolution reflects the 

importance of inelastic scattering events and was speculated to 
originate from local charge-induced specimen vibrations.54,60

Figure 3 illustrates the relation between D, r, and t. It is 
important to realize that this two-dimensional parameter space 
for noninvasive observations depends on the catalyst material 
and the reaction conditions under investigation. As a complete 
physical model for beam–gas–sample interaction is lacking, 
the parameter space is difficult to predict. Therefore, an experi-
mental protocol must be followed to quantify, accommodate, 
and control the electron illumination to suppress its invasive 
alterations. Various illustrative examples of such quantitative 
protocols for enabling chemical meaningful experiments have 
already been reported over the years.62–66

GP‑TEM with optical excitation of the sample
GP-TEM capabilities can be further expanded by optically 
coupled systems enabling near-atomic-scale imaging of light-
induced phenomena. Already in 1984, light was introduced 
into a TEM to investigate light-induced movement of disloca-
tions in II–VI semiconductors67 and advanced since then such 
that light can be readily introduced either through modifica-
tions to the column or through specialized holders.68–73 Aper-
tured cell microscopes can be equipped with both configura-
tions, making it possible to probe materials exposed to gases 
while under optical illumination/stimulation. Although opti-
cally coupled GP-TEM is still a nascent field, the technique 
facilitates the observation of photocatalytic reactions in situ 
and on the atomic scale, under various gas and illumination 
conditions.74

Specifically, inorganic photocatalysts are typically com-
prised of small metallic and/or semiconducting nanoparticles 
deposited onto ceramic supports.75 The atomic structure of 
these nanoparticles and their interfaces significantly influences 
their optical absorption and chemical reactivity. Structurally 
similar but not atomically identical structures could give rise 
to very distinct catalytic activity and selectivity. One of the 
first in situ photocatalytic experiments was conducted to 
explore the photoreduction of Cu2O nanoparticles in the pres-
ence of water vapor and light.76 Further experiments inves-
tigated photocatalytic water-splitting reactions on TiO2 and 
GaN:ZnO-based photocatalysts.69,73 Excitingly, light-driven 
surface transformations of anatase TiO2 under exposure to 
water vapor resulted in surface amorphization that could be 
explained by the photogeneration of oxygen vacancies and 
the resulting dissociation of water at particular defect sites.69

Further work focused on photocatalysis involving hydro-
gen H2 of relevance to, for example, CO2 reduction, acetylene 
hydrogenation for (poly)ethylene, and ammonia synthesis. 
Specifically, investigations of photocatalytic transformations 
of Pd-based nanoparticles under exposure to H2 gas show 
that excitation of the nanoparticle plasmonic modes affects 
phase transformations. Optical excitation of plasmons can 
influence both the speed of the H2-driven transformation as 
well as the mechanism by which the transformation occurs. 
In particular, new catalytically active sites were visualized 

Figure 3.   Schematics of the parameter window (blue) of electron 
dose, dose rate, and exposure time enabling in situ transmission 
electron microscopy (TEM) observations under noninvasive illumina-
tion. Reprinted with permission from Reference 56. © 2015 Elsevier.
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within nanoparticles upon illumination (i.e., plasmons modify 
certain reaction steps compared to thermally driven reactions). 
These new “excited-state pathways” enable catalysts that do 
not face the conventional tradeoff between product yield and 
product selectivity.77,78

It could be possible to measure adsorbates indirectly 
through changes in the material morphology or EELS or 
cathodoluminescence (CL) spectra. An exciting capability 
for optically coupled GP-TEM is vibrational spectroscopy. 
Raman and infrared (IR) spectroscopy could locally monitor 
adsorbates on materials, and also resolve the materials’ local 
temperature, allowing for quantification of sample heating 
due to illumination.71,79,80 Historically, the Raman/IR signal 
is generated through fiber inputs and outputs to the sample in 
the TEM and therefore limited in resolution to the laser spot 
size (generally 2–15 µm). Higher resolution has recently been 
proposed via electron- and light-induced stimulated Raman 
(ELISR) for nanoscale chemical mapping.81 Unlike typical 
stimulated Raman spectroscopy, which utilizes two lasers as 
the pump and Stokes beams, here a laser is used for the Stokes 
excitation while the electron beam is used as a nanoscale 
pump. The electron beam excites CL from plasmonic nano-
particles, enhancing the Raman exclusively from the particle 

that has been excited by the electron beam. This approach 
could enable nanoscale Raman mapping, paving the way for 
localized imaging of molecular adsorbates.

Machine learning‑enabled data denoising 
and data analyses: Toward statistical and novel 
insights
Recently, machine learning (ML)-based TEM data analyt-
ics has experienced a significant surge in popularity, as evi-
denced by numerous reviews focusing on specific TEM tech-
niques, including electron diffraction,82,83 TEM and STEM 
imaging,84–89 spectroscopy,90 ptychography,91 in situ mechani-
cal testing TEM,92 and in situ liquid-phase TEM.93,94 Also, ML 
has been recognized as a major contributing factor in vari-
ous materials research fields (e.g., energy materials,95 battery 
materials,96 and nanomaterials97).

GP-TEM enables the investigation of catalysts and other 
functional materials; however, we believe there is still a vast 
amount of information embedded in the data that is still unex-
plored. ML algorithms are trained on prior data, allowing 
processing of new TEM data based on learned patterns. This 
enables automating identification of fundamental features 
and extracting static and dynamic information from in situ 

a

b c
Occurrence [%]

Figure 4.   (a) Potential machine learning (ML)-enhanced gas-phase transmission electron microscopy (GP-TEM) workflows in data denoising 
and analysis, for example: (b) To retrieve structural changes in irregularly shaped Pt nanoparticles under CO atmosphere at room tem-
perature with dose rate r of 1500 e/Å2/s with unsupervised deep video denoiser denoising. Reprinted with permission from Reference 98. 
© 2023 Oxford University Press. (c) To identify the surface dynamics of gold atoms on gold nanoparticles, influenced by the gas atmosphere. 
Reprinted with permission from Reference 99.  © 2018 Wiley.
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(multiframe) data sets of nanoscale and atomic structures (see 
workflow in Figure 4a).

As discussed in the “Quantifying and suppressing the elec-
tron-beam-induced sample alterations” section, electron-beam 
effects on materials should be minimized, so low electron dose 
and dose rate experimental conditions are often chosen result-
ing in data sets that exhibit low SNR (i.e., data are very noisy). 
In order to “regain” a sufficiently high SNR59 and therefore an 
improved spatial and temporal precision, ML-based denoising 
techniques have been developed to directly denoise images and 
spectra.87,98,100–103 Earlier work used widely varying sources of 
data (high resolution, diffraction contrast) to train a denoiser.87 
Later efforts focused on in situ high-resolution images of 
nanoparticles98,101–103 and performed well after suitable training.

Generating training data sets can be tedious, and there is 
always a risk that unanticipated structures/images are not 
included in training resulting in the neural network inferring 
incorrect images during the up-sampling stage. An unsupervised 
deep video denoiser (UDVD) seems well suited for denoising 
in situ movies when a sufficient number of frames have been 
recorded.104,105 No training data sets are required because the 
network trains directly on the raw data and the only assumption 
required is that the noise is uncorrelated. Figure 4b shows a 
sample “denoised” frame showing a Pt particle aggregate under-
going complex dynamics involving varying size, shape, and 
orientation.98 Atomic columns are not present in many of the 
frames and the dynamic complexity would make it challenging 
to simulate suitable models to train a supervised network. The 
UDVD flexibility seems to make it applicable not only to in 
situ image data but also diffraction and spectroscopic data.105

ML-based data analysis can also be employed for detect-
ing, semantic segmenting, and even tracking constituent build-
ing blocks, such as nanoparticles, atoms/atomic columns, and 
defects (see schematic in Figure 4a). Often, a crucial first step 
in image analysis is to retrieve positions (and sizes) of nanopar-
ticles or positions of atoms (column). Although conventional 
atom finding methods rely on template or local intensity peak 
and could work well in specific cases,106–108 they can be some-
what tedious to apply, especially on locating atoms on the sur-
face or in and near defects where periodicity is disrupted. For 
example, a convolutional neural network (CNN) trained solely 
on simulated HRTEM images was used to identify surface and 
corner atoms of Au/CeO2 nanocatalyst support in experimental 
GP-TEM multiframe data sets (movie), as shown in Figure 4c. 
Subsequently, temporal behavior descriptors such as occur-
rences and events were quantified at the level of single atomic 
columns, revealing oxygen-enhanced surface diffusion.99 A 
CNN model trained on experimental HRTEM images revealed 
the atomic structure of metal nanoparticles, even detecting the 
weight of atomic columns (i.e., revealing the 3D shape).109 
Also in case of (time dependent, but not yet in gases) STEM 
experiments, ML-based analytics supports detection and clas-
sification of atoms and atomic defects.110–113

Moreover, ML-based methods can be employed in catalyst 
research specifically to automate tracking and quantification 

of nanoparticle sizes, defects, aspect ratios, positions, densi-
ties, enabling quantitative assessments of local and collective 
evolution and related dynamic properties with better statisti-
cal rigor. High-throughput analyses, with simultaneous cor-
relation with reaction conditions, provide valuable statistical 
insights into formation, activation, function, and deactivation 
of catalysts. ML-assisted GP-TEM was already used in stud-
ies of the aging process of bimetallic Pt/Pd/Al2O3 catalysts,114 
of the sublimation of an Au-supported model catalyst,115,116 as 
well as of assessing Ostwald ripening and particle agglomera-
tion of individual PdO/Al2O3 nanocatalysts during in situ cal-
cination.117 In a study of Fe-catalyzed carbon nanotube (CNT) 
growth, the ML-enabled analysis showed that an H2 atmo‑ 
sphere plays a crucial role in producing high-density CNTs.118

Furthermore, ML-based methods are advantageous to 
capture the collective behaviors of many nanoparticles dur-
ing dynamic processes, such as nucleation/growth, coarsening, 
and sublimation. Recently, point process theory was employed 
to investigate the formation of Fe nanocatalysts during in situ 
dewetting.119 It reveals an inverse relationship of the spatial-
dependent particle size and the areal density map, suggesting 
that larger nanoparticles reduce the likelihood of nearby nano-
particle formation by consuming more of the metal film.119 
This statistical testing method enables a quantitative compari-
son of the collective spatial nanoparticle distribution. It can 
also be used to rationally control experimental conditions.

ML-based methods seem extremely effective in facilitat-
ing the exploration of new spatial and temporal information in 
dynamic GP-TEM experiments. Still, it is important to keep in 
mind possible biases, artifacts, and other well-known systematic 
challenges in the ML model outputs. Nonetheless, the prospect 
of combining ML techniques with analytical models both during 
experiments and for image interpretation after the experiment is 
promising for future efforts.

Conclusion
Gas-phase transmission electron microscopy (GP-TEM) has 
shown importance for revealing atomic-scale processes in 
materials, chemistry, and surface science. Exciting new tech-
nologies and methods show promising aspects in enabling fur-
ther investigations of nanomaterials under relevant thermal 
and photochemical reaction environments. New approaches 
to understand and minimize the still limiting electron-beam 
effects using more sensitive detectors as well as data denois-
ing and ML-based approaches for autonomous experiments 
and data mining open possibilities for studying highly sensi-
tive, for example, organic and monolayer material. We believe 
these new advances offer opportunities to accelerate scientific 
discoveries with GP-TEM.
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