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Foreword 

When I started my career in electron microscopy, it was with in situ experiments 
under direct observation in the transmission electron microscope. The 1970s and 
the 1980s were the time of the “dinosaurs” in electron microscopy. To the great 
disappointment not only of electron opticians but also of materials scientists, it had 
not been possible to correct the optical aberrations of the electromagnetic lenses by 
then, despite intensive efforts, so that the then generation of electron microscopes 
with 100 kV accelerating voltage, could not be led to a higher resolution in this way. 
On the other hand, advances in electronics and accelerator technology had made it 
possible to go to higher accelerating voltages, with the result that in the late sixties 
and early seventies electron microscopes were constructed first at 200 kV, then at 
650 kV, 1000 kV, and even up to 3000 kV. The latter three, the so-called high-voltage 
electron microscopes, were “gigantic”, not only in terms of acquisition costs but 
also in terms of their dimensions. They occupied halls for installation, two stories in 
height and with the lateral dimensions of a large experimental laboratory. 

There were three reasons that led to the rapid growth in the number of high-voltage 
electron microscope installations worldwide. The first had its origin in Scherzer’s 
equation for the maximum resolution (smallest object distance that can still be 
resolved) under phase contrast conditions, which goes with λ3/4 (λ is the electron 
wavelength) and thus improves with decreasing electron wavelength, i.e. increasing 
acceleration voltage. The second reason originated from the Bethe–Bloch relation 
for inelastic electron scattering, whose effective cross section decreases with the 
square of the electron velocity in a first approximation. This allows higher sample 
thicknesses to be transmitted as the voltage increases. There was a third point: as 
the accelerating voltage increased, to achieve the same optical effect, the dimensions 
of the objective lens polepieces necessarily became larger. This allowed, as a by-
product, the accommodation of miniaturized experimental apparatus within the lens 
and around the sample position. Although the first physical and chemical experiments 
had been done earlier with 100 kV microscopes, and Manfred von Ardenne and Ernst 
Ruska had already observed (at 70 kV) gas reactions in the STEM and CTEM in 
1942, this resulted in an actually unexpected first boom of in situ experiments.

v
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As the first major review paper by Paul Butler (E. P. Butler (1979) Rep. on Prog. 
in Phys. 42(5), 833) shows, almost all of the in situ techniques still in use today 
were invented and used during this period. Heating stages for temperatures of up 
to 1000 °C, helium gas cooled stages for temperatures down to below 9 K (the 
superconductivity transition point of Nb) both for ultrastable operation under double 
tilt conditions, deformation stages, as well as environmental and gas reaction cells, 
were constructed in top-entry and side-entry geometry. The often spectacular exper-
imental results were greeted with enthusiasm. In situ experiments developed into a 
separate branch of electron microscopy, which organized its own conferences and 
whose results were widely discussed at international meetings. Topics were, among 
others, solid-state phase transformations, melting, recovery and recrystallization, 
plastic deformation and creep, chemical reactions, oxidation, and reduction, as well 
as magnetic investigations and superconductor flux-line studies in Lorentz mode. At 
last, it was possible to see, study, and measure directly what had previously been 
inferred indirectly only from static sequences of images and almost never for the 
same object with respect to dynamics. I remember well the movie Toru Imura and 
his collaborators produced on the motion of dislocations during plastic deformation. 
One could see Frank–Read sources in action for the first time. From then on, the film 
was used as teaching material in material science lectures all over the world, and it 
was awarded the “Grand Prix of the International Science and Technology Festival 
1978.” 

There were also lessons to be learned from these experiments. These mainly 
concerned the special conditions under which they are carried out in the electron 
microscope, in particular the effects of the thin electron-transparent films and the 
intense electron irradiation. Quite a few of the results of the measurements made in 
the initial euphoria, for example, of the dislocation velocity, had to be revised later. 
It turned out that metallic alloys changed their composition at high temperatures by 
selective evaporation so that the observed phase transformations were in some cases 
not typical of bulk behavior. And of course, it was not surprising that such elementary 
important variables as temperature, pressure, or current chemical composition could 
either not be determined at all or only with great effort and rarely with the accuracy 
that was standard in bulk material experiments. 

And it became immediately clear that the fact that the experiments are performed 
under intense electron irradiation requires special attention. A wide range of ener-
gies is transmitted in electron–atom collisions, from values above the displacement 
threshold energy of the atoms, producing interstitial atoms and vacancies in the 
crystal, to very high rates of lower energies comparable to the diffusion activation 
energies for atoms and vacancies. The former lead to damage and other effects, e.g., 
to irradiation-enhanced or accelerated phase transformations, and the latter lead to 
irradiation-induced diffusion, where the energy for the atomic site changes origi-
nates from subthreshold electron–atom collisions. While this type of electron–atom 
interaction increases with electron energy, the second type of interaction, radiol-
ysis, resulting from interaction of the incident electrons with the electrons involved 
in chemical bonding in the material, in general decreases with increasing electron
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energy. On the one hand, one learned to reduce the irradiation effects by appro-
priate choice of electron acceleration voltage or, if this was not possible, to take 
them into account in the interpretation of experimental results. On the other hand, 
with regard to the development of materials for the construction of new fission and 
fusion reactors, high-voltage electron microscopes were widely used as a tool for 
studying the behavior of reactor materials under high irradiation dose rates and at 
high temperatures. 

By comparing the generation of high-voltage electron microscopes with the 
appearance of dinosaurs in the early geological ages, one implicitly considers that 
they have become extinct and that the habitat they filled then is now occupied by 
species better adapted to the requirements of today. The time for the high-voltage 
electron microscopes had come in the nineties. Ze Zhang, one of the authors of 
this book, and I were among the last to carry out a plastic deformation experiment 
in a double-tilt straining stage in a 1000 kV high-voltage electron microscope at 
800 °C. Using this experiment, in 1993, after finding dislocations in quasicrystals to 
our own surprise and that of our colleagues in the quasicrystal community, we were 
able to show together with our colleagues that these dislocations are mobile at high 
temperature and that they carry the plastic deformation in these strange materials. 
Immediately thereafter, the microscope was dismantled and scrapped along with the 
fantastically working object goniometer, an all-time jewel. 

The exact reasons for the disappearance of the high-voltage electron microscopes 
and with them, except for a few installations in institutes that specialized in them, 
also of the in situ experiments will have to be investigated one day by the history 
of science. However, we can already say that, among other causes, the following 
points played a role. The time when high-voltage electron microscopes disappeared 
overlapped with the time when it became finally possible to compensate for the optical 
aberrations of electron lenses by using multiple lenses. This permitted, for the first 
time on a broad scale, transmission electron microscopy of materials with atomic 
resolving power. This book appears on the 25th anniversary of the publication, in 
1997, in which this was reported in the literature. The new generation of aberration-
corrected electron microscopes provided, for much less money, a level of resolving 
power previously thought scarcely possible. It had been learned by now that for 
most material problems, reducing the accelerating voltage to a maximum of 300 kV 
was a good compromise in terms of transmissivity and electron beam damage. This 
reduced the equipment requirements considerably. This shifted research interest, and 
modern electron microscopy turned to new, challenging topics. 

However, a price had to be paid for the new technology. The lens usually employed 
today for atomic resolution, the single-field condenser-objective lens after Riecke 
and Ruska (1965), restricts the space around the specimen to such an extent that 
object goniometers manufactured using classical technology, not to mention object 
manipulation devices such as were possible with the large dimensions of the lenses 
of the high-voltage electron microscopes, can no longer be used. 

This, fortunately, did not mean the end of in situ experiments in the electron 
microscope. In the more than three decades that had passed since the first such
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experiments, progress in the sciences and in miniaturization, especially in semi-
conductor technology, had created a new field, micro- and nanotechnology. In fact, 
since the early 2000s, we have seen an accelerated increase in the development and 
commercial production of high-precision goniometers for electron microscopy using 
MEMS (microelectromechanical systems) technology. These contain object manip-
ulation devices of the type previously used for experiments in the high-voltage elec-
tron microscope, with the crucial difference that their dimensions are much smaller 
and their special design allows the processing of samples in nanodimensions, and 
often in atomic dimensions. In addition, there are a variety of new ideas, including 
the production of miniaturized devices that mimic the function of real components 
during their operation. An interesting example (out of many) is the observation of 
chemical reactions in a model of a Li-ion battery during charging and discharging. 
A new term was even introduced for this, the observation “in operando”. 

The new capabilities of MEMS technology, often combined with the great optical 
properties of aberration-corrected electron microscopes have brought about a new 
in situ electron microscopy in the last decades, which now occupies a prominent 
place in modern electron microscopy. The new in-situ electron microscopy, which 
is mostly advantageous for observing temporal dynamics, is mainly performed in 
CTEMs (conventional transmission electron microscopes). However, there is also 
increasing work employing STEMs (scanning transmission electron microscopes). 
The user can choose between closed cells and open differentially pumped systems. 
The type of operation used depends on the problem to be studied. As this preface is 
being written, it is state of the art for microscope manufacturers, in cooperation with 
the customer and stage manufacturers, to provide platforms optimized for specific 
types of experiments. And it is possible to operate the instrument as a dedicated 
instrument essentially for in situ experiments only, or alternatively in alternating 
mode for conventional static studies and for dynamic studies. 

It is a general principle of nature that the universal experiment, which leaves no 
questions unanswered, does not exist. On the other hand, experiments performed in 
the electron microscope under direct observation with a resolution down to the atomic 
level offer a unique access to understanding the nature of physical and chemical 
processes and the observation and quantitative measurement of their course and 
dynamics. In their now 50-odd-year history, we have gained a huge amount of insight 
that allows us to understand the specific conditions under which these experiments 
are conducted and how their results can be interpreted and understood. 

There is no better way to gain access to a field of research than to look at its type 
of questions, its type of results and answers, and how these were obtained, using 
typical examples. In a field as large and constantly growing as that represented by 
experiments in situ in the electron microscope, it is of elementary importance to make 
a qualified selection of the work to be discussed for an appropriate overview. This 
selection has to be made with the target audience in mind and on the background of 
knowledge of what is being done or has been done in the field as a whole. The same 
holds for the manner in which the selected topics are discussed. The two editors and 
co-authors of this book have decades of experience in the field of in situ electron 
microscopy. The selected contributions to this volume are from research groups that
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belong to the top group of the field. The articles follow a common structural scheme 
that makes them easier to read. They are written for beginners who want to get a 
first overview as well as for those scientists who have been working in this field 
for a longer time and are searching for a handy reference or want to extend their 
knowledge, in case of a planned new experiment or possibly in preparation for the 
acquisition of a new instrument. 

Prof. Dr. Dr. h.c. Knut W. Urban 
Senior (Distinguished) Professor of Physics 
Jülich-Aachen Research Alliance (JARA) 

RWTH Aachen University and Forschungszentrum Jülich GmbH 
Ernst Ruska Center for Microscopy and Spectroscopy with Electrons (ER-C) 

Jülich, Germany



Preface 

It is natural that human beings believe what they see before the object is well under-
stood, which promotes the development of instruments and methodologies to visu-
alize objects with sizes beyond the resolving power of the unaided human eyes. 
Transmission electron microscopy permits not only real space images revealing 
morphologies and atomic structures of objects but also chemical analysis, which 
has become indispensable in the study of materials. 

Because of the lack of dynamic observation, conventional transmission elec-
tron microscopy cannot meet the growing demand in new application fields such 
as nanocatalysts, nanoelectronics, and nanomechanics in which structural and/or 
property responses to external stimuli are key information to learn. Characteriza-
tion of these complex processes requires the use of advanced in situ methodologies 
without losing any information about intermediate states. 

In situ transmission electron microscopy refers to the experiments where the 
specimen is changed while it is observed in a transmission electron microscope, 
which requires that the microscope should be not only an imaging tool but also a 
miniaturized laboratory where some form of stimulus or/and exotic environment can 
be applied deliberately to the specimen and corresponding changes can be simul-
taneously monitored. In fact, the idea of in situ transmission electron microscopy 
was proposed at the very dawn of electron microscopy, it was just the dramatic 
advancements achieved in the last 20 years. Nowadays, thermal excitation, mechan-
ical force, electric field, optical excitation, magnetic field, as well as liquid and/or 
gaseous environment, can be applied directly to the specimen area in a controllable 
manner by modifications of the microscope, which enable in situ transmission elec-
tron microscopy as one of the most powerful approaches for revealing physical and 
chemical process dynamics at atomic resolution. 

In this book, we have attempted to give an overview of in situ transmission elec-
tron microscopy including historical background, modern techniques, application 
achievements, and development trends. This book is intended for advanced under-
graduate and graduate students and professional researchers in materials science, 
chemistry, physics, environmental and energy, electronics, and any subjects that 
want to explore nanoworld.

xi



xii Preface

This book starts with a brief introduction to in situ transmission electron 
microscopy in Chap. 1. After that, the book is organized into ten chapters in terms of 
the conditions and stimuli applied to the specimens. Considering that every specimen 
is affected by the electron beam for a long-time observation, the physical principles 
of electron irradiation effects are summarized in Chap. 2. In situ studies of electron 
irradiation-induced processes are also presented in this chapter. We then move on 
to Chaps. 3–10 on the following directions: mechanical, thermal, electrical, optical, 
magnetic, liquid environmental, gaseous environmental, and ultrafast transmission 
electron microscopy. We hope this book can illustrate the huge variety of experiments 
possible, and then inspire more people to observe and further understand materials’ 
function and dynamics by using in situ transmission electron microscopy. 

Nanjing, China 
Nanjing, China 
Hangzhou, China 

Litao Sun 
Tao Xu 

Ze Zhang
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Chapter 1 
Introduction to In-Situ Transmission 
Electron Microscopy 

Litao Sun, Tao Xu, and Ze Zhang 

1.1 Definition of In-Situ Transmission Electron Microscopy 

It is natural that human beings believe what they see before the object is well under-
stood, which promotes the development of instruments and methodologies to visu-
alize objects with sizes beyond the resolving power of the unaided human eyes 
(100–200 µm). Generally, the visualization of very small objects can be mediated 
by light (optical microscopy) or electron beams (electron microscopy) using optical 
or magnetic lenses, respectively. 

The optical microscopy instruments probably developed from the Galilean tele-
scope during the seventeenth century. One of the earliest instruments for seeing very 
small objects was made by Anton van Leeuwenhoek. With a simple microscope, 
Leeuwenhoek was able to magnify objects from ten to hundred times, and was the 
first to classify red blood cells by shape and the first to visualize bacteria [1]. The 
optical microscope had gained popularity with researchers in the area of microbi-
ology, botany, zoology, geology, and materials science in the eighteenth century. 
However, the spatial resolution of an ordinary optical microscope (the smallest 
distance between two points that can be resolved, about 0.2 µm), which is not only 
limited by the quality of the lens but also by the wavelength of the light used for 
illumination, had been not competent for seeing small objects in many conditions in 
late nineteenth century.

L. Sun (B) · T. Xu 
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Nanjing 210096, China 
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In the 1920s, Louis de Broglie proposed that accelerated electrons should exhibit 
wavelike properties with a wavelength substantially shorter than light [2]. Further-
more, it was discovered that electric and magnetic fields could be conceived of as a 
lens to bend and focus the electron beam, like a glass lens for visible light [3]. Hence, 
it was feasible to build an instrument that uses electrons to illuminate a specimen and 
surpass the resolution limit of optical microscope. In the early 1930s, Ernst Ruska at 
the University of Berlin, along with Max Knoll, developed the idea into a practical 
reality, the first transmission electron microscope (TEM) was built in Germany [4], 
for which Ruska received the Nobel Prize in 1986. 

Normally, a TEM includes elements analogous to those of a light microscope. The 
electron beam emerges from the electron gun and transmits through a thin specimen 
that is in part transparent to electrons and in part scatters them out of the beam. 
Then the transmitted electrons that carried structural information of the specimen 
are collected, focused, and projected onto the viewing device. The entire electron 
trajectory is under vacuum to achieve high resolution. Nowadays, lattice resolution 
images of crystalline materials are acquired routinely by TEM. Unlike glass lens, the 
focal length of the electromagnetic lens can be adjusted continuously by changing the 
excitation current of the lens, which can lead to the change in magnification and the 
exchange between image mode and diffraction mode. Hence, TEM permits not only 
real space images revealing morphologies and atomic lattice structures of objects but 
also electron diffraction patterns revealing structural information in the reciprocal 
space. Furthermore, the interaction of electron with matter produces a wide range of 
secondary signals, which can be collected and then used for chemical analysis, such 
as characteristic X-ray for energy-dispersive X-ray spectroscopy (EDS) and inelastic 
scattering electrons for electron energy loss spectroscopy (EELS). At present, TEM 
has become indispensable in the study of individual sub-micron size objects (such 
as nanomaterials, molecules, biological cells, etc.) and locally deformed structures 
(strained lattice, dislocations, stacking faults, etc.). 

Conventional transmission electron microscopy focuses on stable structures in the 
electron microscope vacuum and at ambient temperature because of the technical 
feasibility. The specimen is typically treated outside of a TEM and then moved 
back into the instrument for observation. From such experiments, only the beginning 
and ending status of materials can be learned, and what has happened during the 
middle stage is missed. Misinterpretations, questionable assumptions, and incorrect 
derivations were not rare in reality because of the lack of dynamical observation, thus, 
conventional transmission electron microscopy cannot meet the growing demand in 
new application fields such as nanocatalysts, nanoelectronics, and nanomechanics in 
which structural and/or property responses to external stimuli are key information 
to learn. Characterization of these complex processes requires the use of advanced 
in situ methodologies. 

“In situ” is a Latin phrase that translates to “in position” or “on site”, which 
means in the same place the phenomenon is occurring without isolating it from other 
systems or altering the original conditions of the test. Spontaneously, in situ transmis-
sion electron microscopy refers to the experiments where the specimen is changed 
while it is observed in a TEM, which requires that the microscope should be not
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only an imaging tool but also a miniaturized laboratory where some form of stimulus 
or/and exotic environment can be applied deliberately to the specimen and corre-
sponding changes can be simultaneously monitored. Obviously, in situ transmission 
electron microscopy has two important characters, stimulus and real-time obser-
vation. Typical stimulus used for in situ transmission electron microscopy includes 
thermal excitation, mechanical force, electric field, optical excitation, magnetic field, 
as well as liquid and/or gaseous environment, which can be applied directly to the 
specimen area in a controllable manner by modifications of the microscope, and in 
most cases via specially designed specimen holders. In order to give a continuous 
view of a process, in situ transmission electron microscopy also requires a fast image 
recording system, such as a camera. At present, most TEM systems are equipped 
with a charge-coupled device (CCD) or complementary metal oxide semiconductor 
(CMOS) camera, which is able to operate at rates of tens of frames per second. 

It should be noted that electron beam is also a stimulus that affected the specimen 
through electron–matter interaction; therefore, in a sense, every TEM observation is 
an in situ experiment because electron–matter interactions are generally unavoidable 
during TEM imaging. We stress that in situ transmission electron microscopy only 
includes the experiments where the stimulus is applied to the specimen in a deliberate 
way and something can be concluded from the dynamical process. 

1.2 A Brief History of In-Situ Transmission Electron 
Microscopy 

The invention of the TEM was driven, in part, by the increasing interest in structures 
with sizes beyond the resolving power of the optical microscope. Although TEMs 
have an obvious advantage in high spatial resolution, the optical microscope allows 
looking at specimens in their original states and environments such as in the gaseous 
environment or in the liquid solution. Naturally, a goal has been to image objects in 
their live state even since the earliest days of TEM (Fig. 1.1).

However, the strong interaction of the electron beam with matter requires a very 
low-pressure path to avoid extraneous scatter, which is generally incompatible with 
a specimen immersed in a liquid, a gas, or both. In 1935, Marton suggested two 
methods to restrict or control the gaseous or liquid solutions around specimens [5]. 
One is to construct an open environmental chamber with a pair of small apertures 
which can limit gas leakage into the column, maintaining the chamber at high pres-
sure, while the rest of the column at a sufficiently low pressure. The idea was realized 
by Ruska [6] and Ardenne [7], respectively, in 1942, although the specimen volume 
pressure was limited to a few Torr. On this basis, a complex environment chamber 
consisted of four apertures and an extra differential pumping was developed in the 
late 1960s and early 1970s by several groups around the world independently [8– 
10], which can maintain the specimen volume pressure 106 times or larger than the 
column vacuum. Today, state-of-the-art environmental TEM (ETEM) still utilizes a
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Fig. 1.1 The origination of in situ transmission electron microscopy

differentially pumped vacuum system. The other approach is to enclose and totally 
isolate the specimen volume from the rest of the microscope column by a cell with 
electron-transparent windows. Such windows should be sufficiently strong to with-
stand the pressure differences between cell interior and microscope vacuum, thin 
enough to transmit the electron beam but robust under electron bombardment. In 
1944, Abrams and McBain from Stanford University devised the first closed cell with 
plastic windows and observed the movement of liquid and bubbling [11]. However, 
the windows are difficult and time-consuming to manufacture and can rupture during 
use. Such a closed-cell route didn’t meet the expectation for a long time, the spatial 
resolution achieved, especially in the observation of specimens in liquid solution, 
was often not much better than what was available through optical microscopy. Until 
the 2000s, developments in thin-film technology and microfabrication brought new 
life to closed-cell route [12]. 

As early as in the late 1940s, electron beam in TEM, as a stimulus, had been 
intentionally used to trigger structural transformations in ionic crystals [13] and 
organic pigments [14]. In situ electron irradiation experiments can be carried out 
in every standard TEM even without technical modifications. With a continuous 
improvement of spatial resolution, modern TEM has enabled us to study irradiation-
induced processes on the atomic scale since the 1980s [15]. 

External fields can be deliberately applied to the specimen area by modifying 
specimen holders. As early as 1955, Weichan stretched nylon and rubber ribbons in 
an electron microscope using a dedicated apparatus consisted of two mounting plates 
onto which the specimens were glued and a spring mechanism for their operation
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[16]. Two years later, the holder designed by Wilsdorf already showed a capability 
for direct observation of tension, compression, and torsion in a TEM [17]. The 
basic idea was to make a specimen in a rectangular shape with one end fixed and 
the other end connected to a movable rod, which could slide along the length of the 
holder. The deficiency of the early mechanical holders is unable to quantify the force. 
After decades of development, modern mechanical holders can achieve nanometers 
per second displacement rate and nanonewtons measurements by mechanical/piezo 
positioning elements and displacement–force sensors, respectively. 

In situ heating can be realized by placing a heating element at the tip of a TEM 
specimen holder, which normally uses precise Joule heating and temperature dissi-
pation to obtain tunable and stable specimen temperatures. The first in situ heating 
holder may be traced back to the middle of the twentieth century. In 1956, Takahashi 
from Yamanashi University reported a specimen holder where an electric furnace 
heats the specimen up to 1000 ºC by thermal radiation, and an embedded thermal 
couple measures temperature in the furnace cup [18]. The heating zone of furnace-
heating holders is relatively huge, and then a few tens of minutes are needed to achieve 
a stable goal temperature and to seize the specimen drift caused by the thermal expan-
sion effect during which high-resolution TEM imaging is a challenge. In the next 
decades, many efforts had been made to minimize the heating area, and then spec-
imen drift following temperature change is tolerable; therefore, atomic resolution at 
elevated temperatures is achievable. 

In essence, heating element is a resistance. Naturally, electrical transport measure-
ments can be achieved in microscope when the heating element is replaced by the 
specimen. In 1967, Blech and Meieran designed a dedicated holder which permitted 
the passage of electrical current through the specimen and directly observed the elec-
trotransport in thin Al strips by TEM [19]. However, the specimen should be specially 
designed or be connected to the prefabricated circuitry before inserting into the 
microscope, which involves a large microfabrication effort and is time-consuming. 
An alternative approach with movable probe was developed in the 1990s although 
the original goal was to achieve scanning tunneling microscopy (STM) imaging in a 
TEM [20]. The basic idea was to use a piezo-driven conductive nanoprobe to contact 
the specimen fixed on an electrode, which is more straightforward and convenient. 

Light illumination system can also be integrated into the holder by inserting a light 
source in the circuit [21]. Another way to achieve the illumination system is using 
optical fiber for the introduction of outside light into the microscope, which can be 
traced back to the 1980s or even earlier [22]. It should be careful to distinguish the 
changes triggered by light beam and electron beam. In addition, four-dimensional 
ultrafast TEM (UEM) could be created after the introduction of femtosecond laser 
pulses into the electron gun and specimen chamber [23]. 

Besides, magnetization processes and other properties of magnetic materials can 
also be studied in TEM making use of the Lorentz force experienced by a beam of 
electrons traversing a magnetic field (Lorentz microscopy), which can date back to 
the late 1950s [24]. Generally, a vertical magnetic field is generated at the specimen’s 
location and by tilting the specimen the resulting in-plane component of the magnetic 
field can be used for magnetizing experiments. However, the permanently present
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out-of-plane component may affect the reversal behavior. As an alternative approach, 
dedicated magnetizing holders have been developed to generate a magnetic field at 
the specimen area since the 2000s [25]. 

1.3 Modern In-Situ Transmission Electron Microscopy 

In the past decades, the lateral resolution of TEMs has already been extended below 
0.1 nm due to the wide application of spherical and chromatic aberration correction 
techniques. At the same time, the development of microscopy is also noticeable for 
electron guns with better monochromaticity and higher energy resolution, cameras 
(not only CCD but also CMOS and direct electronic detectors), novel spectrometers 
(such as large-area multiple EDS detectors), data processing algorithms and software 
packages, TEM isolations and vibration controls, and many other technologies [26]. 
All these improvements have their impact on the development of modern in situ 
transmission electron microscopy, and made it possible to characterize dynamic 
changes in size, shape, interface structure, electronic state, and chemical composition 
in specimens at and below the nanoscale [27–29]. 

In general, specimen and microscope requirements for in situ experiments are not 
much different from those of conventional operation. The major difference is in the 
ability of applying external stimuli inducing changes in the specimen. The stimuli 
are usually introduced into the TEM by modifications of the microscope or the devel-
opment of dedicated specimen holders. The only exception is electron irradiation. In 
situ electron irradiation can be carried out in almost every standard TEM without any 
modifications and the lateral resolution depends on the microscope. Especially the 
operation of the aberration-corrected microscope promises the visualization of indi-
vidual atoms under electron irradiation. Many electron irradiation-induced processes 
such as atom rearrangements and phase transformations have been studied at the 
atomic scale [30–34], which is beneficial to reveal the physics behind the irradia-
tion effects, explore nonequilibrium states of nanosystems, and extend the technical 
applicability of electron irradiation. On the other hand, the electron beam in TEMs 
with an aberration corrector can be focused onto spots of less than 0.1 nm which 
offers the possibility to fabricate and modify the specimen on the scale of few or 
even single atoms [35]. 

A related topic is in situ ion irradiation inside the TEM, which requires extensive 
modifications on the microscope column. An ion beam is introduced into the column 
and guided to the specimen area for bombardment. In situ ion irradiation TEMs 
have been well developed since the 1960s and are normally applied for nuclear 
materials, space and astronautic engineering materials, and materials for irradiation 
environments [36]. However, ion irradiation TEMs are not commercially available 
and only several instruments are still in operation at present. Similarly, laser sources 
can be integrated into the TEMs by modification of the microscope. Ultrafast TEM 
introduces two synchronized laser beams with nanosecond or femtosecond pulses 
into the TEM. The first pulsed laser allows for triggering structural changes in the
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specimens, while the second is used to generate electron pulses from photocathodes 
to probe changes with well-defined time delays relative to the beginning of the 
triggered changes [23]. Such a technology permits the study of structural phase 
transitions, mechanical deformations, and the embryonic stages of nucleation and 
crystallization on a time scale down to 10–13 s at present [37–39] and is expected to 
extend to attosecond scale in future. 

In most cases, external stimuli or exotic environments are introduced into the 
specimen area by specially designed holders. Holder-based in situ TEM technolo-
gies are much more widespread because such a technical route does not require 
modification of the electron optics nor vacuum system and can be conveniently 
carried out in almost every standard TEM. The spatial resolution depends on the 
specimen holders, because the application of external stimuli can introduce distur-
bance such as drift or vibration, which is a major limiting factor for high-resolution 
dynamic observations. Recent improvements in micro-nano machining and MEMS 
(micro-electromechanical system) technologies have been achieved to minimize the 
vibrations or drift during recording images, which makes the resolution close to a 
specified resolution limit of the microscope. Nowadays, most of the matured in situ 
TEM technologies are based on specially designed holders, and the dedicated holders 
are not only homemade but also available commercially. To some extent, modern 
in situ transmission electron microscopy is about specimen holders. 

Depending on what stimulus is to be applied, a corresponding specimen holder 
can be designed. Heating is normally easier to be realized by placing a heating 
element at the tip of a TEM specimen holder. Nowadays, there are two typical types 
of heating holders: furnace-heating holders, and microfabricated holders based on the 
MEMS process. Furnace-heating holders can accommodate a 3-mm specimen disk 
and reach 1300 ºC. However, the heating zone is huge and involves many components 
and supporting materials, the total thermal expansion effect causes a severe problem 
of specimen drift when changing temperature. It has to take tens of minutes to seize 
the specimen drift; therefore, it is difficult to take high-resolution TEM images in a 
short period of time. MEMS-based heating holders are composed of a MEMS device 
suspended on a Si chip, which produce localized resistive heating [40]. Much lower 
thermal mass results in a small sample drift rate and high-temperature stability, which 
allows high-resolution imaging at elevated temperatures. Another unique feature of 
MEMS-based heating holders is ultrafast temperature change rate (the maximum rate 
reaches 105–106 ºC/s), which makes the holder a good choice for thermal cycling 
experiments [41]. In situ transmission electron microscopy for thermal effects is 
particularly interesting in melting behaviors, phase transformations, crystallizations, 
and chemical reactions of nanomaterials [42–45]. 

In situ biasing TEM means TEM observation and electrical transport measurement 
of a specimen on which a bias voltage is applied. The specimen as a component should 
be connected to a circuit where the current–voltage characteristics can be measured. 
Nowadays, there are generally two types of biasing holders: MEMS-based holders, 
and STM-TEM holders. The first approach uses prefabricated circuitry developed on 
Si chips containing thin silicon nitride membranes, the specimen dispersed on elec-
tron transparent membrane and connected to the circuitry by directly writing metal
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interconnects outside of the TEM. Such a strategy is almost the same as a MEMS-
based heating system; therefore, heating and biasing can be integrated on the same 
holder. According to experiments, heating, biasing or both can be selected to apply to 
the specimen. The second is more popular, which uses an STM probe to contact the 
specimen fixed on an electrode. The probe has a very broad variety of movements, 
ranging from picometers to millimeters, therefore, electrical contacts with nanoscale 
interfaces can be established with the precise positioning of the piezo-driven probe 
to a desired location inside the TEM; electrical currents passed through individual 
specimen can be measured with a precision up to picoamp [21]. Both types of biasing 
holders are used to study behaviors and structural changes of specimens in an elec-
trical field, as well as electrical transport properties of individual nanostructures and 
Joule heating effects [46–48]. Specifically, in situ biasing TEM is widely applied 
to reveal the underlying mechanisms of rechargeable batteries and random access 
memories [49–52]. 

The piezo-driven probes can also be utilized for introducing mechanical stress to 
the specimen; therefore, STM-TEM holders have frequently been applied to study 
mechanical behaviors [53–55]. Some novel phenomena such as diffusion-assisted 
liquid-like behaviors in some small-volume metals have been captured at room 
temperature [53]. However, STM-TEM holders cannot directly measure mechan-
ical parameters. After the integration of mechanical quantity sensors, dedicated 
mechanical holders (such as AFM-TEM holders and nanoindentation holders) can 
achieve nanometers per second displacement rate and nanonewtons measurements. 
Another approach is the use of MEMS-based chips where load is always applied 
by using a thermal actuator [56]. Mechanical holders are widely used to charac-
terize the mechanical behaviors and corresponding structural changes in micro- and 
nanostructures [57–59]. 

In situ illumination can be achieved by embedding a light-emitting diode (LED) 
inside the biasing holders. Another type of holder utilizes optical fibers or lenses 
to introduce outside light into the microscope. In some applications, the TEM 
column should be additionally modified. These techniques have been widely used to 
study optically driven processes, such as photoluminescence, cathodoluminescence, 
photocatalysis, and photocurrent [60–62]. 

The magnetic behavior of small magnetic structures can be studied in situ by 
varying the local magnetic field in Lorentz TEM. In the microscope, a magnetic field 
that is perpendicular to the viewing plane is applied to the specimen by changing the 
current of the objective lens, which is high enough to make most of the magnetic 
specimens saturated. As an alternative approach, dedicated magnetizing holders can 
generate horizontal magnetic field which may deflect the electron beam. The applied 
horizontal field is generally less than 1000 oersted; therefore, this approach is suitable 
for the study of soft magnetic materials with less coercive force. At present, in situ 
magnetic TEM is widely used to study skyrmions, ferroelectric or ferromagnetic 
vortexes, and domain switching [29]. 

The observation of liquid samples in the TEM benefits from the development of 
liquid cells, which can enclose small volumes of liquid by two electron-transparent 
windows. At present, the most popular window material is silicon nitride, as it is
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robust, and easily manufactured based on standard silicon processing techniques. 
Silicon nitride cells can reach atomic resolution in some cases and have been 
widely used to study the growth and assembly of colloidal nanoparticles [63– 
66]. Additionally, electrodes, heating elements, or flow capability can be incorpo-
rated in silicon nitride cells so that electrochemical reactions, electrocatalysis, and 
solvothermal synthesis can be triggered and followed in situ [67–69]. Very recently, 
other membranes such as monolayer graphene have been applied in liquid cells [70– 
72]. On this foundation, some novel phenomena such as ligand-controlled oriented 
attachments of citrate-stabilized gold nanoparticles have been observed at atomic 
resolution [71]. 

Specially designed cells can also be used to introduce gas environments into the 
region around the specimen, and the pressure in gas cells can be up to 1 atmosphere 
and above. Similarly, heating elements can also be integrated into gas cells to study 
transformations under high temperatures and varying gas environments. However, 
both observation windows and gas layers will limit the obtainable resolution during 
the imaging. ETEM with an additional differential pumping system is increasingly 
accessible and gaining popularity although it is much more expensive than conven-
tional TEM. The maximum gas pressure in ETEM is two orders of magnitude lower 
than that of gas cells but it is in the possibility to obtain atomic resolution images, 
especially by aberration-corrected ETEM [73]. It is important that ETEM equipped 
with specially designed specimen holders becomes extremely powerful in observing 
specimens at high resolution under external stimuli and varying gas environments, 
which is attractive for the study of vapor growth, catalysis, and alkali metal–oxygen 
battery [74–76]. 

1.4 Challenges and Opportunities 

Large quantities of in situ experiments have been carried out inside the TEM, and 
provided significant insights into nanoscale phenomena. However, some difficulties 
remained a challenge. It is known that electron irradiation damage can restrict the 
applicability of in situ transmission electron microscopy due to the strong interaction 
of electrons with matter. Long-time exposure to electron bombardment is certainly 
to affect the dynamic behaviors of the specimen. How to identify the side effects of 
electron beam irradiation and to reduce their influences is crucial if irradiation is not 
the purpose of the study. Considering that irradiation damage is proportional to the 
electron dose, the key is to minimize the dose on the specimen. 

In most cases, in situ experiments are conducted in conventional TEMs equipped 
with specially designed holders, which supply a desired stimulus to the specimen. 
Almost all modern in situ holders allow imaging with lattice resolution in vacuum, 
while environmental cells are normal in observing the morphology dynamics of 
reactions at the nanometer range. The spatial resolution deteriorates because the 
electron beam significantly loses coherency in windows, liquid layers or gaseous 
layers. There is much space to promote the resolution for in situ environmental cell
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microscopy, such as the optimization of the design for environmental cells and the 
use of chromatic aberration correction. 

In the past, in situ experiments mainly focus on the dynamical behaviors of spec-
imen response to single stimulus. The attention has gradually moved to observing 
and measuring the changes of specimen under multiple stimuli, which is limited by 
the small space in the objective pole piece. This issue may be solved by ongoing 
developments in the TEM with a higher pole piece gap and aberration corrector. 
Extra space promises the introduction of multiple stimuli, while the attendant loss 
of resolution can be mitigated by the correction of the spherical aberration of the 
objective lens. Another significant benefit resulting from aberration correction is 
the ability to go to low voltages without extreme loss of resolution. Decreasing the 
voltage is effective to reduce the influence of electron irradiation in some cases, 
it is extremely important and attractive. An alternative way to introduce multiple 
stimuli is to distribute the stimuli to microscope column and specimen holder. Such 
an approach has been applied in some studies of catalysis, where the gas supply is 
controlled by differential pumps within the TEM column, while heating is realized 
by a dedicated heating holder [76]. 

Most of the in situ experiments focus on the structural and properties evolution 
under external stimulus, the monitoring of chemical changes is a particular challenge 
at present. EDS and EELS promise chemical analysis but are few used in time-
resolved in situ experiments because of the poor signal-to-noise ratio. Thus, the 
ongoing improvements in detectors should be promising to examine time-resolved 
chemical changes at and below the nanoscale. Besides, future developments should 
also require the capability for quantitative measurements of the applied fields or 
exotic environments such as temperature, gas pressure, and gas or liquid composition 
right on TEM specimens, which is important to quantify the influence of stimuli or 
chemical environments on specimen evolution. 

In situ transmission electron microscopy requires the capability of recording what 
is seen at an adequate time resolution. Higher recording speed is certainly desired 
but the shortened exposure time for each frame lowers the image quality because 
the problem of image noise cannot be overcome. At present, the widely used CCD 
cameras for in situ microscopy are capable to record images with a frame rate of 
10–30 frames per second. The state-of-the-art direct electronic detector can reach 
1500 frames per second, which opens new phenomena for study. However, the vast 
data rates from the detectors exacerbate the problems of data collection and analysis, 
which impose demands for data mining and machine learning approaches to track 
the transformations. 

1.5 Concept of This Book 

In this book, we have attempted to give an overview of in situ transmission elec-
tron microscopy from the following aspects: historical background, modern tech-
niques, application achievements, and development trends. This book is intended
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for advanced undergraduate and graduate students and professional researchers in 
materials science, chemistry, physics, environmental and energy, electronics, and 
any subjects that want to explore the nanoworld. We hope this book can illustrate the 
huge variety of experiments possible, and then inspire more people to observe and 
further understand materials’ function and dynamics by using in situ transmission 
electron microscopy. 

This book starts with a brief introduction to in situ transmission electron 
microscopy in this chapter. After this, the book is organized into nine chapters in 
terms of the conditions and stimuli applied to the specimens. Considering that every 
specimen is affected by the electron beam for a long time observation, the physical 
principles of electron irradiation effects are summarized in Chap. 2. In situ studies 
of electron irradiation-induced processes are also presented in this chapter. We then 
move on to Chaps. 3–10 on the following directions: mechanical, thermal, elec-
trical, optical, magnetic, liquid environmental, gaseous environmental, and ultrafast 
transmission electron microscopy. 
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Chapter 2 
Electron Beam Irradiation Effects 
and In-Situ Irradiation of Nanomaterials 

Tao Xu, He Zheng, Jianbo Wang, Florain Banhart, and Litao Sun 

2.1 A Brief History of In-Situ Electron Irradiation 

The transmission electron microscope (TEM) is capable of directly imaging the 
atomic structure of the specimen, which has become an indispensable tool to obtain 
atomic-level information and establish the relationship between structure and prop-
erties [1]. It is well known that the formation of an image in the TEM requires 
the elastic interaction of the object with an energetic electron beam (typically 60– 
300 keV, in a few instruments up to 1–3 MeV), raising a natural problem of electron 
irradiation. In fact, the interaction of the incident electrons with atomic nuclei or 
electrons surrounding the nuclei can cause temporary or permanent changes in the 
structure and/or the chemistry of the specimen, which is often referred to as electron 
irradiation damage [2]. Such damage has already been perceived in the early days of 
TEM [3] and is usually undesirable in TEM studies because radiation artifacts may 
appear in the images. Still today, radiation damage remains a fundamental difficulty 
and limits the applicability of TEM in the study of certain materials. Considering that 
the amount of radiation damage is proportional to the accumulated electron dose [2], 
beam-induced changes is more obvious in in situ experiments, where the specimen 
is inevitably exposed to electron bombardment for an extended period to allow the
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recording of transformations in time [4–6]. Separating electron irradiation effects 
from the analysis of the desired observations requires a detailed understanding of 
fundamental damage mechanisms. 

Although radiation damage in the TEM is known since the 1940s [3], electron 
irradiation effects haven’t become a subject of intense research until the 1960s, 
when electron irradiation in the TEM was widely used to simulate particle irradi-
ation in nuclear fission or fusion reactor materials [7–9]. The particular advantage 
of in situ irradiation experiments is that the evolution of radiation defects can be 
observed directly in real time. It should be noticed that the electrons causing struc-
tural alterations and the electrons for imaging are usually not the same. But they stem 
from the same beam that can be used for both at the same time. With a continuous 
improvement of spatial resolution, TEM has enabled us to study radiation effects on 
the atomic scale since the 1980s [10]. Nowadays, aberration-corrected instruments 
promise further advance in this direction as the rearrangement of individual atoms 
in two-dimensional (2D) sheets of monoatomic thickness becomes visible without 
any overlap of other atom layers and projection artifacts in the image [11–13]. A 
large number of different radiation phenomena have been experimentally identified, 
ranging from atom displacements to electronic excitations. The main effects can 
be categorized into electron–nucleus scattering (atom displacement and sputtering) 
and electron–electron scattering events (electrostatic charging, radiolysis, or electron 
beam heating). 

It is known that different damage mechanisms can be correlated with each other 
and depend on the material. Generally, inelastic electron–electron scattering can 
cause severe difficulties in the studies of insulators, ionic crystals, and organic mate-
rials [14–16] but is unimportant for metallic materials due to the presence of conduc-
tion electrons. Elastic electron–nucleus scattering can sometimes be neglected in 
insulating or organic specimens when the displacement cross section is lower than 
the excitation or ionization cross section. By contrast, electronic effects are quenched 
in conducting specimens where radiation damage is essentially restricted to atom 
displacements [17]. 

It is important to point out that electron irradiation is not only damaging spec-
imens but also beneficial in in situ experiments to explore thermal nonequilibrium 
phenomena and the dynamic behavior of atomic defects, reveal the physics behind 
novel phenomena at the atom scale, and extend the applicability of electron irradi-
ation. This chapter focuses on the variety of electron irradiation-induced processes 
where the electron beam triggers and drives the dynamic behavior of materials while 
in several cases some other excitations (such as heating) may be applied to the 
specimen at the same time. 

As early as the late 1940s, electron beams in TEM had been intentionally used to 
trigger structural transformations in ionic crystals [18] and organic pigments [19], 
followed by the study of electron irradiation-induced decompositions in the early 
1950s [20]. Due to the low spatial resolution in this period, electron diffraction always 
had to be used to confirm the formation of irradiation-induced phases. Over the same 
period, electron beam-induced deposition of carbonaceous residue of hydrocarbons
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or other organic molecules has shown the capability to fix the specimen and partly 
protect the specimen from chemical attacks or electron bombardment [21]. 

Driven by the needs of nuclear power industry, electron irradiation in the TEM 
was widely applied to the study of structural stability of reactor materials under 
electron bombardment in the 1960s and 1970s [22], enabling the development of 
materials that are robust under neutron irradiation in the reactor. However, electron 
irradiation-induced point defects were not visible in the TEM at that time except 
they appeared in agglomerates or secondary defects such as dislocation loops, voids, 
and precipitates or induced observable structural changes of other defects. Conse-
quently, electron irradiation-induced nucleation, growth or migration of dislocations 
[23], crystalline-amorphous transformations [24], and precipitation [25] begun to 
attract increasing attention. At the same time, electron beam flashing became a 
well-established technique to prepare thin crystal specimens with clean surfaces 
[26]. 

Electron irradiation-induced deposition became also of interest when gaseous 
precursors could have continuously flowed into the specimen chamber without 
considerable loss of spatial resolution [27]. Gas molecules may be ionized by the 
electron beam, making the molecules more reactive to interact or etch solid mate-
rials. Even without gas precursors, adatoms generated by electron irradiation can 
migrate and deposit within some areas of the object, resulting in the formation of 
novel structures [28]. Since the 1970s, computer-controlled electron beam-induced 
deposition and etching performed inside the TEM has become a productive technique 
to fabricate nanostructures [29]. 

Almost all subjects mentioned above have been studied again with atomic resolu-
tion since the 1980s when the spatial resolution of modern TEMs was promoted to the 
scale of 0.1 nm or even below. Many unexpected phenomena and novel effects were 
discovered in nanomaterials under electron irradiation [30]. For instance, spherical 
carbon particles showed self-compression under electron beam irradiation at high 
temperature, resulting in the nucleation and growth of diamond crystals [31]. The 
electron beam in TEMs with an aberration corrector can be focused onto spots of less 
than 0.1 nm which offer the possibility to fabricate and modify the specimen on the 
scale of few or even single atoms [32]. Besides, environmental specimen stages with 
liquid cells are used intensively in the last 15 years, and the interaction between the 
electron beam and the solution may induce reactions and produce species which play 
an important role in the observed nucleation and growth behaviors of nanocrystals 
in solution [33]. 

2.2 Fundamental Electron Irradiation Effects 

In an electron microscope, the specimen is exposed to energetic electron bombard-
ment during observation. As a low-mass particle, the electron can easily be deflected 
by the Coulomb interactions with the atomic nucleus or/and electrons in the spec-
imen. The electron scattering can be categorized into elastic events without energy
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loss and inelastic events with energy loss of the electrons. Elastic scattering repre-
sents electrostatic deflection by the Coulomb field of each atomic nucleus, which 
gives rise to electron diffraction patterns and to contrast in TEM images; inelastic 
scattering represents Coulomb interaction with the electrons surrounding the nucleus, 
which can generate several types of excitations in the specimen, and these signals 
can be used for elemental analysis in TEM [34]. However, these processes can also 
cause temporary or permanent changes in the structure and/or the chemistry of the 
specimen. For instance, electron–nucleus scattering can lead to atom displacements 
in the bulk of the specimen or sputtering of atoms from its surface, while electron– 
electron scattering can result in ionization, electrostatic charging, radiolysis, heating, 
and deposition [2]. Generally, displacement damage increases, whereas ionization 
damage decreases with increasing incident electron energy. An optimum accelerating 
voltage should be chosen to minimize the combined radiation damage depending on 
the materials to study. 

2.2.1 Atom Displacements 

A displacement event occurs by the direct transfer of the kinetic energy of the elec-
trons to atoms in the solid via electron–nucleus collisions, knocking them out of their 
atomic sites and thereby degrading the crystalline perfection. It is the primary radia-
tion damage mechanism in specimens with conduction electrons. Taking into account 
the energy and momentum conservation, only little energy E can be transferred from 
the incident electron to the nucleus, and the energy depends on the deflection angle 
θ: 

E = Emaxsin
2

(
θ 
2

)
, (2.1) 

where Emax is the maximum energy transferred by a head-on collision (θ = 180º). It 
is a function of the incident-electron energy E0: 

Emax = 
2E0(E0 + 2mec2) 

Mc2 
, (2.2) 

where me is the electron mass, M is the mass of the nucleus, and c is the speed 
of light. It is intuitively clear that head-on collisions are less likely than high-angle 
scattering [35]. 

If E exceeds displacement threshold energy Ed , the atom can be displaced to 
an interstitial position so that a vacancy–interstitial pair is created which does not 
spontaneously recombine. The migration of existing vacancies and interstitials can 
be promoted by electron irradiation even if the transferred energy is below Ed . Such 
a radiation-induced diffusion has qualitatively the same effect as thermal diffusion 
[35]. Generally, Ed (the energy of the displaced atom) is above 10 eV for atoms
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in most bulk crystals and is characteristic of the material depending on its chemical 
composition and crystal structure. For instance, Ed of carbon in diamond is obviously 
larger than that in graphite, and the value along the hexagonal axis is evidently smaller 
than along the basal plane in graphite; atoms at grain boundaries or other structural 
defects are also displaced more easily because of their lower binding energy [35]. 

The displacement rate p, which states how often each atom is displaced per second, 
is given by 

p = σ J, (2.3) 

where σ is the displacement cross section and J is the beam current density which 
typically ranges between 10 A/cm2 in high-resolution imaging in a typical TEM and 
104 A/cm2 with the fully focused electron beam on the specimen. For light elements, 
σ can be an approximation calculated by the McKinley–Feshbach formalism [36]: 

σ = 
4Z2 E2 

R 

m2 
ec

4

(
Emax 

Ed

)
π a2 0

(
1 − β2 

β4

)⎧
1 + 2παβ

(
Ed 

Emax

)1/2 

− 
Ed 

Emax

[
1 + 2παβ  + (β2 + παβ)In

(
Emax 

Ed

)]⎫
(2.4) 

where Z is the atomic number of the displaced atom, ER is the Rydberg energy, 
a0 is the Bohr radius of the hydrogen atom, β = ν/c, and α = Z/137. It should be 
noticed that this equation is suitable to evaluate the total displacement cross section 
for static atoms. If the effect of atomic vibrations is taken into account, the maximum 
transferred energy Emax has to be replaced by a function containing the atom vibration 
and incident electron energy E0 [37]. Such a modification just smoothens the cross 
section at the onset without changing the trend. 

Normally, the cross section increases rapidly above the threshold Ethr (value of 
E0 above which displacement occurs, which can be obtained by setting Emax = Ed in 
Eq. 2.2, normally larger than tens of keV), and reaches its maximum value at about 
twice the threshold and decreases again at higher energy due to relativistic effects 
[35]. Assuming the atoms are hard spheres, the displaced atoms may cause further 
displacements when Emax ≥ 2Ed . Such displacement cascades are of importance in 
larger objects where the total cross section may increase with the electron energy 
even at high electron energy [35]. 

The only way to avoid atom displacements is to use an electron energy below 
Ethr for microscopy. If the energy cannot be achieved experimentally, lowering the 
beam current and shortening the illumination time as much as possible should be 
considered to reduce displacement damage.
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2.2.2 Surface Sputtering 

If high-angle elastic scattering occurs at a surface atom, the atom can easily leave 
the specimen due to the open space above the surface, which is known as sputtering. 
It is obvious that sputtering primarily occurs on the beam-exit surface because the 
momentum transfer in a high-angle scattering is mainly along the incident direction 
[2]. 

Equations 2.1–2.4 remain valid but the sputtering threshold energy Es for surface 
atoms is much lower as they are less tightly bound than bulk atoms [34], as shown 
in Table 2.1. Es is often taken as the sublimation energy Esub as well as the values 
between Esub and 2Esub [38]. Almost all low-Z and medium-Z atoms can be knocked 
away from the surface by 300 keV electrons, which means that the morphology 
of the specimen can be modified in a controllable manner in this way. Similar to 
displacement damage, the strategy for avoiding sputtering is to use a low electron 
energy and to limit the accumulated radiation dose. Besides, coating a thin layer of 
carbon onto the specimen surface may prevent sputtering damage. 

It is a remarkable fact that most displaced atoms at the surface diffuse on the 
surface as adatoms and do not leave the specimen immediately. These atoms are 
weakly bound to the surface by physisorption or/and chemisorption and can be further 
sputtered if the transferred energy exceeds the adsorption energy Ead . Surface diffu-
sion is facilitated because the activation energy Esd is typically lower than Ead by 
a factor of 3 or more [39]. In this perspective, it is understandable that sputtering-
induced rough surfaces tend to anneal under electron beam irradiation if the beam-
induced surface migration is sufficient to fill the vacant sites. However, it is hard 
to quantify adatom motion because the structure of the surface is often unknown. 
Atomic steps, water molecules, or hydrocarbon contamination on the surface can 
affect adatom diffusion [39].

Table 2.1 Comparison of the maximum transferred energy Emax at 300 keV with displacement 
threshold energies Ed and sputtering threshold energies Es [34] 

Element Emax (eV) Ed (eV) Es (eV) Element Emax (eV) Ed (eV) Es (eV) 

Al 31.6 16 4–8 Ti 17.8 15 4–8 

V 16.72 29 7–14 Cr 16.38 22 5–11 

Fe 15.25 16 4–8 Co 14.45 23 5–12 

Ni 14.5 22 6–11 Cu 13.4 18 4–9 

Zn 13.03 16 4–8 Nb 9.17 24 6–12 

Mo 8.88 27 7–14 Ag 7.90 28 7–14 

Cd 7.58 20 5–10 Ta 4.71 33 8–16 

Pt 4.37 33 8–16 Au 4.32 36 9–18 
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2.2.3 Electrostatic Charging 

Electrostatic charging occurs primarily in electrically insulating specimens due to 
the lack of conductivity to neutralize the local charge. Under normal conditions, 
the irradiated area charges positively due to the emission of secondary and Auger 
electrons. The net charge accumulated by the specimen per second depends both 
on the backscattering coefficient η and the yield for secondary electrons δ. For thin 
TEM specimens, the steady-state condition represents an equilibrium between the 
electrical currents [2]: 

I − It + Vs/Rs = I η + I δ(Vs), (2.5) 

where I is the incident electron current, I t is the transmitted electron current, Vs is the 
surface potential developed in the beam, and Rs is the effective electrical resistance 
between the irradiated and the surrounding regions of specimen. The terms on the 
left-hand side represent currents entering the irradiated area, while the right-hand side 
represents the loss of current by backscattering and by secondary emission. In view 
of the fact that very few electrons from the beam are absorbed in a thin specimen, I t 
approaches I, causing Vs to be positive, especially at high E0 . In addition, electrostatic 
charging can also occur via the Knotek–Feibelman (K–F) mechanism in which Auger 
electrons lead to a positive charge buildup [2]. 

At high current density, Vs may be dozens of volts [40]. This voltage can lead 
to an ultra-high electrical field of up to 1010 V/m at the edge of the illuminated 
area, which may cause an electrical breakdown in the insulating specimen and ion 
migration in the lateral direction [41]. In addition, electrostatic charging can also 
produce a mechanical force, which may even cause rupture of thin films [2]. 

Good conductive contacts between the specimen and the support or specimen 
holder can reduce charging, therefore reducing electron beam irradiation-induced 
charging effects. 

2.2.4 Radiolysis 

Radiolysis is the beam-induced ionization of atoms or breaking of chemical bonds 
by electron–electron scattering which may lead to a locally modified chemistry of the 
sample under the beam. Radiolysis is of significance in insulators (such as halides, 
oxides, hydroxides, sulfides, silicates, and so on) where inelastic scattering can cause 
local irreversible bond breaking and even mass loss. For alkali halides, which are 
a class of radiation-sensitive inorganic materials, the decay of exciton states leads 
to the formation of double-halogen ions and anion vacancies. Then the vacancies 
aggregate to form voids, while the halogen ions may condense to create dislocation 
loops and diffuse to the surface, eventually followed by halogen loss.
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In the case of transition metal oxides, radiolysis may involve considerable elec-
trostatic charging. The Auger decay of the inner-shell vacancy states in the metal 
atoms leads to positively charged O atoms, which can be ejected from the surface 
due to the electrostatic repulsion of the surrounding metal ions, thus leaving a metal-
rich surface [42]. Such a process does not stop till the specimen surface becomes 
sufficiently conductive to screen the positive charge. 

Radiation damage in organic solids is generally more extensive. Amorphous poly-
mers or molecular crystals consist of strong covalent bonds and weak non-covalent 
bonds. Non-covalent bonds are easily broken followed by structural changes and 
displacements of molecules, resulting in crystallinity degradation and even mass 
loss [43]. Normally, aromatic compounds are much stable than aliphatic compounds 
due to their ring structures with π electrons which allows the deposited energy to be 
dissipated within the π electron pool without bond breakage [44]. 

The radiolysis of liquid solutions had attracted growing attentions, especially with 
the development of liquid cell TEM [33]. Considering that most solutions used in 
liquid cell TEM experiments have low concentrations of solutes, inelastic scattering 
in the liquid causes primarily radiolysis of the solvent. Radiolysis in both aqueous 
and organic solvents is applied to establish oxidizing or reducing environments, 
which is the basis for studying nucleation, growth, and degradation [45]. When water 
molecules interact with incident electrons, they decompose into strongly reducing 
solvated electrons eh –, hydrogen radicals H●, and oxidizing hydroxyl radicals OH●. 
Then these initial products diffuse and participate in further reactions to yield reactive 
products, including H2, O2, H2O2, H3O+, HO2 

●, and so on [33]. These radicals will 
change the chemical environment but their concentration reaches an equilibrium 
within a very short time; furthermore, the radiolysis of water may alter the solution’s 
PH because of the presence of H3O+ ions, which influences diverse processes such 
as aggregation [33]. Radiolysis of organic solvents is more complex, and results in a 
mixture of solvated electrons, molecular hydrogen, organic radical species, and even 
large polymeric molecules [45]. 

2.2.5 Electron Beam Heating 

A local temperature rise under electron irradiation is expected when the transferred 
energy is dissipated in the form of heat with or without damage. Heating is domi-
nated by inelastic electron–electron scattering while the transferred energy in elastic 
electron–nucleus collisions is much lower. 

Supposing the specimen is bounded by a circular heat conductor of infinite conduc-
tivity held at a fixed temperature and the irradiation intensity is symmetrical within 
the circle, the temperature in the specimen is determined by 2D heat conduction, and 
the maximum temperature rise is given approximately by [46]

ΔT = I 

4πκ

ΔE 

t

(
γ + 2ln 

R 

r

)
, (2.6)
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where R and r are the radii of the specimen and the beam, respectively, κ is the 
thermal conductivity of the specimen, γ is Euler’s constant, and ΔE is the average 
energy loss in a specimen of thickness t. The average energy loss for relativistic 
electrons can be estimated by [46]

ΔE 
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(2.7) 

where N is Loschmidt’s number and Eex is the excitation energy which is almost 
proportional to the atomic number Z. As a result, the temperature rise is independent 
of specimen thickness and proportional to the average density of the specimen. It 
can also be seen that the temperature rise is proportional to the beam current I and 
inversely proportional to the thermal conductivity. Generally, the temperature rise 
in TEM specimens during imaging is insignificant, provided the specimen is thin 
enough (order of magnitude 10 nm), as it is the case for typical lattice-resolution 
TEM studies. However, beam heating may be a serious problem at high incident 
currents, and it is detrimental for the specimen with quite low thermal conductivities. 

Generally, heating is less if the electron energy is high, which seems quite counter-
intuitive, but is due to the decreasing cross section for inelastic scattering towards 
higher energies. It is therefore preferable to use high acceleration voltages if the 
specimens are thermally unstable. However, possible damage by atom displacements 
has to be taken into account. On the other hand, good conductive contacts between 
specimen and support or specimen holder can enhance thermal dissipation, therefore 
reducing the beam-induced temperature rise of the specimen. 

2.2.6 Electron Beam-Induced Deposition 

Electron beam-induced deposition occurs when the irradiation is carried out in the 
presence of either volatile species in an atmosphere around the specimen or when 
mobile species are attached to the specimen surface. These species dissociated into 
volatile and nonvolatile components under the electron beam. The former disappears 
into the vacuum, while the latter adheres to the substrate, resulting in a local increase 
in thickness. Conversely, if the beam-activated molecules react with the specimen so 
that volatile species form, the substrate might be etched. Both deposition and etching 
occur only locally at or around the irradiated area. 

In TEM, the most common deposition results from residual hydrocarbon, which 
is known as hydrocarbon contamination, especially in the STEM mode. Normally, 
hydrocarbon contamination is dominant around room temperature, whereas at high 
or low specimen temperatures it is negligible. At low specimen temperature, the 
mobility of hydrocarbon molecules on the specimen surface is too low to reach the
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irradiated surface and, at high temperature, hydrocarbons evaporate from the spec-
imen before being cracked by the electron beam. For hydrocarbon contamination, 
the precursors consist of the gaseous hydrocarbons in the vacuum (e.g., oil from the 
pumping system) and the adsorbed hydrocarbons on specimen surface (impurities by 
adhesion of molecules during specimen preparation or from the air). The deposition 
process is complex, consisting of specimen–hydrocarbon interaction, electron–spec-
imen interaction, and electron–hydrocarbon interaction. The most important mecha-
nism is governed by highly mobile hydrocarbon molecules that diffuse rapidly over 
the specimen surface. Once the molecules diffuse into the irradiated area, they are 
cracked so that immobile amorphous carbon is left on the specimen. Such a carbon 
deposit can be removed by plasma treatment, which is normally done ex situ. Intu-
itively, there are many factors involved in hydrocarbon contamination, such as beam 
current density, dissociation cross section, the residence time of hydrocarbons on 
specimen surface, specimen geometry, and the orientation of hydrocarbons with 
respect to the deposition location [47]. Some of the factors are almost impossible to 
control during the experiments, but it is certain that the diffusion of hydrocarbons 
along the specimen surface provides the major source because the contamination 
seriously occurs at the edge of the irradiated area as a ring in TEM imaging [48]. If 
the electron beam is focused onto spots with diameters smaller than several nanome-
ters, a dot rather than a ring is formed. A line and even more complicated shapes can 
be formed by deflecting the beam. 

Although this effect can be applied for lithography [49] and the fabrication of 
three-dimensional (3D) structures [50], it should generally be avoided for in situ 
experiments because the deposited layer might alter the behavior of the specimen 
[51]. Beam shower (short-time pre-illumination with a strong electron beam flux) 
is frequently employed to suppress hydrocarbon contamination. Heating may also 
reduce the hydrocarbon contamination rate by a factor of 10–30, depending on the 
temperature [52]. 

2.3 Electron Irradiation-Induced Processes 
in Nanomaterials 

In situ electron irradiation experiments can be carried out in every standard TEM, 
even without technical modifications. Considering that the specimen temperature has 
a major influence on the evolution of radiation defects, a dedicated heating specimen 
stage is generally of advantage. On this basis, many irradiation phenomena in nanos-
tructured materials were observed accidentally. This section presents some examples 
of electron irradiation-induced processes on the atomic scale in five main categories: 
(1) structural dynamics of defects, (2) phase transformations, (3) nucleation and 
growth of nanostructures, (4) generation and modification of novel structures, and 
(5) mechanical deformation.
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2.3.1 The Dynamics of Defects Under Electron Beam 
Irradiation 

The rise of 2D materials with atomic thickness such as graphene has opened a new 
window for the TEM observation of individual point defects such as vacancies or 
interstitials. As the atom positions in atomically thin 2D sheets can be intuitively 
identified from high-resolution image series, a detailed picture of the rearrangement 
of individual atoms under irradiation becomes visible without any imaging artifacts 
due to overlapping atoms or projection effects. Therefore, we focus on the electron 
irradiation-induced defect dynamics observed in 2D materials at the level of single 
atoms. 

Typically, 2D materials are more sensitive to electron irradiation than 3D materials 
due to the fact that almost every atom is a surface atom. Displacement and ionization 
damage are the most relevant electron beam-induced processes. As shown in Table 
2.2, the incident threshold electron energy for displacing C atoms in a graphene 
sheet is 86 keV at room temperature [12], which means that pristine graphene remains 
stable at a TEM voltage of 80 kV. But when contamination is adsorbed on the surface, 
atomic defects can be created at contamination sites in graphene even if the incident 
electron energy is much lower than the threshold energy [37].  As  shown in Fig.  2.1a 
monovacancy forms at an adatom site under an 80 keV electron beam, which is 
attributed to a beam-induced chemical reaction of an adatom with the graphene 
substrate. Similarly, anion vacancies can be generated in pristine transition metal 
dichalcogenides (TMDC, such as MoS2, MoSe2,WS2, etc.) sheets even if the incident 
electron energy is lower than the threshold energy for displacements [53], which 
probably results from the ionization effects. 

The atomic defect continues growing so that holes are formed because atoms with 
unsaturated bonds around the vacancy are removed more easily than atoms within 
the sheet without dangling bonds [54]. In the case of graphene, Meyer et al. found 
that the growth of extended holes is not dominated by displacements because the 
growth rate of holes only weakly depends on the beam energy within a wide range of 
20–100 keV [37]. Holes can form and grow in graphene even under a 20 keV electron 
beam, which is not expected from displacement effects because the threshold energy 
for displacing edge C atoms is assumed to be close to 50 keV. The observation that 
the growth rate of the holes is related to the vacuum level in the column further 
confirms that hole growth may be predominantly beam-induced etching by residual 
water or oxygen in the system [37]. It is worth noting that the shape of as-formed

Table 2.2 Displacement threshold energy Ed and corresponding energy of the beam electrons Ethr 
for typical 2D materials [12] 

Materials Graphene h-BN MoS2 MoSe2 WS2 

B N S Mo Se S 

Ed (eV) 16 16 14 6.1 13.9 5.6 6.3 

Ethr (keV) 86 74 84 83 430 175 86
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Fig. 2.1 Formation of holes starting from atomic defects under 80 keV electron beam irradiation. 
a Circular hole in graphene. Irradiation intensity is 700 A/cm2. b Triangular-shaped hole in a 
monolayer of h-BN. Irradiation intensity is 480 A/cm2

holes usually depends on the crystal structure of 2D substrate. As shown in Fig. 2.1, 
the monovacancy prefers to evolve into a circular hole in graphene; however, a 
triangular-shaped hole with N-terminated zigzag edges forms in monolayer h-BN 
at room temperature under 80 keV electron beam irradiation. Besides, the specimen 
temperature is expected to affect the shape of the hole. Rhomb-shaped and hexagonal 
holes with both B- and N-terminated edges become prominent in monolayer h-BN 
if the sheet is heated to above 700 ºC during electron beam irradiation [55]. 

The atomic defects can also migrate over a long distance and agglomerate with 
other atomic defects under electron irradiation, resulting in the formation of more 
extended defects. It is obvious that defect migration is more frequently observed than 
their formation because the migration barrier is generally far less than the displace-
ment threshold. Taking graphene as an example, prolonged electron beam irradiation 
will make isolated vacancies agglomerate into large multivacancies consisting of 
rotated hexagons and other polygons, but the multivacancies tend to reorganize into 
a dislocation dipole terminated by two-edge dislocations if the number of sputtered 
C-atoms is larger than 10 [56]. In the case of MoS2, the diffusion of S-vacancies 
under the 80 keV electron beam is significantly fast and accelerated as the local 
vacancy concentration increases; therefore, S-vacancies are prone to agglomerate to 
form two typical straight-line defects [57]. It should be noted that the line defects 
do not only grow but also migrate occasionally under electron beam irradiation. In 
BN monolayers, Cretu et al. found that square-octagon line defects, involving less 
favorable B–B and N–N bonds, can migrate within monolayer h-BN at a tempera-
ture above 700ºC through the glide of one or two atomic rows along the armchair 
direction [58].
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Fig. 2.2 Migration of foreign atoms in graphene under the electron beam. a Structural dynamics of 
a graphitic-N substitution via C–N bond inversion. Scale bar is 2.5 Å (reproduced with permission 
from Ref. [60], Copyright 2015, American Chemical Society). b Electron beam-controlled migration 
of Si substitution around a single hexagon. Scale bar is 2 Å (reproduced with permission from Ref. 
[32], Copyright 2018, American Chemical Society) 

On the other hand, structural defects in 2D sheets can act as a trapping site for 
adatoms. However, the trapped atoms may still be mobile under electron beam irra-
diation. For example, Robertson et al. observed that Fe substitutions occupying a 
monovacancy or divacancy in graphene can move to adjacent lattice positions and 
reversibly switch their bonding between four and three nearest neighbors under the 
electron beam [59]. Other impurity atoms in graphene also show similar behavior 
under irradiation. Lin et al. found that pyridinic-N substitution can jump forth and 
back repeatedly between equivalent bonding sites across a monovacancy, while a 
graphitic-N substitution can migrate in the graphene plane via C–N bond inversions 
[60], as shown in Fig. 2.2a. Similarly, Si substitutions can also migrate via out-of-
plane C–Si bond inversions [61], and Si trimer can rotate in a multivacancy [62]. 
Those movements can be well controlled by directing the electron beam onto the 
desired position which is possible with atomic precision. As shown in Fig. 2.2b, an 
Si atom can be precisely moved around a single hexagon by parking the electron 
beam on the C neighbor in the direction the Si should move [32]. 

In addition, electron beam-induced bond rotation can also lead to the forma-
tion, migration, and reconstruction of structural defects by keeping the atom number 
constant. A typical example is the formation and annihilation of a Stone–Wales (SW) 
defect in pristine graphene [63], as shown in Fig. 2.3a. An SW defect is considered 
to be formed by an in-plane 90º rotation of a C–C bond (SW rotation), and the kinetic 
barrier is 9–10 eV [64]. The maximum energy transferred from even 60 keV elec-
trons is below the displacement threshold energy but sufficient to form multiple SW 
defects. Another typical example is the formation and annihilation of closed-loop 
“flower defects” [65]. Such a flower-like defect can be created via six consecutive 
bond rotations and relax into a less disordered state or even turn back to the pris-
tine lattice by C–C bond rotations. Some other novel defects have also been created 
in 2D sheets through bond rotations. Lin et al. found a new threefold symmetric 
trefoil-like defect in monolayer TMDCs created via 60º rotations of metal–chalcogen 
bonds in the trigonal prismatic lattice [66]. The defect can expand through sequential
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bond rotations and eventually evolve into larger linear defects consisting of aligned 
8–5-5–8 membered rings. 

Bond rotations can lead to structural transformations between several different 
configurations. As shown in Fig. 2.3b, the 5–8–5 (two pentagons separated by one 
octagon) divacancy can convert to a 5555–6–7777 defect (one hexagon surrounded 
by four pentagon–heptagon pairs) by means of a 555–777 (three circularly arranged 
pentagon–heptagon pairs) configuration [67], which releases the strain and reduces 
the influence of the divacancy onto the surrounding hexagonal lattice [68]. Bond 
rotation-mediated structural transformations also take place between various config-
urations of a tetravacancy [69]. Nevertheless, the most frequently observed tetrava-
cancies are extended linear structures during the transformation, although they do 
not have the lowest formation energy. However, they are in a metastable state with

Fig. 2.3 Bond rotation-induced structural evolutions in graphene under 80 keV electron beam 
irradiation. a Formation and annihilation of a Stone–Wales defect (reproduced with permission 
from Ref. [63], Copyright 2008, American Chemical Society). b Transformation of a divacancy 
between different configurations (reproduced with permission from Ref. [67], Copyright 2011, 
American Physical Society). c Gliding of an edge dislocation via bond rotation (reproduced with 
permission from Ref. [56], Copyright 2013, Springer Nature) 
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a local energy minimum in the overall energy landscape. It is known that electron 
irradiation generally drives the system away from thermal equilibrium. 

Bond rotations can also lead to the migration of structural defects, such as a 
random walk of divacancies [67] and dislocation glide in graphene [56]. As shown 
in Fig. 2.3c, the dislocation core consisting of a pentagon–heptagon pair can glide 
along the zigzag direction in graphene with a step of 0.25 nm via bond rotations 
[56]. Grain boundaries in 2D sheets can also migrate under electron beam irradiation. 
Kurasch et al. found that grain boundaries in graphene can migrate under electron 
beam irradiation via bond rotation, and the driving force depends only on the in-plane 
curvature of grain boundaries rather than on the detailed atomic arrangements [65]. 
The grain boundary with low curvature undergoes configuration changes without a 
preferred direction of migration. In contrast, the grain boundary with high curvature 
is expected to migrate towards the center of curvature, thereby shrinking the grain 
located on the same side of the boundary. The closed grain boundary can even unwind 
and restore towards the pristine lattice [65]. 

2.3.2 Irradiation-Induced Phase Transformations 

It is known for a long time that electron beam irradiation-induced structural changes 
can lead to phase transformations in the irradiated specimen area. Such transforma-
tions can be classified into two categories, namely (1) changes in morphology or 
crystal structure and (2) changes in composition. 

Electron beam irradiation-induced changes in morphology or crystal structure 
have been observed in many different materials systems. An example is beam-
induced complete disordering of a stable crystalline structure and transformation 
into a metastable amorphous phase. Conversely, the crystallization of metastable 
amorphous materials has also been observed frequently under the electron beam. In 
the case of carbon, electron irradiation can transform graphene sheets into a quasi-
amorphous 2D membrane with a random arrangement of polygons when the inci-
dent beam energy is just above the threshold energy for displacements [67]. On the 
other hand, the graphitization of amorphous carbon can also be achieved by elec-
tron irradiation. Börrnert et al. found that freestanding amorphous carbon converted 
into graphitic carbon onions, while amorphous carbon supported on flat 2D sheets 
graphitized in a planar structure parallel to the support sheet due to van der Waals 
interactions with the underlying support [70]. With respect to the case of an amor-
phous carbon cluster on a 2D sheet, heat dissipation either through the underlying 
substrate or by radiative process is negligible, thus the cluster can potentially heat 
up significantly as the cluster volume decreases [70]. 

The transformation between different crystalline phases can also be achieved by 
electron irradiation. In carbon nanocrystals, for example, flat graphene flakes can curl 
up by sterical stress due to pentagonal rings which are introduced by electron beam-
induced sputtering of edge C atoms, until it is able to zip up its open edges to form 
a completely closed fullerene [71]. Similarly, the formation of spherical onion-like
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graphitic particles by electron irradiation of flat graphitic precursors is predictable 
[72]. When such carbon onions are exposed to sustained electron irradiation at high 
temperature, the gradual loss of C atoms from the surface induces a shrinkage and 
self-compression of the onions. This leads to high pressure in the interior of the 
particles [72]. The pressure in the center is hydrostatic and may reach values higher 
than 40 GPa [73], which may be far inside the stability regime of diamond. The 
extreme curvature of the innermost shells may trigger changes in the hybridization 
of C atoms from sp2 to sp3, leading eventually to the formation of a diamond crystal 
in the center. Conversely, the transformation of diamond nanoparticles into carbon 
onions is also feasible under irradiation. However, the transformation may depend 
on the initial size of the diamond particles. Hiraki et al. found that 5 nm diamond 
particles can change into onions by 300 keV electron beam irradiation, while 20 nm 
particles don’t transform into carbon cages but to a graphite layer on the surface of 
the diamonds [74]. 

A real phase transformation in carbon can also occur under electron irradiation 
at high temperature. The transformation of graphite to diamond has been observed 
experimentally, which is surprising, given the fact that graphite is thermodynamically 
the more stable phase of carbon at low pressure [75]. As shown in Fig. 2.4, irradiation 
at high temperature leads to the growth of a diamond crystal at the interface between 
graphite and diamond [75]. When C atoms at the interface are displaced, they can 
aggregate to either of the two phases but the lifetime of the interfacial atoms is higher 
when they are bound in the diamond phase (diamond has a higher radiation hardness 
than graphite). It is known that atoms in graphite are easier to be displaced due to the 
lower mass density and van der Waals stacking with much space between the basal 
planes. 

Fig. 2.4 Electron beam irradiation-induced transformation of graphite to diamond at a temperature 
of 700 ºC and a beam current density of 100 A/cm2 (reproduced with permission from Ref. [75], 
Copyright 1999, AIP Publishing)
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Dynamic studies of phase transformation in transition metal chalcogenide under 
electron beam irradiation have also been shown by several groups. In Cu2S, the 
transformation temperature is relatively close to room temperature and the Cu2S 
nanocrystal can be heated above its phase-transition temperature by controlled elec-
tron irradiation. Zheng et al. directly observed the structural fluctuations between 
the low- and high-chalcocite phases of Cu2S nanorods in the TEM [76], which 
provided insight into the understanding of microscopic pathways of structural fluc-
tuations. Another example is the transformation of semi-conducing 2H-MoS2 to 
metallic 1 T-MoS2 via lattice-plane gliding which is triggered by electron irradiation 
[77]. As shown in Fig. 2.5, the transformation starts with the formation of the α-phase 
precursor with three or four constricted zigzag chains, followed by local strain-caused 
S-plane or Mo–S atoms gliding if two non-parallel α-phases are in contact. Conse-
quently, a triangular nucleus of the 1 T phase forms and further expands via migration 
of a β-boundary [77]. Such a transformation only occurs in the irradiated region so 
that this can be easily controlled in STEM mode of the microscope.

Irradiation-induced changes in composition are also frequently observed in 
compounds consisting of two or more elements. It is natural that the element ratio will 
change if the rate of loss for different elements does not match the initial stoichiometry 
of the specimen. Consequently, the transformation between phases with different stoi-
chiometry is feasible under irradiation [78–81]. Taking layered tin dichalcogenides 
as an example, the progressive removal of chalcogen atoms can be achieved by irradi-
ation in a controllable manner, which first results in the formation of a mixed mono-
and dichalcogenide and is followed by complete conversion to highly anisotropic 
orthorhombic monochalcogenides [82]. Figure 2.6a presents, as an example, the 
transformation from rhombohedral SnS2 to highly anisotropic orthorhombic SnS. 
Another example is the transformation of bilayer PdSe2 to monolayer Pd2Se3 by 
creating Se vacancies using electron irradiation [83]. The undercoordinated Pd atoms 
tend to bond with the nearest Se atoms in the adjacent layer, which creates a quantum 
force that pulls two layers towards each other. As the concentration of Se vacancies 
increases, the interlayer distance decreases to the length of a typical Pd–Se bond, 
resulting in the merging of the two layers and eventually the formation of the new 
Pd2Se3 2D phase [83]. Figure 2.6b presents the formation of monolayer Pd2Se3 
which has a misoriented angle relative to the parent bilayer PdSe2.

Eventually, some elements may be totally lost under the electron beam, resulting 
in the decomposition of the specimen [84]. For instance, under electron beam irradi-
ation, the hexagonal γ -CaSO4 will transform into a transient orthorhombic β-CaSO4 

and eventually CaO phase, accompanied with the complete loss of S element [85]. 
Another common example is the decomposition of radiation-sensitive crystals, e.g., 
organic–inorganic hybrid perovskites [86]. Chen et al. found that single-crystalline 
CH3NH3PbI3 rapidly decomposes into hexagonal PbI2 through the loss of iodine 
ions and subsequent collapse of the perovskite structure [86]. 

The change in composition as mentioned above is attributed to partial loss of 
components. Conversely, a phase transition by adding a new component to the spec-
imen is feasible if both the specimen and the feedstock for new components are 
exposed together to electron bombardment. For instance, electron beam-induced



34 T. Xu et al.

Fig. 2.5 Transformation between different crystalline phases in monolayer MoS2 at 600 ºC (repro-
duced with permission from Ref. [77], Copyright 2014, Springer Nature). a STEM image series 
and corresponding models showing the step-by-step progress of the phase transformation. b Model 
of atomic movements in the phase transformation

substitutional C doping can gradually transform h-BN sheets and tubes into hybrid 
ternary B–C–N honeycomb structures when a BN network with adsorbed hydro-
carbon molecules is exposed to the electron beam [87]. It is understandable that B 
and N vacancies generated by electron irradiation are healed by C atoms that stem 
from decomposed hydrocarbon molecules. Another example is the formation of a 
metal carbide when graphitic onions encapsulating metals are subjected to electron 
irradiation in the TEM [88]. Such a transformation is induced by ballistic displace-
ments of interface atoms and by the high pressure that the graphite shells exert onto 
the encapsulated metal particle.
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Fig. 2.6 Phase transformation between structures with different stoichiometry under electron irra-
diation. a The transformation from SnS2 to SnS (reproduced with permission from Ref. [82], Copy-
right 2016, American Chemical Society). b The transformation from bilayer PdSe2 to monolayer 
Pd2Se3 (reproduced with permission from Ref. [83], Copyright 2017, American Physical Society)

2.3.3 Nucleation and Growth of Nanostructures Under 
Irradiation 

It has been shown that electron irradiation can trigger the nucleation and growth 
of nanostructures. Real-time observation of nucleation and growth has, for a long 
time, been carried out under vacuum condition in conventional TEMs, whereas new 
environmental specimen stages allow using gaseous and liquid precursors (see details 
in other chapters). Here, we focus on the nucleation and growth of nano-objects under 
vacuum conditions during which electron irradiation plays an essential role. 

The key to study nucleation and growth inside a conventional TEM is to choose 
appropriate precursors which can be introduced into the specimen chamber and 
released in sufficient quantities to lead to the growth of the desired structures. Gas 
residues in the column and surface adsorbate on specimens or specimen grids are 
possible feedstocks, which provide small amounts of C and O atoms for growth. A 
simple experiment is the controlled growth of a metal oxide under electron beam irra-
diation. For instance, pure Ag can be locally oxidized as signified by the nucleation 
and growth of Ag2O islands on its surface (Fig. 2.7) [89]. Interestingly, the Ag2O 
structures only nucleate in the irradiated area under a low beam current density 
(~102 A/cm2). Although Ag is resistant to oxidation by molecular oxygen at room
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Fig. 2.7 Beam density-dependent nucleation and decomposition of the Ag2O island on the  Ag  
substrate (reproduced with permission from Ref. [89], Copyright 2019, Royal Society of Chemistry) 

temperature, O2 molecules adsorbed on the surface can be split into active radicals 
by electron irradiation and then react with the Ag substrate. It should be noticed that 
the Ag2O islands can be fully reduced back to elemental Ag with an increase in the 
beam density (~103 A/cm2). The controllable oxidation and reduction at different 
beam densities imply that electron beam may play a complex role in TEM studies of 
metal structures, especially when the metal is easily oxidized in air ambient, such as 
Mg [90, 91] or Fe [92]. Another example is the formation of In2O3 nanoparticles on 
the surface of In2S3 polycrystalline sheets [93]. The dangling bonds, resulting from 
electron beam-induced bond distortion, react with residual traces of O and water 
vapor in the TEM column, thus forming In2O3 nanoparticles. 

For an efficient deposition, the precursor materials (substrates) should be highly 
unstable and easy to manipulate with the electron beam. When tiny amounts of an 
explosive precursor are irradiated by electron beam with sufficient beam density, 
the explosive decomposition happens due to heating or electrical charging. Conse-
quently, a large number of nanoparticles are ejected outwards and caught by support 
membrane. Such a beam-induced fragmentation is mostly used for the production of 
metallic nanoparticles consisting of a single element [94]. 

If the precursor is decomposable under irradiation, the nucleation and growth may 
follow the beam-induced decomposition of the substrate and atomic rearrangements 
in the domain that is previously chemically modified. In many cases, amorphous films 
are used for the nucleation and growth of crystalline nanoparticles inside the amor-
phous matrix. For instance, crystalline Si nanoparticles can be formed within an amor-
phous SiO2 film through either amorphous Si film [95] or amorphous SiOx (x < 2)  
nanoparticles [96]. The substrates can also be polymers or metal–organic frameworks 
filled with the desired precursor [94]. At times, one-dimensional (1D) nanostructures 
can also grow with the help of a catalyst. Gonzalez-Martinez et al. demonstrated a 
straightforward route to grow amorphous core–shell B/BOx nanowires and BOx 
nanotubes by irradiating a composite made of Au nanoparticles embedded within an 
amorphous BOx matrix [97]. The Au nanoparticles were initially guided toward the 
composite surface by the condensed electron beam and then catalyzed the growth 
of a 1D structure in the presence of oxygen species. The B+ ions generated within
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Fig. 2.8 The growth kinetics of wurtzite and zinc blende ZnO nanowires under 200 keV electron 
beam (reproduced with permission from Ref. [98], Copyright 2018, American Chemical Society) 

the irradiated volume through charging and a Knotek–Feibelman mechanism could 
diffuse to the reaction sites in the Au nanoparticles due to electrostatic repulsion. 
The growth of coaxial B/BOx nanowires continued as long as enough B species were 
supplied, and the catalytic process could use B from the core of a coaxial nanowire, 
forming eventually a BOx nanotube if the quantity of the B species was insufficient 
[97]. Another example is Sn-catalyzed growth of ZnO nanowires by electron beam 
irradiation of Zn2SnO4 (Fig. 2.8) [98]. Sn became liquid droplet under electron irra-
diation due to low melting point (~505 K), and diffused onto the surface of Zn2SnO4, 
catalyzing the growth of wurtzite or zinc blende nanowires. Even without a catalyst, 
1D structures can grow rooted at their base to the precursor materials and be extruded 
by a beam-induced field gradient within the substrates [99]. 

If the precursor is easily damaged, nucleation and growth phenomena are 
frequently observed. An example is the growth of a carbon nanotube from a metal 
(e.g., Fe, Co, Ni, or Fe/Co alloy) encapsulated partially by a host nanotube when 
subjected to electron beam irradiation at high temperature [100], as shown in Fig. 2.9. 
Carbon atoms from the shells are ejected into the encapsulated FeCo crystal and 
precipitate at the uncovered metal as an extended array of C filaments after a short 
time, because the solubility of C in these metals is low but the diffusion is fast. 
Ordering of the filament eventually leads to the growth of another carbon nanotube 
inside the host tube. In such an experiment, the host carbon nanotube is utilized both 
as a feedstock material and as a local template.

Another example is the aggregation and rearrangement of beam-introduced 
adatoms on the surface or at the defect sites, which manifests itself as epitaxial 
growth or healing [101–103]. As mentioned above, most displaced atoms at the 
surface are weakly bonded and able to diffuse over the surface under the electron
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Fig. 2.9 Growth of a new nanotube from a FeCo crystal inside the host carbon nanotube. Temper-
ature is 600 ºC and irradiation density is 100 A/cm2 (reproduced with permission from Ref. [100], 
Copyright 2007, Springer Nature)

beam, which provides the source for epitaxial growth or annealing. This has been 
observed for the healing of holes in MoS2 and Bi2Te3 and is shown in Fig. 2.10 [103]. 

2D structures may also form from clusters if the transferred energy is sufficient to 
trigger the reconstruction. Zhao et al. found that Fe residues were able to entirely fill 
small perforations in graphene and thus form free-standing crystalline single-atom 
Fe layers [104]. The lattice constant for such Fe membranes was larger than bulk Fe 
and increased towards the center of the membranes due to the strain resulting from 
the lattice mismatch between graphene and the suspended Fe sheet. However, the 
largest stable Fe monolayer is only 10–12 atoms wide [104]. Similarly, metal oxide 
monolayers can form both on graphene substrates and inside graphene nanopores. 
This has been observed for crystalline single-atom CuO membranes on graphene 
substrates and is shown in Fig. 2.11 [105].

Fig. 2.10 Healing of a nanohole in Bi2Te3 under a 300 keV electron beam. Irradiation density is 
16 A/cm2, scale bar is 1 nm (reproduced with permission from Ref. [103], Copyright 2018, John 
Wiley and Sons) 
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Fig. 2.11 Growth of a CuO membrane of monoatomic thickness on a graphene substrate 
(reproduced with permission from Ref. [105], Copyright 2017, IOP Publishing) 

2.3.4 Fabrication of New Structures Under Irradiation 

Although the fabrication of nanodevices via electron irradiation inside an electron 
microscope remains a challenge due to the lack of operational flexibility, the creation 
of new structures with atomic precision as building blocks for devices is nevertheless 
of interest. Sub-nanometer 1D structures are among the most promising building 
blocks for future electronic devices. Hence, we focus on the fabrication of ultrathin 
1D structures, such as atomic chains, nanowires, and nanotubes in this section. 

A large number of experimental studies have shown that electron irradiation 
provides a top-down strategy to fabricate novel structures [106–111]. Normally, ultra-
thin quasi-1D structures can be created when holes are first drilled in thin films using 
a focused electron beam so that the size of the hole is given by the dimensions of the 
beam profile. A low-dimensional ribbon spans between two adjacent holes so that the 
initial size of the ribbons depends on the irradiated regions. Subsequently, extremely 
narrow ribbons and even atomic chains eventually form after further thinning. 

As early as the late 1990s, Kondo et al. proposed that stable Au nanowires could be 
prepared by electron beam irradiation in a 3 nm-thick Au film through the formation 
of Au bridges between two neighboring holes and further thinning of the Au bridge 
[112]. The as-formed nanowires were 0.8 ~3 nm in diameter but remained stable due 
to surface reconstruction, leading to a hexagonal prism consisting of a hexagonal-
close-packed surface layer and a face-centered-cubic core [112] or a coaxial tube 
with helical atom rows coiled round its axis [113]. Soon afterwards, Ugarte et al. 
reported that such an experimental procedure can be extended to atomic Au chains 
[114] and other ultrathin metal nanowires [115–117]. 

In the late 2000s, the technique was applied to sculpt natural 2D planes. As 
shown in Fig. 2.12a, linear C chains were made by further removing edge atoms 
from graphene ribbons [118]. Interestingly, the arrangement of C bonds in the chain 
seems to be affected by temperature and local strain. The as-formed 1D structure is
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interpreted as a polyyne chain with alternating single and triple bonds if it is under 
strain, and a cumulene chain with uniform double bonds if it is unstrained [119]. 
These two distinct arrangements coexist at low or ambient temperature, while an 
unexpectedly high polyene ratio is observed in carbon chains fabricated at elevated 
temperatures [120]. Such a top-down method is also suitable for other 2D systems. 
Atomic chains with alternating B and N atoms have been created in h-BN sheets [121]; 
phosphorus chains with zigzag configurations have been created in phosphorene and 
their stability is enhanced if the chains are supported by a substrate [122]. 

Unlike atomic chains formed in graphene, h-BN, or phosphorene, extremely 
narrow wires can be constructed from TMDCs. As shown in Fig. 2.12b, ultra-narrow 
wires can be derived from monolayer MoS2 by further thinning the ribbons between 
two adjacent holes [123]. Interestingly, the wire is robust under electron irradiation 
and its atomic structure is obviously different from the initial MoS2. Similar structures 
can be created in other TMDC sheets, and the as-formed wires have been experi-
mentally proven to be metallic [124]. On this basis, complex junctions of nanowires 
can form from narrow constrictions, and alloyed nanowires such as MoSxSe1-x can 
be fabricated by sculpting their alloyed monolayer counterpart or corresponding van 
der Waals heterostructures [125]. 

Similarly, bilayer nanoribbons can form between two adjacent pores in bilayer 
sheets. Sometimes, the dangling bonds at the edges can be saturated with interlayer

Fig. 2.12 Atomic wires sculpted from 2D sheets. a Formation of a free-standing C chain in graphene 
under a 120 keV electron beam. Irradiation intensity is 4 A/cm2 (reproduced with permission from 
Ref. [118], Copyright 2009, American Physical Society). b Formation of a suspended wire in a 
MoS2 sheet under an 80 keV electron beam. Irradiation intensity is10 A/cm2 (reproduced with 
permission from Ref. [123], Copyright 2013, Springer Nature) 
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bonds, resulting in a structural transformation from bilayer ribbons with open edges 
to single-walled tubular structures. For example, single-walled tubular structures 
can be fabricated in AA’ stacked bilayer h-BN at predefined positions by controlling 
the location of pores, and then thinned by removing atomic rows one by one under 
sustained irradiation [126]. 

2.3.5 Deformation of Nanostructures Under Electron 
Irradiation 

As pointed out above, intense electron irradiation can cause the shrinkage of graphitic 
shells when spherical carbon onions or cylindrical nanotubes encapsulating other 
crystals are subjected to electron bombardment at high temperatures. The self-
contraction of the outer shells, which is due to the reconstruction of vacancies in 
the shells after the sputtering-induced loss of carbon atoms, can exert an enormous 
pressure on the encapsulated crystals, resulting in heavy deformation or extrusion 
effects. Generally, these experiments need a defined strategy to study in situ the 
deformation of individual nanometer-sized crystals at the atomic scale. 

It is known that the polyhedral graphitic particles synthesized by arc discharge 
generally transform into a perfectly spherical “onion” under the electron beam. The 
process is facilitated at specimen temperatures above 300–400ºC where the graphitic 
shells reconstruct after the creation of radiation defects. During the morpholog-
ical transformation, the encapsulated crystal is subjected to compressive forces and 
eventually deformation which manifests itself, besides visible shape changes, in a 
decrease in lattice spacing [73], or the formation of twins or grain boundaries [127]. 
The process is accessible to direct observation at atomic resolution. This has been 
observed for W and Mo crystals inside graphitic shells and is shown in Fig. 2.13a 
[127]. It should be noted that the crystals inside the onions have no freedom to 
evade the pressure (if the shells are closed); ultimately the atoms of the crystal may 
gradually diffuse through the graphite shells towards the surface [128]. If the shells 
have an opening, the crystal is squeezed out through the opening where particularly 
high stress appears to prevail [127]. Carbon onions that have been punctured with a 
focus electron beam allow to use them as extrusion cells to study the deformation of 
nanocrystals in detail under continuous load [129]. The plastic deformation of indi-
vidual Au, Pt, Mo, and W crystals has been observed inside carbon onions which is 
shown in Fig. 2.13b [129]. Similarly, controlled irradiation of carbon nanotubes can 
cause large pressure buildup to the order of 40 GPa within the nanotubes. Therefore, 
carbon nanotubes can be used as robust jigs for deforming and extruding even hard 
materials such as iron carbide along the tube axis as shown in Fig. 2.13c [130].

In addition, as mentioned above, a large number of studies have demonstrated 
that electron irradiation provides a top-down strategy to fabricate nanowires. Inter-
estingly, the as-formed nanowires have a tendency to elongate and even break under 
the electron beam mainly due to the existence of tensile strain, which results from the



42 T. Xu et al.

Fig. 2.13 Deformation of nanocrystals encapsulated inside graphitic shells under electron irradia-
tion. a Deformation of a Mo crystal inside a carbon onion at 600 ºC (reproduced with permission 
from Ref. [127], Copyright 2005, John Wiley and Sons). b Extrusion of an Au crystal from punc-
tured onion at 300 ºC (reproduced with permission from Ref. [129], Copyright 2008, American 
Physical Society). c Extrusion of a Fe3C crystal inside a collapsing carbon nanotube along the tube 
axis at 600 ºC (reproduced with permission from Ref. [130], Copyright 2006, AAAS)

relative displacement and/or rotation of the nanowire apexes, probably due to thermal 
deformation of the whole substrate. These experiments thus provide a method for the 
in situ study of structural changes under tensile strain. Several phenomena have been 
observed. Lagos et al. reported the spontaneous formation of the smallest possible 
hollow metal wires with a square cross-section during the elongation of Ag junctions 
and interpreted this configuration as a minimization of surface energy and genera-
tion of a soft structure, capable of absorbing a huge tensile deformation when high 
stress is applied [131]. Strain-mediated reversible phase transformations from the 
wurtzite structure to an intermediate body-centered tetragonal and h-MgO struc-
ture in quantum-confined ZnO nanowires (with a diameter less than 2 nm) have 
been observed using a similar approach (Fig. 2.14) [132]. Both in situ observation 
and theoretical calculations demonstrate that tensile stress plays a pivotal role in 
mediating the phase transformation.
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Fig. 2.14 The reversible phase transformation of a sub-2-nm ZnO nanowire. Scale bar is 2 Å 
(reproduced with permission from Ref. [132], Copyright 2019, American Physical Society) 

2.4 Conclusions and Outlook 

Although radiation damage is normally an unwelcome artifact, the electron beam 
can be intentionally used to trigger structural evolutions in a controllable way, while 
the structural changes can be monitored at the same time with the same beam. The 
ability to both generate and investigate structural transformations simultaneously 
made it possible that electron irradiation became an important direction of in situ 
microscopy. 

In situ irradiation of nanomaterials has shown many phenomena of fundamental 
importance. Beam-induced structural transformations serve as models to understand 
the dynamic behavior of nanocrystals at the atomic scale and even the migration of 
individual atoms. The formation of secondary phases by electron irradiation, espe-
cially non-equilibrium phases, is expected to become a key experiment to develop 
and understand new nanostructured materials. However, there are still many technical 
challenges and opportunities, especially in the observation of dynamic phenomena at 
the atomic scale in beam-sensitive materials. Normally, the live observation requires 
instantaneous exposure of the material to the beam; however, the maximum electron 
dose for most beam-sensitive materials is low, which restricts the image resolution 
due to the poor signal-to-noise ratio at short exposure times. Some technological and 
methodological strategies, such as an electron detector coupled with direct-detection 
and electron counting techniques, low-dose imaging through compressive sensing, or 
pulsed laser-triggered ultrafast electron microscopy, have been proposed to improve
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and extend the imaging capabilities [133], which is expected to expand our knowl-
edge on radiation phenomena in beam-sensitive materials in the future. Besides, 
irradiation of composite systems may give the opportunity to study the response of 
one component to the stimulation arised from the radiation-induced evolution of the 
other component. 

References 

1. Xu T, Sun L (2015) Dynamic In-Situ experimentation on nanomaterials at the atomic scale. 
Small 11(27):3247–3262. https://doi.org/10.1002/smll.201403236 

2. Egerton RF, Li P, Malac M (2004) Radiation damage in the TEM and SEM. Micron 35(6):399– 
409. https://doi.org/10.1016/j.micron.2004.02.003 

3. Lembke A, Ruska H (1940) Vergleichende Mikroskopische und Übermikroskopische 
Beobachtungen un den Erregern der Tuberkulose. J Mol Med 19(10):217–220 

4. Sheng H, Zheng H, Cao F, Wu S, Li L, Liu C, Zhao D, Wang J (2015) Anelasticity of twinned 
CuO nanowires. Nano Res 8(11):3687–3693. https://doi.org/10.1007/s12274-015-0868-x 

5. Zheng H, Liu Y, Mao SX, Wang J, Huang JY (2012) Beam-assisted large elongation of in situ 
formed Li2O nanowires. Sci Rep 2(1):542. https://doi.org/10.1038/srep00542 

6. Sun J, He L, Lo Y-C, Xu T, Bi H, Sun L, Zhang Z, Mao SX, Li J (2014) Liquid-like pseudoe-
lasticity of sub-10-nm crystalline silver particles. Nat Mater 13(11):1007–1012. https://doi. 
org/10.1038/nmat4105 

7. Silk ECH, Barnes RS (1959) Examination of fission fragment tracks with an electron 
microscope. Phil Mag 4(44):970–972. https://doi.org/10.1080/14786435908238273 

8. Cowley J (1966) Irradiation effects in beryllia and zinc oxide. Acta Crystallogr A 21(2):192– 
196. https://doi.org/10.1107/S0365110X66002603 

9. Makin M (1968) Electron displacement damage in copper and aluminium in a high voltage 
electron microscope. Phil Mag 18(153):637–653. https://doi.org/10.1080/147864368082 
27466 

10. Bursill L, Thomas J, Rao K-J (1981) Stability of zeolites under electron irradiation and imaging 
of heavy cations in silicates. Nature 289(5794):157–158. https://doi.org/10.1038/289157a0 

11. Sun L, Banhart F, Warner J (2015) Two-dimensional materials under electron irradiation. 
MRS Bull 40(01):29–37. https://doi.org/10.1557/mrs.2014.303 

12. Xu T, Yin K, Sun L (2017) In-situ study of electron irradiation on two-dimensional layered 
materials. Chin Sci Bull 62(25):2919–2930. https://doi.org/10.1360/N972016-01031 

13. Xu T, Shen Y, Yin K, Sun L (2019) Precisely monitoring and tailoring 2D nanostructures at 
the atomic scale. APL Mater 7(5):050901. https://doi.org/10.1063/1.5096584 

14. Stenn K, Bahr GF (1970) Specimen damage caused by the beam of the transmission electron 
microscope, a correlative reconsideration. J Ultrastruct Res 31(5):526–550. https://doi.org/ 
10.1016/S0022-5320(70)90167-X 

15. Thomas L, Humphreys C, Duff W, Grubb D (1970) Radiation damage of polymers in the 
million volt electron microscope. Radiat Eff 3(1):89–91. https://doi.org/10.1080/003375770 
08235620 

16. Hobbs LW (1987) Electron-beam sensitivity in inorganic specimens. Ultramicroscopy 
23(3):339–344. https://doi.org/10.1016/0304-3991(87)90244-0 

17. Urban K (1979) Radiation-induced processes in experiments carried out in-situ in the high-
voltage electron microscope. Phys Status Solidi A 56(1):157–168. https://doi.org/10.1002/ 
pssa.2210560116 

18. Burton E, Sennett R, Ellis S (1947) Specimen changes due to electron bombardment in the 
electron microscope. Nature 160(4069):565–567. https://doi.org/10.1038/160565b0

https://doi.org/10.1002/smll.201403236
https://doi.org/10.1016/j.micron.2004.02.003
https://doi.org/10.1007/s12274-015-0868-x
https://doi.org/10.1038/srep00542
https://doi.org/10.1038/nmat4105
https://doi.org/10.1038/nmat4105
https://doi.org/10.1080/14786435908238273
https://doi.org/10.1107/S0365110X66002603
https://doi.org/10.1080/14786436808227466
https://doi.org/10.1080/14786436808227466
https://doi.org/10.1038/289157a0
https://doi.org/10.1557/mrs.2014.303
https://doi.org/10.1360/N972016-01031
https://doi.org/10.1063/1.5096584
https://doi.org/10.1016/S0022-5320(70)90167-X
https://doi.org/10.1016/S0022-5320(70)90167-X
https://doi.org/10.1080/00337577008235620
https://doi.org/10.1080/00337577008235620
https://doi.org/10.1016/0304-3991(87)90244-0
https://doi.org/10.1002/pssa.2210560116
https://doi.org/10.1002/pssa.2210560116
https://doi.org/10.1038/160565b0


2 Electron Beam Irradiation Effects and In-Situ Irradiation of Nanomaterials 45

19. Hamm FA, Norman EV (1948) Transformations in Organic Pigments. J Appl Phys 
19(12):1097–1109. https://doi.org/10.1063/1.1715026 

20. Fischer RB (1954) Decompositions of Inorganic Specimens During Observation in the 
Electron Microscope. J Appl Phys 25(7):894–896. https://doi.org/10.1063/1.1721764 

21. Hillier J, Mudd S, Smith AG, Beutner EH (1950) The “Fixation” of electron microscopic 
specimens by the electron beam. J Bacteriol 60(5):641–654 

22. Wilkes P (1979) Phase stability under irradiation—a review of theory and experiment. J Nucl 
Mater 83(1):166–175. https://doi.org/10.1016/0022-3115(79)90602-0 

23. Saka H, Noda K, Matsumoto K, Imura T (1975) Effect of electron irradiation on dislocation 
behavior in Ni during in-situ deformation experiment in HVEM. Scr Metall 9(5):499–504. 
https://doi.org/10.1016/0036-9748(75)90340-3 

24. Cherns D, Hutchison JL, Jenkins ML, Hirsch PB, White S (1980) Electron irradiation induced 
vitrification at dislocations in quartz. Nature 287(5780):314–316. https://doi.org/10.1038/287 
314a0 

25. Fisher SB, Williams KR (1972) Irradiation enhanced precipitation in stainless steel. Phil Mag 
25(2):371–380. https://doi.org/10.1080/14786437208226811 

26. Yagi K, Honjo G (1964) Transmission electron microscopy of sodium chloride films prepared 
by electron beam flashing thinning technique. J Phys Soc Jpn 19(10):1892–1905. https://doi. 
org/10.1143/jpsj.19.1892 

27. Matsui S, Ichihashi T (1988) In situ observation on electron-beam-induced chemical vapor 
deposition by transmission electron microscopy. Appl Phys Lett 53(10):842–844. https://doi. 
org/10.1063/1.100089 

28. Golberg D, Bando Y, Stéphan O, Kurashima K (1998) Octahedral boron nitride fullerenes 
formed by electron beam irradiation. Appl Phys Lett 73(17):2441–2443. https://doi.org/10. 
1063/1.122475 

29. Furuya K (2008) Nanofabrication by advanced electron microscopy using intense and focused 
beam. Sci Technol Adv Mater 9(1):014110. https://doi.org/10.1088/1468-6996/9/1/014110 

30. Krasheninnikov AV, Nordlund K (2010) Ion and electron irradiation-induced effects in 
nanostructured materials. J Appl Phys 107(7):071301. https://doi.org/10.1063/1.3318261 

31. Banhart F, Ajayan PM (1996) Carbon onions as nanoscopic pressure cells for diamond 
formation. Nature 382(6590):433–435. https://doi.org/10.1038/382433a0 

32. Tripathi M, Mittelberger A, Pike NA, Mangler C, Meyer JC, Verstraete MJ, Kotakoski J, Susi 
T (2018) Electron-Beam manipulation of silicon dopants in graphene. Nano Lett 18(8):5319– 
5323. https://doi.org/10.1021/acs.nanolett.8b02406 

33. Schneider NM, Norton MM, Mendel BJ, Grogan JM, Ross FM, Bau HH (2014) Electron– 
water interactions and implications for liquid cell electron microscopy. The Journal of Physical 
Chemistry C 118(38):22373–22382. https://doi.org/10.1021/jp507400n 

34. Williams DB, Carter CB (2009) Transmission Electron Microscopy, 2nd edn. Springer, New 
York 

35. Banhart F (1999) Irradiation effects in carbon nanostructures. Rep Prog Phys 62(8):1181– 
1221. https://doi.org/10.1088/0034-4885/62/8/201 

36. McKinley WA, Feshbach H (1948) The Coulomb scattering of relativistic electrons by nuclei. 
Phys Rev 74(12):1759. https://doi.org/10.1103/PhysRev.74.1759 

37. Meyer JC, Eder F, Kurasch S, Skakalova V, Kotakoski J, Park HJ, Roth S, Chuvilin A, Eyhusen 
S, Benner G, Krasheninnikov AV, Kaiser U (2012) Accurate measurement of electron beam 
induced displacement cross sections for single-layer graphene. Phys Rev Lett 108(19):196102. 
https://doi.org/10.1103/PhysRevLett.108.196102 

38. Egerton RF, McLeod R, Wang F, Malac M (2010) Basic questions related to electron-induced 
sputtering in the TEM. Ultramicroscopy 110(8):991–997. https://doi.org/10.1016/j.ultramic. 
2009.11.003 

39. Egerton RF (2013) Beam-Induced motion of adatoms in the transmission electron microscope. 
Microsc Microanal 19(02):479–486. https://doi.org/10.1017/S1431927612014274 

40. Cazaux J (1995) Correlations between ionization radiation damage and charging effects in 
transmission electron microscopy. Ultramicroscopy 60(3):411–425. https://doi.org/10.1016/ 
0304-3991(95)00077-1

https://doi.org/10.1063/1.1715026
https://doi.org/10.1063/1.1721764
https://doi.org/10.1016/0022-3115(79)90602-0
https://doi.org/10.1016/0036-9748(75)90340-3
https://doi.org/10.1038/287314a0
https://doi.org/10.1038/287314a0
https://doi.org/10.1080/14786437208226811
https://doi.org/10.1143/jpsj.19.1892
https://doi.org/10.1143/jpsj.19.1892
https://doi.org/10.1063/1.100089
https://doi.org/10.1063/1.100089
https://doi.org/10.1063/1.122475
https://doi.org/10.1063/1.122475
https://doi.org/10.1088/1468-6996/9/1/014110
https://doi.org/10.1063/1.3318261
https://doi.org/10.1038/382433a0
https://doi.org/10.1021/acs.nanolett.8b02406
https://doi.org/10.1021/jp507400n
https://doi.org/10.1088/0034-4885/62/8/201
https://doi.org/10.1103/PhysRev.74.1759
https://doi.org/10.1103/PhysRevLett.108.196102
https://doi.org/10.1016/j.ultramic.2009.11.003
https://doi.org/10.1016/j.ultramic.2009.11.003
https://doi.org/10.1017/S1431927612014274
https://doi.org/10.1016/0304-3991(95)00077-1
https://doi.org/10.1016/0304-3991(95)00077-1


46 T. Xu et al.

41. Hobbs LW (1990) Murphy’s law and the uncertainty of electron probes. Scanning Microsc 
Suppl 4:171–183 

42. McCartney MR, Crozier PA, Weiss JK, Smith DJ (1991) Electron-beam-induced reactions 
at transition-metal oxide surfaces. Vacuum 42(4):301–308. https://doi.org/10.1016/0042-207 
X(91)90042-H 

43. Henderson R, Glaeser RM (1985) Quantitative analysis of image contrast in electron micro-
graphs of beam-sensitive crystals. Ultramicroscopy 16(2):139–150. https://doi.org/10.1016/ 
0304-3991(85)90069-5 

44. Isaacson M, Johnson D, Crewe A (1973) Electron beam excitation and damage of biolog-
ical molecules; its implications for specimen damage in electron microscopy. Radiat Res 
55(2):205–224. https://doi.org/10.2307/3573678 

45. Woehl T, Abellan P (2017) Defining the radiation chemistry during liquid cell electron 
microscopy to enable visualization of nanomaterial growth and degradation dynamics. J 
Microsc 265(2):135–147. https://doi.org/10.1111/jmi.12508 

46. Fisher S (1970) On the temperature rise in electron irradiated foils. Radiat Eff 5(2):239–243. 
https://doi.org/10.1080/00337577008235027 

47. van Dorp WF, Hagen CW (2008) A critical literature review of focused electron beam induced 
deposition. J Appl Phys 104(8):081301. https://doi.org/10.1063/1.2977587 

48. Xu T, Xie X, Yin K, Sun J, He L, Sun L (2014) Controllable atomic-scale sculpting and 
deposition of carbon nanostructures on graphene. Small 10(9):1724–1728. https://doi.org/10. 
1002/smll.201303377 

49. Meyer JC, Girit CO, Crommie MF, Zettl A (2008) Hydrocarbon lithography on graphene 
membranes. Appl Phys Lett 92(12):123110–123113. https://doi.org/10.1063/1.2901147 

50. He L, Xu T, Sun J, Yin K, Xie X, Ding L, Xiu H, Sun L (2012) Investment casting of carbon 
tubular structures. Carbon 50(8):2845–2852. https://doi.org/10.1016/j.carbon.2012.02.051 

51. He L-B, Zhang L, Tan X-D, Tang L-P, Xu T, Zhou Y-L, Ren Z-Y, Wang Y, Teng C-Y, Sun L-T, 
Nie J-F (2017) Surface energy and surface stability of ag nanocrystals at elevated temperatures 
and their dominance in sublimation-induced shape evolution. Small 13(27):1700743. https:// 
doi.org/10.1002/smll.201700743 

52. Pashley DW, Stowell MJ, Jacobs MH, Law TJ (1964) The growth and structure of gold and 
silver deposits formed by evaporation inside an electron microscope. Phil Mag 10(103):127– 
158. https://doi.org/10.1080/14786436408224212 

53. Komsa H-P, Kotakoski J, Kurasch S, Lehtinen O, Kaiser U, Krasheninnikov AV (2012) Two-
dimensional transition metal dichalcogenides under electron irradiation: defect production 
and doping. Phys Rev Lett 109(3):035503. https://doi.org/10.1103/PhysRevLett.109.035503 

54. Russo CJ, Golovchenko JA (2012) Atom-by-atom nucleation and growth of graphene 
nanopores. Proc Natl Acad Sci USA 109(16):5953–5957. https://doi.org/10.1073/pnas.111 
9827109 

55. Pham T, Gibb AL, Li Z, Gilbert SM, Song C, Louie SG, Zettl A (2016) Formation and 
dynamics of electron-irradiation-induced defects in hexagonal boron nitride at elevated 
temperatures. Nano Lett 16(11):7142–7147. https://doi.org/10.1021/acs.nanolett.6b03442 

56. Lehtinen O, Kurasch S, Krasheninnikov AV, Kaiser U (2013) Atomic scale study of the life 
cycle of a dislocation in graphene from birth to annihilation. Nat Commun 4:2098. https:// 
doi.org/10.1038/ncomms3098 

57. Komsa H-P, Kurasch S, Lehtinen O, Kaiser U, Krasheninnikov AV (2013) From point to 
extended defects in two-dimensional MoS2: Evolution of atomic structure under electron 
irradiation. Phys Rev B 88(3):035301. https://doi.org/10.1103/PhysRevB.88.035301 

58. Cretu O, Lin Y-C, Suenaga K (2014) Evidence for active atomic defects in mono-
layer hexagonal boron nitride–a new mechanism of plasticity in 2D materials. Nano Lett 
14(2):1064–1068. https://doi.org/10.1021/nl404735w 

59. Robertson AW, Montanari B, He K, Kim J, Allen CS, Wu YA, Olivier J, Neethling J, Harrison 
N, Kirkland AI, Warner JH (2013) Dynamics of single fe atoms in graphene vacancies. Nano 
Lett 13(4):1468–1475. https://doi.org/10.1021/nl304495v

https://doi.org/10.1016/0042-207X(91)90042-H
https://doi.org/10.1016/0042-207X(91)90042-H
https://doi.org/10.1016/0304-3991(85)90069-5
https://doi.org/10.1016/0304-3991(85)90069-5
https://doi.org/10.2307/3573678
https://doi.org/10.1111/jmi.12508
https://doi.org/10.1080/00337577008235027
https://doi.org/10.1063/1.2977587
https://doi.org/10.1002/smll.201303377
https://doi.org/10.1002/smll.201303377
https://doi.org/10.1063/1.2901147
https://doi.org/10.1016/j.carbon.2012.02.051
https://doi.org/10.1002/smll.201700743
https://doi.org/10.1002/smll.201700743
https://doi.org/10.1080/14786436408224212
https://doi.org/10.1103/PhysRevLett.109.035503
https://doi.org/10.1073/pnas.1119827109
https://doi.org/10.1073/pnas.1119827109
https://doi.org/10.1021/acs.nanolett.6b03442
https://doi.org/10.1038/ncomms3098
https://doi.org/10.1038/ncomms3098
https://doi.org/10.1103/PhysRevB.88.035301
https://doi.org/10.1021/nl404735w
https://doi.org/10.1021/nl304495v


2 Electron Beam Irradiation Effects and In-Situ Irradiation of Nanomaterials 47

60. Lin Y-C, Teng P-Y, Yeh C-H, Koshino M, Chiu P-W, Suenaga K (2015) Structural and 
chemical dynamics of pyridinic-nitrogen defects in graphene. Nano Lett 15(11):7408–7413. 
https://doi.org/10.1021/acs.nanolett.5b02831 

61. Susi T, Kotakoski J, Kepaptsoglou D, Mangler C, Lovejoy TC, Krivanek OL, Zan R, Bangert 
U, Ayala P, Meyer JC, Ramasse Q (2014) Silicon-Carbon bond inversions driven by 60-keV 
electrons in graphene. Phys Rev Lett 113(11):115501. https://doi.org/10.1103/PhysRevLett. 
113.115501 

62. Yang Z, Yin L, Lee J, Ren W, Cheng H-M, Ye H, Pantelides ST, Pennycook SJ, Chisholm MF 
(2014) Direct observation of atomic dynamics and silicon doping at a topological defect in 
graphene. Angew Chem Int Ed 53(34):8908–8912. https://doi.org/10.1002/anie.201403382 

63. Meyer JC, Kisielowski C, Erni R, Rossell MD, Crommie MF, Zettl A (2008) Direct imaging 
of lattice atoms and topological defects in graphene membranes. Nano Lett 8(11):3582–3586. 
https://doi.org/10.1021/nl801386m 

64. Li L, Reich S, Robertson J (2005) Defect energies of graphite: Density-functional calculations. 
Phys Rev B 72(18):184109. https://doi.org/10.1103/PhysRevB.72.184109 

65. Kurasch S, Kotakoski J, Lehtinen O, Skákalová V, Smet J, Krill CE, Krasheninnikov AV, 
Kaiser U (2012) Atom-by-Atom observation of grain boundary migration in graphene. Nano 
Lett 12(6):3168–3173. https://doi.org/10.1021/nl301141g 

66. Lin Y-C, Björkman T, Komsa H-P, Teng P-Y, Yeh C-H, Huang F-S, Lin K-H, Jadczak J, 
Huang Y-S, Chiu P-W (2015) Three-fold rotational defects in two-dimensional transition 
metal dichalcogenides. Nat Commun 6:6736. https://doi.org/10.1038/ncomms7736 

67. Kotakoski J, Krasheninnikov A, Kaiser U, Meyer J (2011) From point defects in graphene to 
two-dimensional amorphous carbon. Phys Rev Lett 106(10):105505. https://doi.org/10.1103/ 
PhysRevLett.106.105505 

68. Chen Q, Robertson AW, He K, Gong C, Yoon E, Lee G-D, Warner JH (2015) Atomic level 
distributed strain within graphene divacancies from bond rotations. ACS Nano 9(8):8599– 
8608. https://doi.org/10.1021/acsnano.5b03801 

69. Robertson AW, Lee G-D, He K, Yoon E, Kirkland AI, Warner JH (2014) Stability and 
dynamics of the tetravacancy in graphene. Nano Lett 14(3):1634–1642. https://doi.org/10. 
1021/nl500119p 

70. Börrnert F, Avdoshenko SM, Bachmatiuk A, Ibrahim I, Büchner B, Cuniberti G, Rümmeli 
MH (2012) Amorphous carbon under 80 kV electron Irradiation: a means to make or break 
Graphene. Adv Mater 24(41):5630–5635. https://doi.org/10.1002/adma.201202173 

71. Chuvilin A, Kaiser U, Bichoutskaia E, Besley NA, Khlobystov AN (2010) Direct trans-
formation of graphene to fullerene. Nat Chem 2(6):450–453. https://doi.org/10.1038/nch 
em.644 

72. Banhart F, Füller T, Redlich P, Ajayan PM (1997) The formation, annealing and self-
compression of carbon onions under electron irradiation. Chem Phys Lett 269(3):349–355. 
https://doi.org/10.1016/S0009-2614(97)00269-8 

73. Sun L, Rodriguez-Manzo J, Banhart F (2006) Elastic deformation of nanometer-sized metal 
crystals in graphitic shells. Appl Phys Lett 89(26):263104. https://doi.org/10.1063/1.2403898 

74. Hiraki J, Mori H, Taguchi E, Yasuda H, Kinoshita H, Ohmae N (2005) Transformation of 
diamond nanoparticles into onion-like carbon by electron irradiation studied directly inside an 
ultrahigh-vacuum transmission electron microscope. Appl Phys Lett 86(22):223101. https:// 
doi.org/10.1063/1.1935047 

75. Lyutovich Y, Banhart F (1999) Low-pressure transformation of graphite to diamond under 
irradiation. Appl Phys Lett 74(5):659–660. https://doi.org/10.1063/1.122978 

76. Zheng H, Rivest JB, Miller TA, Sadtler B, Lindenberg A, Toney MF, Wang L-W, Kisielowski 
C, Alivisatos AP (2011) Observation of transient structural-transformation dynamics in a 
Cu2S nanorod. Science 333(6039):206–209. https://doi.org/10.1126/science.1204713 

77. Lin Y-C, Dumcenco DO, Huang Y-S, Suenaga K (2014) Atomic mechanism of the 
semiconducting-to-metallic phase transition in single-layered MoS2. Nat Nanotechnol 
9(5):391–396. https://doi.org/10.1038/nnano.2014.64

https://doi.org/10.1021/acs.nanolett.5b02831
https://doi.org/10.1103/PhysRevLett.113.115501
https://doi.org/10.1103/PhysRevLett.113.115501
https://doi.org/10.1002/anie.201403382
https://doi.org/10.1021/nl801386m
https://doi.org/10.1103/PhysRevB.72.184109
https://doi.org/10.1021/nl301141g
https://doi.org/10.1038/ncomms7736
https://doi.org/10.1103/PhysRevLett.106.105505
https://doi.org/10.1103/PhysRevLett.106.105505
https://doi.org/10.1021/acsnano.5b03801
https://doi.org/10.1021/nl500119p
https://doi.org/10.1021/nl500119p
https://doi.org/10.1002/adma.201202173
https://doi.org/10.1038/nchem.644
https://doi.org/10.1038/nchem.644
https://doi.org/10.1016/S0009-2614(97)00269-8
https://doi.org/10.1063/1.2403898
https://doi.org/10.1063/1.1935047
https://doi.org/10.1063/1.1935047
https://doi.org/10.1063/1.122978
https://doi.org/10.1126/science.1204713
https://doi.org/10.1038/nnano.2014.64


48 T. Xu et al.

78. Peng H, Meng W, Zheng H, Wei Y, Sheng H, Liu H, Li L, Wen G, Jia S, Li L, Wang J 
(2019) Probing the crystal and electronic structures of molybdenum oxide in redox process: 
implications for energy applications. ACS Appl Energy Mater 2(10):7709–7716. https://doi. 
org/10.1021/acsaem.9b01747 

79. Zhao P, Cao F, Jia S, Zheng H, Wang J, Zhao D (2017) Phase transition of MoO3 nanobelts 
under external fields. J Chin Electron Microsc Soc 36(5):429–435. https://doi.org/10.3969/j. 
issn.1000-6281.2017.05.002 

80. Wang Y, Wen G, Li L, Liu H, Peng H, Jiang R, Zhuang Y, Jia S, Zheng H, Wang J (2019) 
Electron-beam-induced Growth and Reduction of WO2.72 Single Crystal. J Chin Electron 
Microsc Soc 38(6):600–607. https://doi.org/10.3969/j.issn.1000-6281.2019.06.004 

81. Jia S, Li L, Zhao L, Zheng H, Zhao P, Guan X, Chen G, Wu J, Zhou S, Wang J (2018) Surface-
dependent formation of Zn clusters in ZnO single crystals by electron irradiation. Physical 
Review Materials 2(6):060402. https://doi.org/10.1103/PhysRevMaterials.2.060402 

82. Sutter E, Huang Y, Komsa HP, Ghorbani-Asl M, Krasheninnikov AV, Sutter P (2016) Electron-
Beam induced transformations of layered Tin Dichalcogenides. Nano Lett 16(7):4410–4416. 
https://doi.org/10.1021/acs.nanolett.6b01541 

83. Lin J, Zuluaga S, Yu P, Liu Z, Pantelides ST, Suenaga K (2017) Novel Pd2Se3 Two-
Dimensional phase driven by interlayer fusion in layered PdSe2. Phys Rev Lett 119(1):016101. 
https://doi.org/10.1103/PhysRevLett.119.016101 

84. Zhang H, Wang W, Xu T, Xu F, Sun L (2020) Phase transformation at controlled locations 
in nanowires by in situ electron irradiation. Nano Res 13(7):1912–1919. https://doi.org/10. 
1007/s12274-020-2711-2 

85. Cao F, Zheng H, Jia S, Bai X, Li L, Sheng H, Wu S, Han W, Li M, Wen G, Yu J, Wang J (2015) 
Atomistic observation of phase transitions in calcium sulfates under electron irradiation. The 
Journal of Physical Chemistry C 119(38):22244–22248. https://doi.org/10.1021/acs.jpcc.5b0 
7508 

86. Chen S, Zhang X, Zhao J, Zhang Y, Kong G, Li Q, Li N, Yu Y, Xu N, Zhang J, Liu K, 
Zhao Q, Cao J, Feng J, Li X, Qi J, Yu D, Li J, Gao P (2018) Atomic scale insights into 
structure instability and decomposition pathway of methylammonium lead iodide perovskite. 
Nat Commun 9(1):4807. https://doi.org/10.1038/s41467-018-07177-y 

87. Wei X, Wang M-S, Bando Y, Golberg D (2011) Electron-Beam-Induced substitutional carbon 
doping of boron nitride nanosheets, nanoribbons, and nanotubes. ACS Nano 5(4):2916–2922. 
https://doi.org/10.1021/nn103548r 

88. Sun L, Banhart F (2006) Graphitic onions as reaction cells on the nanoscale. Appl Phys Lett 
88(19):193121. https://doi.org/10.1063/1.2202106 

89. Sheng H, Zheng H, Jia S, Chan MK, Rajh T, Wang J, Wen J (2019) Atomistic manipulation 
of reversible oxidation and reduction in Ag with an electron beam. Nanoscale 11(22):10756– 
10762. https://doi.org/10.1039/C8NR09525F 

90. Zheng H, Wu S, Sheng H, Liu C, Liu Y, Cao F, Zhou Z, Zhao X, Zhao D, Wang J (2014) 
Direct atomic-scale observation of layer-by-layer oxide growth during magnesium oxidation. 
Appl Phys Lett 104(14):141906. https://doi.org/10.1063/1.4870832 

91. Cao F, Zheng H, Jia S, Liu H, Li L, Chen B, Liu X, Wu S, Sheng H, Xing R (2016) Atom-
istic observation of structural evolution during magnesium oxide growth. J Phys Chem C 
120(47):26873–26878. https://doi.org/10.1021/acs.jpcc.6b08833 

92. Meng S, Wu J, Zhao L, Zheng H, Jia S, Hu S, Meng W, Pu S, Zhao D, Wang J (2018) 
Atomistic insight into the redox reactions in Fe/Oxide Core-Shell nanoparticles. Chem Mater 
30(20):7306–7312. https://doi.org/10.1021/acs.chemmater.8b03679 

93. Su Q, Du G, Xu B (2014) In situ growth of In2O3 nanocrystals by electron irradiation in 
transmission electron microscope. Mater Lett 120:208–211. https://doi.org/10.1016/j.matlet. 
2014.01.068 

94. Gonzalez-Martinez I, Bachmatiuk A, Bezugly V, Kunstmann J, Gemming T, Liu Z, Cunib-
erti G, Rümmeli M (2016) Electron-beam induced synthesis of nanostructures: a review. 
Nanoscale 8(22):11340–11362. https://doi.org/10.1039/C6NR01941B

https://doi.org/10.1021/acsaem.9b01747
https://doi.org/10.1021/acsaem.9b01747
https://doi.org/10.3969/j.issn.1000-6281.2017.05.002
https://doi.org/10.3969/j.issn.1000-6281.2017.05.002
https://doi.org/10.3969/j.issn.1000-6281.2019.06.004
https://doi.org/10.1103/PhysRevMaterials.2.060402
https://doi.org/10.1021/acs.nanolett.6b01541
https://doi.org/10.1103/PhysRevLett.119.016101
https://doi.org/10.1007/s12274-020-2711-2
https://doi.org/10.1007/s12274-020-2711-2
https://doi.org/10.1021/acs.jpcc.5b07508
https://doi.org/10.1021/acs.jpcc.5b07508
https://doi.org/10.1038/s41467-018-07177-y
https://doi.org/10.1021/nn103548r
https://doi.org/10.1063/1.2202106
https://doi.org/10.1039/C8NR09525F
https://doi.org/10.1063/1.4870832
https://doi.org/10.1021/acs.jpcc.6b08833
https://doi.org/10.1021/acs.chemmater.8b03679
https://doi.org/10.1016/j.matlet.2014.01.068
https://doi.org/10.1016/j.matlet.2014.01.068
https://doi.org/10.1039/C6NR01941B


2 Electron Beam Irradiation Effects and In-Situ Irradiation of Nanomaterials 49

95. Du X-w, Takeguchi M, Tanaka M, Furuya K (2003) Formation of crystalline Si nanodots in 
SiO2 films by electron irradiation. Appl Phys Lett 82(7):1108–1110. https://doi.org/10.1063/ 
1.1555691 

96. Yu K, Xu T, Wu X, Wang W, Zhang H, Zhang Q, Tang L, Sun L (2019) In Situ Observation 
of Crystalline Silicon Growth from SiO2 at Atomic Scale. Research 2019:3289247. https:// 
doi.org/10.34133/2019/3289247 

97. Gonzalez-Martinez IG, Gorantla SM, Bachmatiuk A, Bezugly V, Zhao J, Gemming T, Kunst-
mann J, Jr E, Cuniberti G, Rümmeli MH (2014) Room temperature in situ growth of B/BO x 
nanowires and BO x nanotubes. Nano Lett 14(2):799–805. https://doi.org/10.1021/nl404147r 

98. Jia S, Hu S, Zheng H, Wei Y, Meng S, Sheng H, Liu H, Zhou S, Zhao D, Wang J (2018) 
Atomistic interface dynamics in Sn-Catalyzed growth of Wurtzite and Zinc-Blende ZnO 
nanowires. Nano Lett 18(7):4095–4099. https://doi.org/10.1021/acs.nanolett.8b00420 

99. Edmondson MJ, Zhou W, Sieber S, Jones I, Gameson I, Anderson P, Edwards P (2001) 
Electron-Beam induced growth of bare silver nanowires from zeolite crystallites. Adv Mater 
13(21):1608–1611. https://doi.org/10.1002/1521-4095(200111)13:21%3C1608::AID-ADM 
A1608%3E3.0.CO;2-S 

100. Rodríguez-Manzo JA, Terrones M, Terrones H, Kroto HW, Sun L, Banhart F (2007) In situ 
nucleation of carbon nanotubes by the injection of carbon atoms into metal particles. Nat 
Nanotechnol 2(5):307–311. https://doi.org/10.1038/nnano.2007.107 

101. Sang X, Xie Y, Yilmaz DE, Lotfi R, Alhabeb M, Ostadhossein A, Anasori B, Sun W, Li X, 
Xiao K, Kent PRC, van Duin ACT, Gogotsi Y, Unocic RR (2018) In situ atomistic insight into 
the growth mechanisms of single layer 2D transition metal carbides. Nat Commun 9(1):2266. 
https://doi.org/10.1038/s41467-018-04610-0 

102. Zheng H, Liu Y, Cao F, Wu S, Jia S, Cao A, Zhao D, Wang J (2013) Electron beam-assisted 
healing of nanopores in magnesium alloys. Sci Rep 3(1):1920. https://doi.org/10.1038/sre 
p01920 

103. Shen Y, Xu T, Tan X, He L, Yin K, Wan N, Sun L (2018) In Situ Repair of 2D chalcogenides 
under electron beam irradiation. Adv Mater 30(14):1705954. https://doi.org/10.1002/adma. 
201705954 

104. Zhao J, Deng Q, Bachmatiuk A, Sandeep G, Popov A, Eckert J, Rümmeli MH (2014) 
Free-Standing Single-Atom-Thick Iron membranes suspended in graphene pores. Science 
343(6176):1228–1232. https://doi.org/10.1126/science.1245273 

105. Yin K, Zhang YY, Zhou Y, Sun L, Chisholm MF, Pantelides ST, Zhou W (2017) Unsupported 
single-atom-thick copper oxide monolayers. 2D Materials 4(1):011001. https://doi.org/10. 
1088/2053-1583/4/1/011001 

106. Wan N, Xu J, Xu T, Matteo M, Sun L, Sun J, Zhou Y (2013) Surface energy guided sub-10 
nm hierarchy structures fabrication by direct e-beam etching. RSC Adv 3(39):17860–17865. 
https://doi.org/10.1039/c3ra42370k 

107. Shen Y, Xu T, Tan X, Sun J, He L, Yin K, Zhou Y, Banhart F, Sun L (2017) Electron beam 
etching of CaO crystals observed atom by atom. Nano Lett 17(8):5119–5125. https://doi.org/ 
10.1021/acs.nanolett.7b02498 

108. Tang L, He L, Zhang L, Yu K, Xu T, Zhang Q, Dong H, Zhu C, Sun L (2018) A novel 
domain-confined growth strategy for in situ controllable fabrication of individual hollow 
nanostructures. Advanced Science 5(5):1700213. https://doi.org/10.1002/advs.201700213 

109. Wu S, Zheng H, Jia S, Sheng H, Cao F, Li L, Hu S, Zhao P, Zhao D, Wang J (2016) Three-
dimensional structures of magnesium nanopores. Nanotechnology 27(12):125603. https://doi. 
org/10.1088/0957-4484/27/12/125603 

110. Wu S, Cao F, Zheng H, Sheng H, Liu C, Liu Y, Zhao D, Wang J (2013) Fabrication of faceted 
nanopores in magnesium. Appl Phys Lett 103(24):243101. https://doi.org/10.1063/1.4841515 

111. Xu T, Yin K, Xie X, He L, Wang B, Sun L (2012) Size-dependent evolution of graphene 
nanopores under thermal excitation. Small 8(22):3422–3426. https://doi.org/10.1002/smll. 
201200979 

112. Kondo Y, Takayanagi K (1997) Gold nanobridge stabilized by surface structure. Phys Rev 
Lett 79(18):3455. https://doi.org/10.1103/PhysRevLett.79.3455

https://doi.org/10.1063/1.1555691
https://doi.org/10.1063/1.1555691
https://doi.org/10.34133/2019/3289247
https://doi.org/10.34133/2019/3289247
https://doi.org/10.1021/nl404147r
https://doi.org/10.1021/acs.nanolett.8b00420
https://doi.org/10.1002/1521-4095(200111)13:21%3C1608::AID-ADMA1608%3E3.0.CO;2-S
https://doi.org/10.1002/1521-4095(200111)13:21%3C1608::AID-ADMA1608%3E3.0.CO;2-S
https://doi.org/10.1038/nnano.2007.107
https://doi.org/10.1038/s41467-018-04610-0
https://doi.org/10.1038/srep01920
https://doi.org/10.1038/srep01920
https://doi.org/10.1002/adma.201705954
https://doi.org/10.1002/adma.201705954
https://doi.org/10.1126/science.1245273
https://doi.org/10.1088/2053-1583/4/1/011001
https://doi.org/10.1088/2053-1583/4/1/011001
https://doi.org/10.1039/c3ra42370k
https://doi.org/10.1021/acs.nanolett.7b02498
https://doi.org/10.1021/acs.nanolett.7b02498
https://doi.org/10.1002/advs.201700213
https://doi.org/10.1088/0957-4484/27/12/125603
https://doi.org/10.1088/0957-4484/27/12/125603
https://doi.org/10.1063/1.4841515
https://doi.org/10.1002/smll.201200979
https://doi.org/10.1002/smll.201200979
https://doi.org/10.1103/PhysRevLett.79.3455


50 T. Xu et al.

113. Kondo Y, Takayanagi K (2000) Synthesis and characterization of helical multi-shell gold 
nanowires. Science 289(5479):606–608. https://doi.org/10.1126/science.289.5479.606 

114. Rodrigues V, Fuhrer T, Ugarte D (2000) Signature of atomic structure in the quantum conduc-
tance of gold nanowires. Phys Rev Lett 85(19):4124. https://doi.org/10.1103/PhysRevLett. 
85.4124 

115. Rodrigues V, Bettini J, Rocha A, Rego LG, Ugarte D (2002) Quantum conductance in 
silver nanowires: Correlation between atomic structure and transport properties. Phys Rev 
B 65(15):153402. https://doi.org/10.1103/PhysRevB.65.153402 

116. González JC, Rodrigues V, Bettini J, Rego LGC, Rocha AR, Coura PZ, Dantas SO, Sato F, 
Galvão DS, Ugarte D (2004) Indication of unusual pentagonal structures in atomic-size cu 
nanowires. Phys Rev Lett 93(12):126103. https://doi.org/10.1103/PhysRevLett.93.126103 

117. Rodrigues V, Sato F, Galvão DS, Ugarte D (2007) Size limit of defect formation in pyramidal Pt 
nanocontacts. Phys Rev Lett 99(25):255501. https://doi.org/10.1103/PhysRevLett.99.255501 

118. Jin C, Lan H, Peng L, Suenaga K, Iijima S (2009) Deriving carbon atomic chains from 
graphene. Phys Rev Lett 102(20):205501. https://doi.org/10.1103/PhysRevLett.102.205501 

119. La Torre A, Botello-Mendez A, Baaziz W, Charlier JC, Banhart F (2015) Strain-induced 
metal–semiconductor transition observed in atomic carbon chains. Nat Commun 6:6636. 
https://doi.org/10.1038/ncomms7636 

120. Lin Y-C, Morishita S, Koshino M, Yeh C-H, Teng P-Y, Chiu P-W, Sawada H, Suenaga K 
(2017) Unexpected huge dimerization ratio in one-dimensional carbon atomic Chains. Nano 
Lett 17(1):494–500. https://doi.org/10.1021/acs.nanolett.6b04534 

121. Cretu O, Komsa H-P, Lehtinen O, Algara-Siller G, Kaiser U, Suenaga K, Krasheninnikov AV 
(2014) Experimental observation of boron nitride Chains. ACS Nano 8(12):11950–11957. 
https://doi.org/10.1021/nn5046147 

122. Xiao Z, Qiao J, Lu W, Ye G, Chen X, Zhang Z, Ji W, Li J, Jin C (2017) Deriving phosphorus 
atomic chains from few-layer black phosphorus. Nano Res 10(7):2519–2526. https://doi.org/ 
10.1007/s12274-017-1456-z 

123. Liu X, Xu T, Wu X, Zhang Z, Yu J, Qiu H, Hong J-H, Jin C-H, Li J-X, Wang X-R, Sun L-T, 
Guo W (2013) Top-down fabrication of sub-nanometre semiconducting nanoribbons derived 
from molybdenum disulfide sheets. Nat Commun 4:1776. https://doi.org/10.1038/ncomms 
2803 

124. Lin J, Cretu O, Zhou W, Suenaga K, Prasai D, Bolotin KI, Cuong NT, Otani M, Okada S, 
Lupini AR (2014) Flexible metallic nanowires with self-adaptive contacts to semiconducting 
transition-metal dichalcogenide monolayers. Nat Nanotechnol 9(6):436–442. https://doi.org/ 
10.1038/nnano.2014.81 

125. Lin J, Zhang Y, Zhou W, Pantelides ST (2016) Structural flexibility and alloying in ultra-
thin transition-metal chalcogenide nanowires. ACS Nano 10(2):2782–2790. https://doi.org/ 
10.1021/acsnano.5b07888 

126. Xu T, Zhou Y, Tan X, Yin K, He L, Banhart F, Sun L (2017) Creating the smallest BN 
nanotube from bilayer h-BN. Adv Func Mater 27(19):1603897. https://doi.org/10.1002/adfm. 
201603897 

127. Li J, Banhart F (2005) The deformation of single, nanometer-sized metal crystals in graphitic 
shells. Adv Mater 17(12):1539–1542. https://doi.org/10.1002/adma.200401917 

128. Banhart F, Charlier J-C, Ajayan P (2000) Dynamic behavior of nickel atoms in graphitic 
networks. Phys Rev Lett 84(4):686. https://doi.org/10.1103/PhysRevLett.84.686 

129. Sun L, Krasheninnikov AV, Ahlgren T, Nordlund K, Banhart F (2008) Plastic deformation of 
single nanometer-sized crystals. Phys Rev Lett 101(15):156101. https://doi.org/10.1103/Phy 
sRevLett.101.156101 

130. Sun L, Banhart F, Krasheninnikov A, Rodriguez-Manzo J, Terrones M, Ajayan P (2006) 
Carbon nanotubes as high-pressure cylinders and nanoextruders. Science 312(5777):1199– 
1202. https://doi.org/10.1126/science.1124594 

131. Lagos M, Sato F, Bettini J, Rodrigues V, Galvao DS, Ugarte D (2009) Observation of the 
smallest metal nanotube with a square cross-section. Nat Nanotechnol 4(3):149–152. https:// 
doi.org/10.1038/NNANO.2008.414

https://doi.org/10.1126/science.289.5479.606
https://doi.org/10.1103/PhysRevLett.85.4124
https://doi.org/10.1103/PhysRevLett.85.4124
https://doi.org/10.1103/PhysRevB.65.153402
https://doi.org/10.1103/PhysRevLett.93.126103
https://doi.org/10.1103/PhysRevLett.99.255501
https://doi.org/10.1103/PhysRevLett.102.205501
https://doi.org/10.1038/ncomms7636
https://doi.org/10.1021/acs.nanolett.6b04534
https://doi.org/10.1021/nn5046147
https://doi.org/10.1007/s12274-017-1456-z
https://doi.org/10.1007/s12274-017-1456-z
https://doi.org/10.1038/ncomms2803
https://doi.org/10.1038/ncomms2803
https://doi.org/10.1038/nnano.2014.81
https://doi.org/10.1038/nnano.2014.81
https://doi.org/10.1021/acsnano.5b07888
https://doi.org/10.1021/acsnano.5b07888
https://doi.org/10.1002/adfm.201603897
https://doi.org/10.1002/adfm.201603897
https://doi.org/10.1002/adma.200401917
https://doi.org/10.1103/PhysRevLett.84.686
https://doi.org/10.1103/PhysRevLett.101.156101
https://doi.org/10.1103/PhysRevLett.101.156101
https://doi.org/10.1126/science.1124594
https://doi.org/10.1038/NNANO.2008.414
https://doi.org/10.1038/NNANO.2008.414


2 Electron Beam Irradiation Effects and In-Situ Irradiation of Nanomaterials 51

132. Zhao P, Guan X, Zheng H, Jia S, Li L, Liu H, Zhao L, Sheng H, Meng W, Zhuang Y 
(2019) Surface-and strain-mediated reversible phase transformation in quantum-confined ZnO 
nanowires. Phys Rev Lett 123(21):216101. https://doi.org/10.1103/PhysRevLett.123.216101 

133. Chen Q, Dwyer C, Sheng G, Zhu C, Li X, Zheng C, Zhu Y (2020) Imaging Beam-Sensitive 
materials by electron microscopy. Adv Mater 32:1907619. https://doi.org/10.1002/adma.201 
907619

https://doi.org/10.1103/PhysRevLett.123.216101
https://doi.org/10.1002/adma.201907619
https://doi.org/10.1002/adma.201907619


Chapter 3 
In-Situ Nanomechanical TEM 

Li Zhong, Lihua Wang, Jiangwei Wang, Yang He, Xiaodong Han, 
Zhiwei Shan, and Xiuliang Ma 

3.1 A Brief History of In Situ Nanomechanical TEM 

Plastic deformation of materials usually proceeds via the nucleation, growth, 
and migration of various lattice defects. As the structure continuously evolves 
during deformation, conventional post-mortem TEM structural characterization only 
provides a glimpse on the structure after completion of deformation where critical 
intermediate structural insights concerning the deformation process are missing. 
The fast dynamics and short life span of some defects such as dislocations may 
not be observed via post-mortem TEM. In addition, possible structural artifacts [1]
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(e.g. changes in dislocation structures and local structural relaxations) introduced 
during specimen preparation, such as the grinding/polishing process, may compli-
cate structural characterization and shroud the intrinsic deformation mechanisms. 
As a result, interpretation of detailed deformation mechanisms has been heavily 
relying on theoretical studies such as molecular dynamics (MD) simulations [2, 3]. 
Although informative, MD simulations could suffer from validity issues arising from 
the inherent extremely high strain rates (107–109/s) and the lack of inter-atomic 
potentials accuracy, and caution should be made when directly extrapolating MD 
simulation predictions to laboratory conditions. A fundamental understanding on 
the deformation mechanisms and the structure–property relationships relies on 1) 
direct evidence on the microstructural evolution (e.g. lattice defect dynamics) during 
deformation, and 2) quantitative measurements of mechanical properties, necessi-
tating in situ mechanical characterization methods with exceptional spatial and good 
temporal resolutions that are beyond the capabilities of most characterization tech-
niques. The rapidly developing in situ TEM, with the ability to resolve the atomic-
scale structure and to operate on a time scale within a fraction of one second [4–10], 
opens up great opportunities to overcome the technical challenges. 

The advent of in situ nanomechanical TEM can be dated back to the late 1950s 
and early 1960s [11, 12]. The classic tensile holders originate from the principle of 
straining-induced stretching of thin film samples actuated by an electric motor located 
at the end of the holder outside the TEM (to be discussed in detail in the next section). 
Despite the extreme versatility of this classic in situ TEM tensile straining technique, 
the tensile displacement resolution actuated by the electric motor is comparatively 
insufficient for dynamic observations at the atomic-scale. Recently, Zeptool Co. has 
substituted the conventional electric motor with a piezo-controlled actuator, which 
is expected to achieve much higher displacement resolution for revealing atomistic 
dynamics in nanomechanical testing. 

To further resolve the atomistic dynamics during the tensile straining of materials, 
X. Han et al., developed several novel in situ nanomechanical approaches, as exempli-
fied in Fig. 3.1 (to be discussed in detail in the following section). Figure 3.1a shows  
the Ni nanowires scattered on the colloidal thin film, which could be stretched or bent 
controllably by expansion or contraction of the film under the electron beam irradia-
tion [13]. Figure 3.1b shows another example of a home-made tensile straining device 
compatible with a heating holder, which incorporates a pair of Cu-Ti bimetallic-strips 
onto the grid [14]. When the grid was slightly heated (~40 °C), the different apparent 
thermal expansions of Cu and Ti strips lead to an evident bending towards the Ti 
side, which readily induces a tensile straining in the sample attached between the 
bimetallic strips. It is noted that these two approaches well retain the double-tilt 
function of either the conventional holder or the heating holder, which benefits the 
high-resolution TEM observation of the deformation dynamics and the investigation 
of deformation behaviors at the atomic-scale [14].

In addition to different types of tensile straining methodologies, in situ TEM 
nanoindentation or compression technique has seen rapid development as well. 
The in situ TEM nanoindentation technique was first proposed in 1995 and first 
adopted in the investigation of deformation behaviors in Si single crystal in 1998
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Fig. 3.1 a In situ straining of nanowires induced by colloidal thin film under electron beam irradia-
tion (reproduced with permission from Ref. [13], Copyright 2013, Springer Nature). b Home-made 
testing device used for tensile testing of metallic thin film in TEM (reproduced with permission 
from Ref. [14], Copyright 2014, Springer Nature)

[15]. Figure 3.2a shows a commercialized in situ TEM nanoindentation holder PI-95 
produced by Hysitron©. Taking advantage of the development in sample preparation 
via focused ion beam (FIB), more flexible designs of samples have been success-
fully incorporated into the in situ nanoindentation experiments. A. Minor and Z. 
Shan et al. have accomplished a series of pioneer works on the fabrication and 
in situ compression of nanopillars with controlled orientations [16–18], as exem-
plified in Fig. 3.2b, c. Different from the classic tensile holders, the nanoindentor 
is commonly equipped with a load sensor, which can supplement real-time load– 
displacement curves to structural evolutions (Fig. 3.2d), providing more quantitative 
data for in situ experiments and analysis. Furthermore, the researchers have devel-
oped a number of novel sample preparation methodologies that can transform the 
nanoindentation into tensile straining, while recording the real-time stress history. For 
example, the FIB-fabricated dog-bone samples combined with the reverse displace-
ment of the diamond indentor can directly realize in situ tensile straining [19, 20]; in 
addition, several push-to-pull devices have been developed [21], which can transform 
the indentation into tensile straining via a build-in spring (Fig. 3.2e). When further 
coupled with environmental TEM (ETEM), this FIB fabrication-nanomechanical 
testing approach can be extended with in situ sample treatment under different gas 
environments (e.g., H2, O2 or CO2) and/or temperature [22], which can be applied 
to explore the novel behaviors of materials under multi-field effects.

Following the emerging designs of preliminary micro-devices for in situ TEM 
holders, microelectromechanical system (MEMS) with more precise built-in actua-
tors and load sensors has been introduced into in situ nanomechanical testing. Y. Zhu 
and H. Espinosa were among the first to develop the MEMS platform for in situ 
nanomechanical testing [23], and have been devoted to quantitative mechanical 
testing of a wide range of metallic nanowires [24, 25]. Recently, the thermal field has 
been successfully coupled to MEMS stage, realizing in situ nano-thermomechanical 
testing of metallic or semiconductor nanowires inside TEM [26, 27]. However, the 
current temperature level during the MEMS-nanomechanical testing is compara-
tively low (below 500 °C); meanwhile, other factors such as thermal gradient and 
inhomogeneous thermal expansion at higher temperatures in MEMS imposes further 
challenges to the observations of deformation dynamics at the atomic-scale. Yet, a



56 L. Zhong et al.

Fig. 3.2 a PI-95 indentation holder manufactured by Hysitron©. b, c A sub-micron Ni pillar 
fabricated by FIB and after in situ compression. d Real-time force–displacement feedback during 
the in situ test. (reproduced with permission from Ref. [18], Copyright 2007, Springer Nature) e 
Commercialized push-to-pull device (reproduced with permission from Ref. [21], Copyright 2011, 
American Chemical Society)

fundamental understanding of the atomistic behaviors of materials under high load 
and elevated temperature is vital for the development of superior structural mate-
rials for harsh service conditions. Recently, a team led by Z. Zhang and X. Han 
et al. have overcome a range of challenges (including those mentioned above) and 
successfully developed a novel MEMS-based high-temperature mechanical testing 
stage (Fig. 3.3, will also be introduced in detail in the next section), which allows 
in situ thermomechanical testing to be performed under temperatures approaching 
1560 K and loads as high as 1 N [28]. This MEMS-based thermomechanical testing 
technique has been integrated into a commercialized TEM holder manufactured by 
BestronST Co., LTD.

To further incorporate nanomanipulation capabilities during the in situ TEM 
testing, a novel scanning tunneling microscopy (STM)-TEM holder has been 
developed (Fig. 3.4a), which consists of a static side for sample accommodation 
and a precisely-controlled probe for multifunctional nanomanipulation. The three-
dimensional degree of freedom of the probe enables more flexible mechanical testing 
inside TEM. Using this type of in situ holder, A. Merkle et al. from Northwestern 
University reported direct observations of friction behaviors between tungsten tip 
and graphite/Au (110) film [29, 30], where a substantial amount of the sample can 
be directly transferred to the probe after friction. Meanwhile, this STM holder is 
compatible with other external stimuli such an electric bias or pulse, which enables 
the investigation of deformation mechanisms under more complex environments. For 
example, J. Huang et al. took advantage of the piezo-controlled probe displacement 
and electric bias of this STM system, and reported the superplastic deformation of 
single-walled carbon nanotubes with a tensile elongation of ~ 280% at high tempera-
tures [31]. For nanosized samples, this electric bias or pulse has also been used as an 
in situ approach for sample preparation, such as the vitrification of elemental metals
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Fig. 3.3 MEMS for atomic-resolved high-temperature mechanical testing. a Specially designed 
thermomechanical test device inside the TEM column. b The temperature control module. c The 
in situ deformation module. d Custom-designed double-tilt sample holder containing the MEMS 
for high-temperature mechanical testing. e Details of the head of the sample holder (reproduced 
with permission from Ref. [28], Copyright 2021, Springer Nature)

or the growth of nanocrystals with specific orientations (to be discussed in detail in 
the following section). Recently, MEMS has even been introduced to the STM-TEM 
system (Fig. 3.4b), which could enable the in situ nanomechanical testing under a 
multi-field environment, such as coupled temperature and/or electric field. 

Fig. 3.4 a STM-TEM holder. b MEMS-STM-TEM holder
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3.2 Current In Situ TEM-based Mechanical Testing 
Techniques 

3.2.1 Thin Film Straining Technique 

Figure 3.5a shows the most widely used tensile holder produced by Gatan Inc. In 
addition to in situ straining at room temperature, heating or cooling conditions can 
be attached to this type of holder as well, which are commonly realized by a built-in 
miniaturized furnace or an affiliated liquid N2 reservoir outside the TEM, respec-
tively. Custom-designed electron-transparent samples compatible with the in situ 
tensile holder (Fig. 3.5b) are glued to the substrate, which was then fixed to the 
holder by a pair of screws [32]. Figure 3.5c, d respectively provide typical examples 
of dislocation motion in CrMnFeCoNi high-entropy alloy (HEA) and grain growth 
ahead of the crack in Al film during the in situ TEM tensile tests [33, 34]. These 
dynamic findings significantly improved the understanding of plastic deformation 
mechanisms at the nanoscale, holding important implications to establishing the 
structure–property relations in materials. 

Fig. 3.5 a A classic tensile holder manufactured by Gatan© (model 654). b Schematic and image 
of custom-designed samples compatible with the tensile holder. (reproduced from Ref. [32], Copy-
right 2014, Elsevier Masson SAS) c Dislocation motion in CrMnFeCoNi HEA. (reproduced with 
permission from Ref. [33], Copyright 2015, Springer Nature) d Grain growth ahead of the crack in 
Al film (reproduced with permission from Ref. [34], Copyright 2008, Elsevier)
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Fig. 3.6 a A schematic view shows that the Ni NWs were scattered on the previously broken TEM 
grid, which was covered by colloidal thin films. b An example shows that a single NW could then 
be deformed by tensile stress induced by the colloidal thin films under electron beam irradiation. 
c Enlarged TEM image taken from the red framed region of (b) (reproduced with permission from 
Ref. [13], Copyright 2013, Springer Nature) 

3.2.2 TEM Grid Technique 

Han et al. developed an alternative TEM grid technique [35–42] that can conduct bend 
or axial tensile experiments on individual nanowires (NWs). As shown in Fig. 3.6a, 
the NWs were scattered on a previously broken TEM grid, which was covered by 
colloidal thin films (CTF). Then, these NWs were randomly bridged on the prior 
broken collodion supporting film. With the heating/irradiating of electron beam, 
the collodion thin film was curved, which drives bending or tensile deformation of 
the NWs at relatively low strain rates of ~10–4/s (Fig. 3.6b, c). The advantage of 
this method is that no special TEM specimen holder or special mechanical tensile 
attachments are required, thus allowing large tilting angles along two orthogonal 
directions (± 20°). This is extremely helpful for finding optional viewing directions, 
so that structure evolution of NWs during deformation can be revealed at atomic-scale 
resolution. 

3.2.3 Thermal-Bimetallic-Based Technique 

Based on the thermal bimetallic technique [43], Han et al. developed a novel in situ 
controllable tensile testing device for TEM. This technique can slowly and gently 
deform the testing samples while retaining the double-tilt capability for in situ atomic-
scale observations [14, 39, 44]. This method can also study regular TEM samples 
prepared by FIB fabrication [45–48]. The in situ deformation device was fabri-
cated by bimetallic-strips. The bimetallic strip is made of two materials with a large 
discrepancy in their thermal expansion coefficients, so that a significant deflection 
at relatively low operation temperatures can be achieved. As shown in Fig. 3.7a, c, 
operated under optical microscope, the thin films can be attached on the surface of the
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Fig. 3.7 a Nanocrystalline thin films were sputtering deposited using magnetron sputtering tech-
niques. b and c, make the axial direction of the bimetallic-strips perpendicular to the axial direction 
of the thin film strip, then using epoxy-resin attached on the surface of the extensor. d Etching away 
the substrate in the water, free standing bimetallic-strips together with nanomaterials samples are 
released from the NaCl substrate. e A significant deflection can be achieved under heating conditions 

bimetallic extensor (using epoxy-resin) in an almost ideal geometrical configuration. 
Etching away substrate, free standing bimetallic-strips together with thin film tensile 
samples are released (Fig. 3.7d). Then, the bimetallic-strips with the attached thin 
films, together with Heating TEM specimen holders were loaded in the TEM. The 
in situ uniaxial tensile deformation can be realized by increasing the temperature 
of the TEM heat stage (Fig. 3.7e). With this device, the specimen could be titled 
along two orthogonal directions by large angles (± 20°), which is essential for atom-
ically resolved imaging. Unlike the case in the grid technique, the strain rate here 
is controllable in the range from 10–2 to 10–5/s. Because the bimetallic were fixed 
on the Cu-ring grid with superglue, the operation temperature was usually below ~ 
200° C in order to avoid superglue evaporation. Thus, this method is only suitable 
for low temperature in situ deformation. 

3.2.4 MEMS-Based Techniques 

MEMS-based platforms have been widely used in nanomechanical testing, owing 
to their capabilities to precisely control the deformation process and quantitative 
measurements of the displacement and forces. In specific, the input electrical power 
drives the thermal actuator, which serves to apply a stress on nanowire samples; mean-
while, the change in capacitance directly returns a real-time feedback of displacement 
or strain [23]. In addition, multi-fields such as electric and thermal fields can be readily 
integrated into the MEMS platform, opening up opportunities for a more comprehen-
sive understanding on the mechanical properties. Recently, Han’s group developed 
a method that enables in situ observation of the atomic-scale deformation process 
of nanomaterials at high-temperature [28]. The advantage is that this method allows 
in situ observation of the atomic-scale deformation process of nanomaterials from 
low to high temperatures (300 K–1500 K). Figure 3.8a shows the custom-designed 
in situ thermomechanical TEM sample holder. This device contains two essential 
units, one for temperature control and the other for applying deformation. Heating 
of the sample was achieved using a built-in micro-heater controlled by a MEMS 
chip. The deformation was driven by a lead zirconate titanate (PZT) actuator under
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displacement control. The MEMS heating chip and the miniature PZT actuator were 
built on a miniature stage to form a thermomechanical integrated stage (TMIS), as 
shown in Fig. 3.8b. The TMIS was fixed on a double-tilt sample holder. Figure 3.8c 
and 3.8d show an SEM image of the MEMS heating chip. The stretched sample is 
lift-out from a bulk sample with predetermined crystal orientation and accurately 
transferred to the push-to-pull unit (the two “L” shaped sample mounting arms) in 
FIB. Then, these units were loaded in the double-tilt sample. This holder can tilt the 
sample about the x and y axes for up to ± 15°. This capability is essential to allow 
good atomic-scale resolution, which requires precise alignment of the electron beam 
to a low index zone axis of the sample during thermomechanical testing. After the 
sample is loaded, the displacement was applied using a miniature PZT actuator. The 
displacement was controlled (but not measured) by controlling the applied voltage 
to the actuator based on a calibration. The PZT actuator was able to provide a full 
displacement range of 4 μm with a step size of 0.1 nm (corresponding to a strain 
resolution of ~10–4 relative to the sample size used), a maximum load on the order 
of 1 N (corresponding to a maximum stress of ~ 4 GPa for the sample size used) 
with a 1 nN resolution. The accuracy of displacement control by the PZT actuator 
is 0.1 nm, for a length of 1000 nm of the sample, the corresponding strain accuracy 
can be about 0.01%. 

Fig. 3.8 A custom-designed in situ thermomechanical TEM sample holder. a The custom-designed 
in situ thermomechanical TEM sample holder. b Schematic diagram of the front end of the sample 
holder. The thermomechanical integrated stage (TMIS) is fixed on the tilting table of the sample 
holder. The TMIS allows the miniature actuator and the MEMS miniature heater to tilt with the 
sample at the same time. c ANSYS simulation of temperature distribution in the TMIS at 1556 K. d 
SEM image of the MEMS miniature heater. e SEM image of heating zone and push-to-pull structure 
of the MEMS chip (reproduced with permission from Ref. [28], Copyright 2021, Springer Nature)
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3.2.5 Sequential Fabrication-Testing Technique 

Based on the STM-TEM holder, a sequential in situ fabrication and nanomechanical 
testing methodology has been developed, providing an ideal platform for atom-
istic insights into the deformation behaviors. The experimental setup for in situ 
nanofabrication is shown in Fig. 3.9a. In a typical experiment, two metal rods (with 
a diameter of approximately 0.25 mm) were fractured to obtain a fresh surface with 
numerous nanoscale tips (Fig. 3.9b), which were loaded onto the static and probe 
sides of the holder, respectively. Then, the metal rod on the probe side was actuated 
to contact with the rod on the static side of the holder (Fig. 3.9c). Upon contact, the 
nanoscale metal tips (e.g., Au) can be cold welded together via mechanically assisted 
surface atom diffusion [49]. To further enhance the weldability, a voltage potential 
of approximately -1.5 V can be pre-applied on the nanoscale tip on the probe side 
before nanowelding [50, 51], producing a metallic nanocrystal or nanowire with 
designed orientations inside TEM (see an example in Fig. 3.9d). In addition to single 
crystals, nanoscale bicrystals containing different grain boundary (GB) structures 
can be produced as well (Fig. 3.9e), taking advantage of the misorientations between 
nanoscale tips on both sides [52]. After the nanowelding process, in situ nanomechan-
ical testing including tension/compression, shear or cyclic loading, can be instantly 
carried out via the precise displacement control of the probe. 

Besides a pre-applied electric bias, an electric pulse can also be introduced into 
the nanofabrication process via a pulse generator integrated with the STM-TEM 
system. Due to the higher energy density associated with the electric pulse, a melting 
zone at the nanotip contact can be created, followed by ultrafast quenching (with an 
unprecedentedly high liquid quenching rate of ∼1014 K·s−1) via rapid heat dissipa-
tion through the bulk substrates. Using this experimental approach, L. Zhong et al. 
[53] reported the in situ vitrification of monatomic metallic liquids, where the melts 
of pure refractory body-centered cubic (BCC) metals, such as liquid Ta and V, were 
successfully vitrified to form metallic glasses suitable for property interrogations

Fig. 3.9 a Set-up for nanofabrication. b Numerous nanoscale tips at the fracture surface of the metal 
rod. c The probe with an electrical bias was propelled by a piezo-controlled actuator to approach 
the Au tip on the static side. d Nanoscale single crystal with controlled orientation. e Nanoscale 
bicrystal containing a HAGB. a, c and e, reproduced with permission from Ref. [52], Copyright 
2019, Springer Nature; d, reproduced with permission from Ref. [51], Copyright 2018, John Wiley 
and Sons 
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Fig. 3.10 a, c Illustration of in situ ultrafast liquid quenching inside TEM. d High-resolution TEM 
images showing two contacting Ta nano-tips. e Ta MG formed after the application of a 0.8 V, 3.6 ns 
electric pulse. f, h Fast Fourier transform patterns confirming a fully vitrified region bounded by two 
crystalline substrates (reproduced with permission from Ref. [53], Copyright 2014, SpringerNature) 

(Fig. 3.10). The above-mentioned sequential fabrication-testing technique can mini-
mize possible surface contamination of the testing specimen. Given the significant 
specific surface areas associated with nanoscale samples, this advantage can improve 
the accuracy of the nanomechanical testing results. 

3.3 Typical Applications 

Nanostructured materials [54–60] can usually sustain larger elastic strains than 
conventional materials, indicating their fundamental dislocation processes that 
initiate plastic flow is different from their conventional bulk counterparts. Revealing 
the atomic-scale deformation mechanisms of nanomaterials used to be a formidable
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task due to technical difficulties. Fortunately, by taking advantage of the develop-
ment of in situ nanomechanical testing techniques, significant achievements have 
been made in understanding the deformation mechanisms of various nanostructured 
materials. 

3.3.1 Deformation of Metallic Nanowires 

One dimensional nanomaterials resemble miniaturized standard mechanical testing 
samples, and are thus ideal for performing nanomechanical testing, wherein many 
unique and novel deformation mechanisms have been unveiled. Using the in situ 
nanowelding methodology via an electric bias or pulse, nanoscale metals including 
face-centered cubic (FCC), BCC and hexagonal close packed (HCP) crystal struc-
tures with specific orientations can be produced; subsequent in situ tensile testing 
enabled by the STM-TEM holder unambiguously revealed a range of the atom-
istic deformation behaviors in nanoscale metals, which exhibits marked discrepan-
cies compared with bulk counterparts. Taking nanoscale Au crystals as an example, 
Zheng et al. [50] have clarified the surface-dominated plastic deformation in nano-
sized Au crystals (Fig. 3.11a, b), which is in sharp contrast to the conventional 
dislocation multiplication from Frank-Read sources in bulk materials. Due to this 
surface-dominated heterogeneous (partial) dislocation nucleation mechanism, a new 
kind of stacking fault tetrahedra formed via the interaction and cross-slip of partial 
dislocations has been reported (Fig. 3.11c, d), which differs from the classic vacancy-
originated formation mechanism [61]. Further in situ experiments have demonstrated 
that the crystal slips can in turn activate surface diffusional creep in Ag nanocrys-
tals at room temperature (Fig. 3.11e), leading to super-elongation [62]. This surface 
diffusion-mediated plasticity is consistent with the liquid-like Coble pseudoelas-
ticity of sub-10 nm Ag nanoparticles in tension–compression loading cycles at room 
temperature [63]. However, when the Ag nanowire diameter is further reduced to 
sub-5 nm, the combined slip and surface diffusion tend to accelerate the reduc-
tion of nanowire diameter under tensile straining, leading to fracture with relatively 
small homogeneous elongation [64]. In fact, such surface diffusion-mediated plastic 
deformation is not limited to nanocrystals, which readily changes the crack growth 
dynamics in nanocrystalline metals, leading to either void formation ahead of the 
crack or substantial crack blunt [65, 66].

In addition to nanoscale single crystals, in situ STM nanomechanical testing 
provides an ideal platform for systematic investigation of the deformation behaviors 
of nanotwinned metals, where a near-ideal theoretical strength has been revealed in 
nanotwinned Au nanowires with ultrahigh twin density (twin boundary (TB) spacing 
< 2.8  nm) [67]. When the twin thickness is smaller than 4 atom layers, the transverse 
dislocation slip intersecting the TB abruptly changes from dislocation transmission 
on conventional {111} slip planes to an unusual (100) slip inside the twin lamella 
[68].
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Fig. 3.11 Atomistic deformation mechanisms in FCC metallic nanocrystals. a, b A partial dislo-
cation nucleated from the surface of Au nanocrystal (reproduced with permission from Ref. [50], 
Copyright 2010, Springer Nature). c, d Formation of a stacking fault tetrahedra via the interaction 
and cross-slip of partial dislocations in Au nanocrystal (reproduced with permission from Ref. [61], 
Copyright 2013, Springer Nature). e Slip-activated surface diffusional creep in Ag nanocrystals at 
room temperature (reproduced with permission from Ref. [62], Copyright 2015, Springer Nature)

Compared with FCC metals, the deformation mechanism in BCC metals, espe-
cially twinning, has long been controversial, due to the lack of mechanical testing with 
precisely-controlled crystallographic orientations and the incompatible stress states 
compared with theoretical predictions. These challenges can be readily overcome 
by the in situ nanomechanical testing with STM-TEM holder. For example, Wang 
et al. reported the first direct observation of deformation twinning in W nanocrystals 
with diameters below 20 nm during in situ compression along the <110> direction 
(Fig. 3.12a), which nucleate from either the free surface or GB [69]. Statistical inves-
tigations further revealed an evident orientation and size dependence of the compe-
tition between deformation twinning and dislocation-dominated plasticity, in which 
twinning is favored in smaller samples under maximum Schmid factor. Geometric 
analysis further suggests an anti-twinning mechanism under the reversed loading, 
e.g., uniaxial tensile straining along the <110> direction, where a unit slip on the (112) 

plane with a Burgers vector of 1/3[1 
− 
1

− 
1], instead of 1/6[

− 
1 11], is required. Appar-

ently, a much higher resistance is associated with this anti-twinning route, which 
has been deemed impossible. By conducting in situ TEM nanomechanical testing, 
such unexpected anti-twinning mechanism has been unambiguously resolved in W 
nanowire with a diameter below 20 nm (Fig. 3.12b), due to the ultrahigh stress in these 
nanosized crystals [70]. In Nb nanowires, however, consecutively nucleated multiple 
reorientation processes have been reported [71], which proceeded sequentially via 
stress-activated phase transformation (BCC–FCC-BCC), deformation twinning and 
slip-induced crystal rotation, leading to a remarkable superplastic elongation of more 
than 269% (Fig. 3.12c).

The TEM grid technique has been used for different metallic NWs [13, 41, 42, 
48, 72]. Figure 3.13 shows the atomic-scale structure evolution process in a bent 
strained Ni NW [13]. The atomic-scale image shows that the inter-planar angle (α)
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Fig. 3.12 Mechanistic insight into the deformation mechanism of BCC metallic nanocrystals. a 
Deformation twinning in W nanocrystal under compressive loading (reproduced with permission 
from Ref. [69], Copyright 2015, Springer Nature) b Anti-twinning in W under tensile loading. 
(reproduced with permission from Ref. [70], Copyright 2020, The American Association for the 
Advancement of Science) c Superplastic elongation of Nb nanowire via sequential phase trans-
formation, twinning and slip-induced crystal rotation (reproduced with permission from Ref. [71], 
Copyright 2018, The American Association for the Advancement of Science)

of the {111} planes continuously increased from the normal 70.5° (projected along 
the [110] direction of the FCC lattice) to exceed 90° and approached the theoretical 
lattice shearing limit (~109°). Figure 3.13a is a typical atomic-scale image of the 
initial atomic structure of the Ni NW. Figure 3.13b is an atomic image showing that 
the dislocation-free lattice shear gives rise to a gradual increase in α from ~70.5° to 
~90° and then to ~109° (Fig. 3.13c), which corresponds to a continuous increase in 
the lattice shear strain from 0% to 17.3% and further to 34.6%. This large shear strain 
arises from the continuous lattice changes from the original FCC through orthogonal 
path, to the tetragonal lattice and finally, to a re-oriented FCC lattice. Interestingly, the 
ultra-large lattice shear is fully reversible. When further straining was imposed, the 
continuous lattice shearing was terminated by dislocations/small angle boundaries. 
As shown in Fig. 3.13d, the lattices return to their original parallelogram shape, with 
α ~70.5° corresponding to the original FCC lattice, indicating that the 34.6% strain is 
reversible. This large shear strain is approximately four times that of the theoretical 
elastic strain limit for unconstrained loading. Figure 3.13e is a schematic drawing of 
the projected atomic configurations to show the FCC structure with the shear strains 
of 0, 17.3% and 34.6%, respectively.

Compared with the TEM grid technique, the bimetallic technique is more control-
lable and is usually used for the metallic nanocrystals and nanocrystalline mate-
rials [45, 46, 64, 73–76]. With this method, dislocation dynamics can be atomically
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Fig. 3.13 Continuous and reversible lattice strain far beyond the elastic limit. a, b HRTEM images 
of a Ni nanowire captured before and after applying a bending strain of ~ 1.9%. c Enlarged atomic-
scale image shows the continuous increase in α from 71° to approximately 109°. The simulated 
HREM images are inserted accordingly. d HRTEM image captured after the bending strain was 
released. No square lattice and other type sheared lattices were observed, indicating the 34.6% 
lattice shear strain was fully recovered. Atomic configurations that correspond to (c) show the 
ultra-large continuous lattice shear from 0 to 34.6% more clearly. e Schematic 3D structures and 
corresponding side views show the shear and recover process of the FCC lattice (reproduced with 
permission from Ref. [13], Copyright 2013, Springer Nature)

resolved at real-time [73]. Plastic deformation of the nanosized single crystalline 
Pt commenced with dislocation “appreciation” at first, and followed by a disloca-
tion “saturation” phenomenon. Figure 3.14a is an HRTEM image captured under 
the earlier stage of tensile loading. Two full dislocations were revealed (marked 
by arrows), indicating a dislocation density of ~5 × 1015 m−2. Interestingly, the 
dislocation underwent “appreciation” stage, in which the dislocation nucleation rate 
was faster than its escape rate (Fig. 3.14a–c), leading to an increased density of 
dislocations. With further tensile loading, Fig. 3.14d demonstrates the increase of 
the dislocation density (estimated at ~ 4.4 × 1016 m−2) to a level one order higher 
compared to the initial value. Under further tensile loading, however, the dislo-
cation density becomes stationary (Fig. 3.14d–f) although individual dislocations 
continually nucleated and escaped, suggesting a balanced dislocation nucleation rate 
versus escape rate. Several dislocation types, such as Lomer dislocation (LD) locks 
and Lomer–Cottrell (L-C) locks, and their formations and destructions were also 
observed. The in situ observation shows that the magnitude of strain plays a key
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Fig. 3.14 A series of HRTEM images show the tensile process of the Pt nanocrystal. During tensile 
loading, the dislocation density increased. Dislocation activities are different at different defor-
mation stages (reproduced with permission from Ref. [73], Copyright 2017, American Chemical 
Society) 

role in dislocation behaviors. At the earlier to intermediate stage of deformation, 
the plastic deformation was controlled by the full dislocation activities accompanied 
with the formation of LD locks from the reaction of full dislocations. When the strain 
increased to a significant level, stacking faults and extended dislocations as well as 
L-C locks appeared. The L-C locks can unlock through transferring into LD locks 
first, and then LD locks were destructed under high stresses. 

3.3.2 Deformation of Nanocrystalline Metals 

The atomic-scale deformation mechanisms of nanocrystalline metals were investi-
gated by using the bimetallic, MEMS, or thin film straining techniques. Through 
in situ observation on the deformation process of Pt nanocrystalline thin film, a 
strong grain size effect on the deformation mechanism was clearly revealed [14, 77]. 
With decreasing grain sizes, the deformation mechanism switches from full dislo-
cations to partial dislocations inside the grains, and eventually to GB dislocation
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mediated grain rotation [78, 79]. In larger grains (d > ~10 nm), movements and 
interactions of cross-grain dislocations were frequently observed. Figure 3.15a, b 
provide a typical in situ HRTEM observation of full dislocation (marked with “T”) 
nucleation and motion in a ~ 11 nm sized grain, with a Burgers vector of a/2[011]. 
Sometimes, the interaction of two non-dissociated full dislocations on two inter-
secting slip planes will lead to the LD formation. Figure 3.15c is a typical HRTEM 
image of a LD that is formed by full dislocations interaction; extra half planes are 
observed on both the (-111) and the (1–11) planes, which represents a LD. For grain 
sizes between 6 and 10 nm, the amount of full dislocations reduces, while that of 
the stacking faults (SFs) resulting from the passage of partial dislocations increases. 
For example, Fig. 3.15d, e successfully captured nucleation of partial dislocations 
(marked with arrows) in a ~ 8 nm sized grain. A statistical study demonstrates that 
there is a clear trend with decreasing grain size: The prevailing plastic deforma-
tion carrier changes from full to partial dislocations and twining inside the grains. 
When the grain size decreases below 6 nm, the grain rotation mediated by the climb 
and absorption/generation of GB dislocations dominates the plasticity. Figure 3.15g 
demonstrates a typical example of in situ observation of grain rotation, both G1 and 
G2 show clear [110] zone axis HREM images and the GB angles are 8.3° and 6.4° for 
G1-2 and G1-3, respectively. As the strain increases, the number of the dislocations 
at G1-2 increases and the average spacing of the GB dislocations decreases from 3.1 
to 1.2 nm during straining. This increased number of GB dislocations leads to the 
increased misorientation angle of G1-2, from 8.3° to 13.5°, as well as that of G1-3, 
from 6.4° to 10.6°

The relatively high tendency toward deformation twinning in nanocrystalline 
materials provides a good opportunity for twinning mechanism investigation. In 
classic twinning theory for FCC metals, a deformation twin is nucleated through 
layer-by-layer movement of partial dislocations on consecutive close-packed atomic 
planes layer-by-layer without interruption. However, through in situ atomic-scale 
observation, Han et al. showed that deformation twinning nucleation in Pt nano-
grains initiates with the formation of two stacking faults separated by a single atomic 
layer (Fig. 3.16b), and then proceeds with the emission of a partial dislocation in 
between (Fig. 3.16c), forming a three-layer twin embryo [80]. This process of twin 
nucleation is intrinsically different from the previous twinning models in which a 
twin embryo forms through the successive emission of partial dislocations on consec-
utive (111) planes. Based on in situ observation, the energy landscape underlying the 
new twinning route was evaluated using ab initio density functional theory (DFT) 
calculations. As shown in Fig. 3.16d, path A represents the classical layer-by-layer 
twinning mechanism, and path B represents the new twinning route revealed by 
their observations. It can be seen that the energy barriers for path B are much lower 
than that of path A. These findings explained why deformation twins are frequently 
observed in experiments but are highly unfavorable in theory for FCC metals such 
as Al and Pt.

The deformation mechanism of twinned nanocrystalline metals is found to be 
both grain size and twin thickness dependent [77]. Figure 3.17 shows the statis-
tical results of plasticity events for different twins/matrixes and grains obtained from
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Fig. 3.15 The cross-over plasticity mechanisms in nanocrystalline metals. a, b In situ HRTEM 
observation of full dislocation (marked with “T”) nucleation and motion in a ~11 nm sized grain. c 
A typical HRTEM image of a Lomer dislocation that is formed by full dislocation interaction. d, e 
In situ HRTEM observation of partial dislocation (marked with arrows) nucleation in a ~8 nm sized 
grain. f the deformation twins were also observed in a ~7 nm sized grain. g In situ atomic-scale 
observation of grain rotation through GB dislocation climb (reproduced with permission from Ref. 
[78], Copyright 2015, Elsevier)
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Fig. 3.16 a A region of a Pt nano-grain with no defects observed initially. b Two SFs separated 
by one atomic layer were observed during straining. c A three-layer twin was formed through the 
nucleation of a partial dislocation between the two previously formed SFs. d Density functional 
theory calculations of twinning energy landscape (reproduced with permission from Ref. [80], 
Copyright 2017, Springer Nature)

in situ and ex situ HRTEM observations. Based on the results, twin-structured grains 
can be divided into 3 different categories. (1) For grain sizes above 10 nm, there 
exists a transition in the deformation mechanisms that occurs at a critical twin thick-
ness; at this point, plastic deformation switches from nucleation and gliding of full 
dislocations intersecting the TBs to partial dislocations that are parallel with TBs. 
Interestingly, the critical twin thickness value changes with different grain sizes: 
The smaller the grain size, the smaller the critical value. (2) For grain sizes in 6– 
9 nm, the dominant deformation mode becomes partial dislocations nucleation and 
gliding on crystal planes parallel with the TBs. (3) For grain sizes below 6 nm, 
plastic deformation converts from lattice dislocation to GB-mediated plasticity, i.e., 
GB migration. These results indicate that for large-size twin-structured grains (above 
~10 nm), the deformation mode is affected by both the grain size and twin thickness, 
while in small-size twin-structured grains (below ~10 nm), the deformation mode 
only depends on grain size.
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Fig. 3.17 Statistical results of the plasticity for twin-structured nanocrystalline and twin free 
nanocrystalline metals. For d > ~10 nm, there is a transition from full dislocation intersecting 
with the TB to partial dislocation migration parallel with TBs, and the critical twin thickness for 
the deformation transition is grain size dependent. For d = 6–9 nm, partial dislocation parallel with 
the TBs dominates. For d < ~ 6 nm, there is a transition from dislocation-controlled plasticity to 
GB-mediated plasticity. The black circles correspond to statistical results of plasticity events in twin 
free nanocrystalline metals (reproduced with permission from Ref. [77], Copyright 2020, Springer 
Nature) 

3.3.3 Deformation at Grain Boundaries 

Taking advantage of the misorientation between opposite nanocrystals on both sides 
of the STM-TEM holder, nanoscale bicrystals with designable GBs can be produced 
via the nanowelding process (Fig. 3.18a), inspiring more systematic research of the 
atomistic mechanisms of GB-dominated plastic deformation. In situ shear testing 
of nanoscale Au bicrystals unambiguously demonstrated the continuous migration 
of ∑11(113) GB (a typical high angle tilt GB with low energy) mediated by the 
nucleation and motion of GB disconnections (interfacial defects with both Burgers 
vector and step character) [52], as shown in Fig. 3.18b. Specifically, both single-atom-
layer disconnections (b = 1/22 <471> ) and double-atom-layer disconnections (b = 
1/22 <332> ) were nucleated consecutively from the surface at room temperature, 
which exhibited frequent dynamic interactions (e.g., composition or decomposition) 
between each other throughout the GB migration process. These dynamic atomistic 
observations provide clear evidence for the theory of GB-dominated deformation 
and advance the understanding of GB-dominated plasticity in the community. Further
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Fig. 3.18 Atomistic mechanism of GB-dominated plastic deformation. a An Au bicrystal 
containing a ∑11(113) GB. b Disconnection-mediated GB migration coupled to shear loading. 
(reproduced with permission from Ref. [52], Copyright 2019, Springer Nature) c Disconnection-
dominated GB migration subjected to the intersection of a lattice dislocation (reproduced with 
permission from Ref. [81], Copyright 2020, Elsevier) d Reversible migration of a 13.5° < 110 > GB 
in shear loading cycles via the conservative motion of dissociated dislocations (reproduced with 
permission from Ref. [82], Copyright 2020, Springer Nature) 

in situ experiments show that the disconnection-mediated dynamics of∑11(113) GB 
generally retains under the intersection of common lattice defects inside the grains 
such as dislocation, stacking fault and nanotwins (Fig. 3.18c), and the lattice defect 
configurations evolve in coordination with GB migration [81]. Moreover, these GB-
lattice defect interactions can facilitate the formation of GB disconnections, serving 
as additional nucleation sites for intrinsic GB defects. When the GB misorientation 
is further reduced to low angle regime, the GBs typically consist of geometrically 
necessary dislocations and the GB migration generally proceeds via the conservative 
motion of GB dislocations. Such GB dislocations are prone to dissociation in FCC 
metals with low stacking fault energies (SFEs) [82], which increases the slip conti-
nuity across the GB, benefiting the cyclic shear deformability of metallic nanocrystals 
via reversible GB migration (Fig. 3.18d). In polycrystalline and nanocrystalline mate-
rials, the triple junctions tend to serve as important nucleation sites of GB defects and 
the coordinated motions among neighboring GBs become dominant. For example, 
the synergistic climb of GB dislocations surrounding the grain can lead to grain 
rotation and merging in nanocrystalline Pt thin film [14]. In addition, the atomistic 
mechanisms of grain shrinkage or grain growth via coordinated GB migration have 
been widely reported in FCC metals [77, 83]. 

3.3.4 Deformation Under Elevated Temperature 

Nanomechanical tests under high-temperature require concurrent application of both 
mechanical and thermal stimuli on the nanoscale specimen, which is technically
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demanding. Hence most nanomechanical tests were performed at ambient tempera-
ture. With recent advances in high-temperature in situ nanomechanical testing tech-
niques, the atomic-scale deformation process of metals was captured at extremely 
high temperatures [28]. Figure 3.19 shows the deformation process of BCC W at a 
temperature of 973 K. Under tensile loading, a crack was nucleated in a nanosized W 
crystal (Fig. 3.19a). Atomically resolved images of the crack tip were successfully 
captured at such an elevated temperature, where both BCC and FCC lattices were 
identified. The basic lattice vectors in Region I are perpendicular, conforming the 
{110} planes in the [100]BCC zone axis, while those in Region II show an angle of 
70.5°, in good agreement with the {111} planes when viewed along the [110]FCC 
zone axis. The (011)BCC d-spacing in Region I was determined to be 2.250 Å, corre-

sponding to a local lattice strain of 1.58%. While the (
− 
1 11)FCC d-spacing in Region 

II was determined to be 2.457 Å, corresponding to a local lattice strain of 3.58%. 
After continuous stretching, a small portion of the BCC structure in Region I trans-
formed into an intermediate structure (Region III) (Fig. 3.19c), which evolved into 
a [110]FCC structure and merged into Region II (Fig. 3.19d), providing new insights 
into the [100]BCC → [110]FCC transformation path. 

Fig. 3.19 a TEM image of the W nanocrystal. b–d In situ atomic-scale observation BCC–FCC 
transition at crack tip during tension (reproduced with permission from Ref. [28], Copyright 2021, 
Springer Nature)
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3.3.5 Deformation of “Brittle” Materials 

The mechanical properties of materials are dramatically affected by specimen size. 
Materials that are known to be brittle in the bulk form could show a decent amount of 
plasticity in the nanometer size regime. Many studies have revealed that small-sized 
semiconductor and ceramic materials can exhibit ductile features at room tempera-
ture [84–91], in stark contrast to their bulk counterparts. For example, an unusually 
large bending strain was observed in ceramic SiC NWs close to RT via the TEM grid 
technique [36]. In situ atomic-scale observation revealed that the plasticity of the SiC 
NWs was accompanied by a process of increased dislocation density during the early 
stages, followed by an obvious lattice distortion and then amorphization in the most 
strained region of the NW. Room temperature plasticity was also observed in Si and 
SiO2 NWs by conducting axial tensile [35] and bending tests [37] inside the TEM. 
Figure 3.20a–d show a typical example of a SiO2 NW exhibiting large plasticity under 
tensile loading. Similar to the case for SiC NWs, crystalline-amorphous(c-a) transi-
tion was also observed in Si NWs through dislocation reaction in ultra-large strained 
(up to 14%) region (Fig. 3.20e–h). Direct atomic-scale observation (Fig. 3.20i–l) 
revealed that partial and full dislocation nucleation, motion and interaction, and the 
c-a transition was responsible for absorbing the ultra-large strain in bending Si NWs. 
An atomically resolved view at the bending section reveals that a Lomer dislocation 
(Fig. 3.20k) was formed by a reaction of full dislocations (Fig. 3.20j), and eventu-
ally induced the c-a transition during subsequent straining(Fig. 3.20l). These results 
provide a direct explanation for the ultra-large straining ability and the c-a transition 
mechanism for those semiconductor and ceramic nanostructures [92–94].

3.4 Outlook 

During the past decades, in situ TEM based nanomechanical investigations have 
provided abundant and invaluable insights into the deformation mechanisms of 
nanostructured materials. As demonstrated by recent in situ TEM studies [62, 95], 
fundamental understandings on the deformation modes of materials can provide 
guidelines for achieving excellent mechanical properties. However, these atomic 
deformation mechanisms and superior mechanical properties were obtained in 
the laboratory, where testing conditions may deviate significantly from the prac-
tical working conditions in terms of materials composition, working environments, 
loading conditions etc. As such, future in situ TEM nanomechanical investigations are 
to be carried out under conditions comparable to practical service environments, so 
that results obtained by laboratory efforts can provide good implications for practical 
applications. To this end, several desirable future research directions are discussed 
below. 

First, most in situ TEM nanomechanical studies targeted on simple material 
systems that consist of very few elements and phases. While structural materials
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Fig. 3.20 a–d A series of TEM images show the tensile process of the SiO2 NW. (reproduced 
with permission from Ref. [38], Copyright 2010, Springer Nature) e–h In situ observation of the 
bending process of Si NW. During tensile loading, the dislocation density increased. i–l In situ 
observation of dislocation activities and crystalline-amorphous transition through a dislocation 
reaction (reproduced with permission from Ref. [91], Copyright 2011, American Chemical Society)

adopted in practical applications usually take advantage of a combination of multiple 
elements (e.g. alloys) and complex microstructures such as multiple phases and 
hierarchical structures. The evolutions in element distribution could lead to phase 
segregation and changes in the stability of defects, thus dramatically altering the 
deformation mechanisms and mechanical properties of materials. Tracking the evolu-
tions of local composition and microstructures in these complex material systems 
is critical but technically demanding, which necessitates optimum characterization 
conditions. However, current in situ nanomechanical testing platforms consisting 
of force/displacement control and measurement units tend to introduce issues such 
as specimen drift and vibration, which degrades the imaging condition and brings 
significant challenges in in situ TEM characterization of complex material systems. 
As such, efforts could be made to minimize the compromise in resolution caused by 
in situ TEM deformation platforms. 

Second, nanomechanical studies are usually carried out under ideal loading condi-
tions such as uniaxial loading and pure bending. Deformation mechanisms and 
mechanical performances obtained in the laboratory may not be necessarily appli-
cable to materials in practical applications where complex loading conditions exist, 
e.g. multiaxial stress conditions and shocking loading. In addition, many materials 
may serve in environments far from those in laboratory, such as under elevated 
temperature, electric field and specific gaseous environments. Recent hydrogen 
embrittlement studies based on environmental TEM [96–98] successfully demon-
strated the strength and potential of in situ nanomechanical study. The development of 
advanced nanomechanical testing techniques capable of investigating the mechanical
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behaviors of materials under their working conditions warrants significant research 
effort in the future. 

Third, facilitated by the rapid development in fast camera technology, the temporal 
resolution associated with in situ TEM characterization could be dramatically 
improved in the future. As a result, in situ nanomechanical studies may be performed 
at a time scale on par with that of dislocation activities (e.g. milliseconds), which 
is critical for tracking dislocation dynamics during deformation. In the meantime, 
however, fast frame rates also lead to a massive amount of experimental data and 
increasing difficulties in data analysis. It is thus foreseeable that advanced data 
analysis and image processing strategies will be indispensable for future in situ 
nanomechanical studies. 
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Chapter 4 
In-Situ Heating TEM 

Shijian Zheng and Longbing He 

4.1 A Brief History of In-Situ Heating TEM 

In the past, people could only obtain static information from the sample, but 
advancing science and technology make it possible to apply in-situ stimuli and 
observe the real-time response. Microheaters allow samples to be thermally stimu-
lated and research on dynamic properties (such as phase transitions, materials growth, 
sublimation, and catalysis) to rise. 

The first likely dynamic STEM observation of the motion of atoms on the surface 
of thin substrates was reported by Crewe in 1979 [1]. The movement of clusters/atoms 
and the nucleation process have been observed over periods of several hours. This 
phenomenon was ascribed to thermal effects and inspired further development of 
technology to improve the contrast and resolution. Soon after, the first in-situ HRTEM 
imaging of dislocation formation, motion, interaction, and annihilation in gold due 
to electron beam irradiation was carried out using a TV system by Hashimoto et al. 
[2]. A more convincing example of atomic movement caused by heating from an 
incident electron beam was reported by Sinclair et al. [3]. They captured moving 
species within the crystal structure of the parent material (CdTe) rather than single 
atomic jumps and the motion rate became higher with longer exposure (Fig. 4.1). 
When the beam current density was reduced, the response of the motion rate was slow, 
which implied that this motion did not result from direct electron-atom collisions or
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Fig. 4.1 Atomic motion induced by electron beam heating. Four panels are images captured several 
minutes apart (reproduced with permission from Ref. [3], Copyright 1981, Springer Nature) 

ionization effects but presumably arose due to heating dissipation from the active 
area. 

Increasing demand for controllable elevated temperatures during in-situ observa-
tion in TEM stimulated Parker’s introduction of commercial heating holders in 1986 
[4]. The holders exhibited acceptable mechanical and thermal stability to allow high-
resolution imaging during the heating process. Besides, a video-rate recording was 
also realized to follow the dynamic behavior over long periods of time. To demon-
strate the technique, Parker et al. observed silicon re-growth at temperatures between 
500 and 800 °C. A silicon thin film with a thickness of 300 nm had been deposited on a 
sapphire substrate and treated by dual ion-implant and annealing. The corresponding 
TEM specimens were made using a standard cross-section technique. Heating was 
implemented with a commercial holder (model number PW 6592), where a platinum 
pad was heated by an electrical feed-through thus the 3-mm disk sample on it was 
thermally stimulated. There was a thermocouple attached to the pad to measure the 
temperature and the reading should be fairly close to the actual temperature due to the 
high thermal conductivities of sapphire and silicon. Reproducible imaging conditions 
were carefully controlled to keep any beam heating or other effects at a systematic
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error level. In their study, they have found that crystallization and defect reactions 
in silicon are analogous to their predictions that atoms would rearrange at around 
600 °C and this phenomenon is similar to that observed in CdTe by electron beam 
heating [3]. At this point, it is reasonable to expect an atomic-level investigation of 
structural transformation in many materials during in-situ heating using a similar 
strategy. 

4.2 Current In-Situ Heating TEM Technologies 

4.2.1 Operation Mode 

TEM can provide extraordinary imaging capability (sub-angstrom spatial resolution) 
and acquire diffraction and spectroscopy. It generally operates under either TEM 
mode or STEM mode. TEM mode corresponds to the application of a parallel electron 
beam while STEM mode uses a focused, small probe scanning over the sample. 
In TEM mode, HRTEM images are formed by interference between transmitted 
and diffracted electron beams (phase contrast), but owing to lens aberrations and 
sample thickness effects, the interpretation of HRTEM images is complicated. In 
comparison, the interpretation of the image contrast at STEM mode with a high-angle 
annular dark-field (HAADF) detector is more straightforward, because it is nearly 
proportional to Z2 where Z stands for the atomic number. Z-contrast of HAADF-
STEM allows visualization of cation mixing at the atomic scale. Furthermore, the 
combination of STEM and energy-dispersive x-ray spectroscopy (EDX) or electron 
energy loss spectroscopy (EELS) can obtain chemical information, such as elemental 
distribution and oxidation state of the materials simultaneously with capture images 
[5–7]. However, since the low scanning rates may limit the acquisition of instant 
change of materials, the majority of in-situ observation during heating is operated 
under TEM mode rather than STEM mode [8]. 

4.2.2 Type of Heating Holders 

The temperature of the specimen can be elevated by using two kinds of heating 
holders (Fig. 4.2): a furnace-type heating holder (left) that is designed to use stan-
dard TEM grids, or a microfabricated-heater-based holder where a localized area is 
heated through Joule heating [9]. The furnace-based heating holder has long been 
commercialized and it enables the sample to be heated up to 1300 °C [10, 11]. Unlike 
the in-situ mechanical experiments in TEM, achieving the sample heating inside 
a TEM is much easier. For example, Luo et al. investigated the thermal stability 
of Ni-based superalloy [12], and Liu et al. successfully attached monodisperse Cu 
nanoparticles onto carbon nanotubes during in-situ heating in a TEM equipped with
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Fig. 4.2 Schematics show two types of heating devices: Furnace heating (left) and MEMS device 
(right) (reproduced with permission from Ref. [9], Copyright 2018, American Chemical Society) 

a Gatan 652 double-tilt heating holder [13]. Nevertheless, the thermal expansion of 
the stage leads to a non-ignorable image shift during an increase in temperature so 
it is hard to realize the atomic resolution observation while heating. Especially at 
temperatures higher than 500 °C, the use of recirculating cooling water to protect the 
heating unit may also bring vibrations and thereby reduce the imaging stability and 
resolution. It is challenging to do tests on low-dimensional materials because their 
morphologies and structures are more sensitive to thermal stimulation. In contrast, 
the recently developed MEMS-based heating holders only go through negligible 
mechanical vibrations since heating is localized in a specific small area in the chip 
and thus allow atomic resolution imaging [14, 15]. For instance, Janish et al. studied 
nucleation in Ta and captured high-resolution images of nucleating crystallites [16]. 
In general, the advantage of using furnace-type of holders is that sample preparation 
is much easier, but the microchip-based holders have better performance regarding 
temperature control and mitigation of sample drift. 

4.2.3 Microheaters 

Microheaters are the core of heating holders. The heating zone is usually the region 
of interest and is placed at the center of the heater since the temperature there is 
relatively homogeneous. Generally, a microheater includes a silicon substrate or 
sometimes gallium arsenide and thermally insulating dielectric thin film layers on 
top [17]. There is an electrically conducting thin film between the substrate and the 
top insulating layer, where heat is produced by passing electric current provided by 
the voltage of the current source (This process is called Joule heating). The elec-
trically conducting film can be metal, ceramic or doped polysilicon. Metal is the 
most frequently used material in microheaters. There are three main reasons. First, 
since metal has excellent ductility and conductivity, it enables flexible geometrical 
design and fast response to exerted voltages. Second, due to the near-linear rela-
tionship between temperature and resistance, precise temperature control through
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resistance measurements can be achieved through a four-point probe. Third, the 
biggest drawback of metal (i.e. high reaction activity in the environment) can be 
simply overcome by covering a passivation layer. Ceramic is chemically inert and 
has high-temperature resistance hence it can be used in tough environments. Doped 
polysilicon can be easily integrated into standard CMOS processes since it does not 
limit the following steps as is the issue with metallization [18, 19]. 

The performance of a microheater is evaluated based on parameters falling 
into two categories. First, mechanical robustness and stability include mechanical 
stress, thermal stress, stress distribution, and spatial sample drift. Second, temper-
ature and heat include range and lifetime, homogeneity, accuracy, stability, power 
consumption, and response time [19]. 

4.2.4 Synergy with Heating 

In addition to single thermal excitation, a combination of heating and other stimuli 
has shown great potential for research on the dynamic properties of materials in a 
complicated environment. For example, Karki et al. investigated thermal degrada-
tion of overcharged Li0.1NCA in different atmospheres using an environmental TEM 
(ETEM) [20]. Oxidizing, neutral, or reducing environments were created by injecting 
O2, He and H2 gas into the sample area inside the ETEM. They found that surface 
oxygen loss and structural evolution were inhibited with the oxidizing environment 
while greatly enhanced under reductive conditions. Moreover, the understanding 
thermo-electrical performance of materials is also critical to better manipulate and 
optimize them for practical applications. For instance, it is crucial to monitor struc-
tural changes of ReRAM materials while both heating and biasing are applied to 
improve their stability for the fabrication of future non-volatile memory devices. 
Hence, Garza et al. [21] present the design of a system for in-situ biasing and heating 
called Lightning System as shown in Fig. 4.3. The left panel shows the structure of 
the nanochips for heating and biasing at the same time. There are eight electrical 
contacts and half of them are used for heating while the other four are used for 
biasing. This design ensures 4-point probe measurements for accurate control of the 
temperature and voltage/current which further guarantees a reproducible response. 
Then, this nanochip is attached to a customized holder (Right panel in Fig. 4.3), where 
contact needles are used to provide stimuli from outside of the holder. The system 
can supply voltage up to 100 V and temperature up to 800 °C while it also enables 
double-tilt during observation. In-situ simultaneous biasing and heating can carve a 
new path for a comprehensive understanding of materials and advance the develop-
ment of nano-electronics. Another typical example has been reported by Wang et al., 
who utilizes the mechanical tests system during increasing the temperature aiming to 
select the appropriate alloys for aero-engines [22]. Their work also implies that the 
cooperation among microscopists, physicists, chemists, and engineers is essential 
for developing next-generation smart materials.
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Fig. 4.3 Configuration of nanochip (left) and customized holder with mounted nanochip (right) 
(reproduced with permission from Ref. [21], Copyright 2016, John Wiley and Sons) 

4.3 Research Based on In-Situ Heating TEM 

4.3.1 Material Growth 

Controllable growth of functional nanomaterials is the starting point for their appli-
cation in multitudinous devices. Therefore, to explore optimal crystal structures and 
morphologies, it is necessary to develop methods that can help deeply understand the 
actual mechanisms behind their growth. The growth of one-dimensional (1D) nanos-
tructures is usually elucidated via a vapor–liquid-solid (VLS) theory. According to 
the VLS process, the liquid phase dissolves atoms from a solid matrix. When it is 
supersaturated, growth arises at the surface of the droplet [23]. As the nanostructure 
is extremely small, a method with a high spatial resolution is crucial to systemat-
ically investigate the growth process. The conventional ex-situ observations using 
microscopy can only analyze the static nanoscale structural information, however, 
they are incapable of following their forming process [24–26]. By comparison, the 
in-situ methods enable direct observation of structural transformation occurring at the 
nanoscale or even atomic scale [27]. For instance, by equipping a heating component, 
modern TEM can be employed not only for improving resolution but also for making 
it possible to track dynamic processes during nanowire growth [28, 29], as shown 
in Fig. 4.4a. During crystal growth, especially in a VLS process, the motion of a 
semiconductor–metal molten zone is generally motivated by a temperature gradient. 
Yet, the temperature gradient fields have not been completely understood in earlier 
ex-situ characterization [30, 31]. Hence, the real-time evidence acquired via in-situ 
methods provides an opportunity to accurately track liquid zone motion inside the 
solid [32–34].
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Fig. 4.4 a TEM images showing the growth of Cu nanowires during heating (reproduced with 
permission from Ref. [29], Copyright 2018, American Chemical Society) b TEM images exhibiting 
the motion of Au/Ge alloy during heating (reproduced with permission from Ref. [35], Copyright 
2015, American Chemical Society) 

Figure 4.4b illustrates an Au particle initially liquifies at the Ge nanowire tip, then 
creating an Au/Ge alloy liquid area which subsequently moves inside the Ge nanowire 
[35]. It should be clear that the motion direction and position of the Au/Ge liquid 
can be manipulated by the applied bias; upon removal of the bias, the Ge nanowire 
is detached from the Au tip and the liquid Au/Ge alloy quickly hardens. These 
results resolve the growth kinetics of nanowires, and also inspire more explorations 
of the growth process of nanoparticles and nanosheets. However, sample handling 
of them is more complicated. It is expected that a deep investigation of physical and 
chemical evolutions during material growth at such high resolutions would drive the 
development of surface and interface engineering. 

Later, Cheng et al. found that the growth processes of PbSe nanocrystals (NCs) 
can be controlled by changing temperature [36]. The NCs begin to grow under 
the oriented attachment growth mode by attaching dot-shaped NCs along a certain 
crystal orientation, and sequentially switch to growth with grain-boundary migration
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by absorption of smaller NCs by neighboring larger ones through interfacial atom 
reconstruction. 

4.3.2 Sublimation and Surface Energy 

Besides crystal growth, sublimation is another important phase transition during 
which the chemical bonds within the solids break-down resulting in gasification. 
The in-situ experiment in TEM is a direct technique to investigate the sublimation 
mode at the atomic scale and it should also shed light on a better understanding of 
the inverted growth process. Additionally, sublimation is strongly linked to material 
stability, and the research on sublimation of NCs would reveal the critical factors 
influencing the stability. For example, though the surface free energies of the major 
crystal planes follow (111) < (100) < (110) in face-centered cubic (FCC) structures 
[37, 38], the thermally stable surface of FCC metals at elevated temperatures has been 
under debate for a long period because high-temperature-induced relaxation of crystal 
planes strongly depends on crystal index [39–41]. Hence the observation of the stable 
facets of FCC metals at high temperatures has significant importance for clarifying 
this debate. Ding et al. [42] and He et al. [43] studied the sublimation scenarios of Ag 
NCs via in-situ heating TEM. The featured shapes and surfaces during sublimation 
provide direct information for revealing the close linkage between surface free energy 
and stability (Fig. 4.5). Benefiting from the low drift of the microchip during heating, 
the dynamic sublimation process of the Ag NC at the very initial can be effectively 
captured, showing an overwhelming superiority comparing with the furnace-type 
heating holder.

Aside from this temperature-related surface stability, in fact, the surface energy 
of a NC itself is still under fierce debate when taking into account the size effect. 
Theories and simulations from the thermodynamic view suggest a decreasing trend 
of surface energy with decreasing particle size [44–46], while another view which 
considers the size-dependent lattice parameters proposes a rather contrary conclusion 
[47, 48]. On this issue, the in-situ heating TEM becomes the only effective tool for 
performing investigations from the experimental end. Sambles et al. probed into the 
surface energies of Au and Ag NCs by fitting the sublimation curves with Kelvin equa-
tion [49, 50]. Later, investigations using similar in-situ heating approach achieved 
more results for understanding the size effect in surface energy [51]. Although the 
current in-situ heating TEM still cannot clarify all the inconsistencies remained, 
the development of more delicate microchips with high controllability and accu-
racy can provide opportunities for modifying/calibrating the physical parameters of 
nanomaterials. 

In addition to the surface energy, the particle size and defects are also of great 
importance, which further affects the stability of the nanostructure. Cheng et al. 
discussed the sublimation process of PbSe nanocrystals at the atomic scale and 
corresponding size, surface, and interface effects [52]. Because of the interplay 
between the electron beam and surface organic ligands, the sizes of nanocrystals
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Fig. 4.5 TEM image sequences showing the surface evolution of a cubic Ag NC with a carbon 
shell (reproduced with permission from Ref. [43], Copyright 2017, John Wiley and Sons)

are successfully manipulated via the introduction of the electron beam at different 
growth periods, which allows real-time observation of the size dependence of subli-
mation. As shown in Fig. 4.6, the nanoparticles with a size less than 10 nm exhibit 
directional orientational sublimation, and those of larger size sublimate uniformly.

4.3.3 Failure Analysis 

In in-situ heating TEM, Joule heating is not only used to create a heating region 
serving as the substrate, but also it is frequently exerted directly in the sample to create 
synergistic effects. The combination of heat and electromagnetic field frequently 
leads to unique behaviors in nanomaterials [53]. For example, by controlling the stim-
ulus of atom migration with an appropriate current (i.e. to create a certain temperature 
and electron-wind force), the mass transport of nano-objects can be implemented at 
the atomic scale [54–57]. This provides a fantastic method to modulate the nanos-
tructures to enable diverse nanodevices and applications including mass sensors 
and resonators [58, 59], archival memory [60], oscillators [61], and nano-welding 
[62]. Aside from these electromigration-based mass transportation phenomena, the
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Fig. 4.6 Series of TEM images showing sublimation of a small PbSe nanocube is controlled by its 
facets (reproduced with permission from Ref. [52], Copyright 2020, Elsevier)

combination of thermal heating with electrical stimuli can also enable ion trans-
port [63–66] and solid-state reactions [67–71].  Mei et al.  [72] investigated the solid 
state reaction/alloying process between nanometer-sized Cu and Al metallic tips. It 
was found that hetero-joining could be implemented by the coupling of heating and 
electromigration. 

Group III–V nanowires prepared by metal-catalyzed chemical vapor deposition 
have recently attracted an explosion of interest [73], driven by the inspiring opto-
electronic properties, the high crystallinity, and the potential of integrating them 
with silicon. Recent research on Si nanowires suggests that when the nanowire 
diameter is below around 150 nm, the thermal conductivity is weakened because of 
phonon surface scattering [74]. Thermal breakdown in Joule-heated GaN nanowires 
is studied by in-situ TEM experiment [75]. The thermal conductivity of the nanowires
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is reckoned to be below the bulk GaN value. Breakdown in a single nanowire is 
observed to happen at a maximum temperature of about 1000 K, and nanowire 
morphology adjacent to the breakdown region suggests that failure happens via 
thermal decomposition, which is proved by in-situ TEM images captured at the 
failure stage. 

4.3.4 Annealing and Phase Transitions 

In-situ annealing provides more dynamic information of sample’s structure evolution 
than the ex-situ approaches. This enables an easy combination between the treating 
temperatures and the intermediate structures. For example, the FeCrAl alloys are 
thought to be promising materials of fuel claddings in nuclear reactors. To deeply 
understand the transformation of helium bubbles and dislocation loops during the 
annealing process, He+-irradiated TEM specimens were annealed and characterized 
by in-situ TEM [76]. The dislocation density reduced with the rise of temperature, 
but the loop size presented a different behavior. When the temperature was raised 
to 1072 K, the bubbles grew quickly while the density reduced. Moreover, in-situ 
thermal annealing of PtCu3/C in TEM has also been studied, which reveals essential 
transformations for achieving highly-active oxygen reduction [77]. 

Phase transitions are a well-known temperature-dependent process in materials, 
in-situ techniques in TEM allow direct observation of these processes [78]. For 
example, polymorphs of Ga2O3 [79] are potential candidates for ultra-wide bandgap 
semiconductors and are widely studied because of the newly developed growth tech-
nologies. The temperature-dependent phase transformation of κ-Ga2O3 layers grown 
on sapphire was investigated by high-resolution TEM [80]. Annealing procedures up 
to 1000 °C were performed in situ in TEM. This enabled the reveal of the mechanisms 
of κ-to-β phase transition and corresponding atomic rearrangement. 

Likewise, the complex phase diagram of Pr1−xCaxMnO3 (PCMO) leads to possi-
bilities of tuning the physical properties for various applications. Significantly, as 
a result of strong correlation effects, electronic and lattice degrees of freedom are 
strongly coupled. Therefore, it is arguable whether the bulk phase diagrams can be 
directly transferred to strained thin films. Beche et al. explored phase transitions at 
high temperatures in PCMO (x = 0.1) deposited as a 400 nm film on a SrTiO3 (STO) 
substrate [81]. Combination with TEM, individual domains of the nano-twinned films 
can be resolved compared with macroscopic X-ray or neutron diffraction studies [82]. 

Recently, Tang et al. [83] investigated the phase evolution of CuAg alloy NCs 
by in-situ heating TEM. They found that the transition from a solid solution phase 
to a Janus-type separated phase leads to the formation of different interfaces related 
to nanoparticle size. Small nanoparticles tend to form a Cu(100)/Ag(100) interface, 
while the large ones tend to form a Cu(111)/Ag(111) interface. Ni et al. [84] demon-
strates that in-situ annealing also helps fine-tune the phase of Au–Ag nanorods to 
optimize their plasmonic properties. It is interesting that the microchip can also be 
used as a calibrator to estimate the beam heating effect inside the TEM. In this way,
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Fig. 4.7 Different morphologies, structures, and phases of PbBi nanoparticles during evolution 
under in-situ heating treatments (reproduced with permission from Ref. [85] Copyright 2022, 
American Chemical Society) 

the electron beam can be used as an ultra-fast heating source to explore those transient 
phases that are hardly revealed by conventional methods. Shi et al. [85] used this  
technique approach to probe into the phase segregation process of PbBi nano-alloy. 
They have uncovered several metastable phases which haven’t been reported before 
(Fig. 4.7). 

4.3.5 Catalysis and Battery 

Ordered intermetallic nanoparticles have shown electrocatalysis with improved 
activity and durability for the oxygen reduction reaction (ORR) [86–88]. Using 
in-situ heating electron microscopy, morphological evolution and the creation of 
fully and partially ordered nanocrystals have been observed at the atomic scale [89]. 
This comprehensive study will have a long-lasting influence on the development of 
ordered intermetallic electrocatalysts for real-world applications. 

Temperature is one of the key factors limiting the application of batteries, thus 
in-situ heating can be employed to investigate the structural and chemical transforma-
tion of battery materials at elevated temperatures. Determining the rational working
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Fig. 4.8 HRTEM images of overcharged nanoparticles: a before heating b heating at 100 °C c 
heating at 200 °C and d heating at 300 °C (reproduced with permission from Ref. [93], Copyright 
2013, John Wiley and Sons) 

temperature ranges of certain battery materials is critical for developing high-
performance batteries to be used in extreme conditons [90–92]. Thermal stability of 
anode materials may lead to safety issues, so different approaches are demanded to 
prevent thermal runaway and burning. Nam et al. [93] employed in-situ technologies 
in TEM to study the thermal stability of overcharged cathode materials, as illustrated 
in Fig. 4.8. Their work is practically significant since the working temperature is 
usually changeable rather than constant. 

4.3.6 Solid-State Amorphization and Crystallization 

One of the most fascinating findings in the 1980s is the formation of amorphous 
phases by the interplay of two metals at their interfaces [94]. As semiconductor– 
metal interfaces are vital structures in integrated circuits, Holloway et al. focused on 
Ti-Si multilayers and discovered that there is also a solid-state amorphization reaction 
between the interfaces [95]. Additionally, during the early periods of silicidation, an 
amorphous barrier is formed at the crystalline interface, leading to a high Schottky 
barrier height [96].
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In contrast to amorphization, there is unexpected crystallization observed in some 
eutectic systems (Al–Si or Ag–Si). In-situ high-resolution TEM reveals that rather 
than a metastable phase or liquid formation, the initial amorphous phase could be 
crystallized during adjusting the temperature [97]. Further investigation showed that 
this crystallization occurred by semiconductor elements diffusing into the metal, then 
precipitation of the semiconductor would happen after supersaturation [98]. A more 
thorough research of crystallization in a promising high-k dielectric tantalum oxide 
enabled a typical Avrami (Kolmogorov– Johnson–Mehl–Avrami) examination of the 
in-situ experiment. During the observation, the reaction was all the way tracked, thus 
the nucleation and the growth stages were simply separated for detailed analysis [99]. 

4.3.7 Degradation of Perovskite Solar Cells 

One of the most serious problems limiting the practical application of perovskite solar 
cells is the lack of thermal stability. Different possible degradation pathways exist 
in this material system, especially hybrid composites. Therefore, it is inevitable to 
examine the response of perovskite materials at elevated temperatures. Divitini et al. 
monitored morphology, structural and chemical changes when heating the prototypes 
of perovskite solar cells. They present element diffusion and structure break-down 
and discovered distinct degradation modes in vacuum or air [15]. 

4.4 Conclusions and Outlook 

In summary, in-situ heating TEM plays an increasingly important role in advancing 
the development of materials for precise structural design and accurate performance 
control to adapt them to practical applications. In-situ heating offers unique direct 
information that is not available by other ex-situ methods [100, 101]. In-situ experi-
ments are usually carried out in “TEM mode” to achieve both high spatial resolution 
and fast recording while “STEM mode” allows more detailed analysis of chemical 
and electronic information of materials when combined with spectroscopic methods. 

However, there are still some issues about in-situ heating in TEM. First, whether 
the observations are representative of the corresponding bulk materials. Second, the 
recording rate may still limit the capture of thermally activated processes. Third, data 
storage and processing capability may affect the in-depth analysis. Fourth, tempera-
ture measurement at the microscale remains challenging. Five, it still lacks research 
on complicated or composite systems, and current studies mainly focus on simple 
model material systems and reactions. 

In the future, in-situ heating TEM should get the following items improved.
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Measurement of electron beam effects and their mitigation. High energy elec-
tron beam possibly causes destructive changes to the TEM sample and leaves arti-
facts affecting the objective analysis. Therefore, electron dose, the energy of elec-
trons, vacuum conditions, and nature of materials that determine interaction with the 
electron beam should be paid careful attention to [102]. 

High spatial resolution and temporal resolution. Based on more electron-
sensitive complementary metal oxide semiconductor, higher special and temporal 
resolution can be realized, which is crucial for revealing the ultra-fast physical and 
chemical changes and also for investigating the e-beam irradiation sensitive mate-
rials [103]. Scanning rates of probe aberration-corrected STEMs are becoming much 
faster, so HAADF-STEM in-situ observation is expected to play increasingly vital 
roles in tracking temperature-dependent processes at the atomic scale. Together with 
EELS and EDS analysis, local changes in chemical composition and valence states 
of the elements can be monitored during the increasing/decreasing of the temperature 
[104]. 

Rapid data recording and processing. Recently developed faster-recording 
devices will promote the rate/speed at which changes induced by temperature eleva-
tion can be tracked, which will result in an enormous increase in data accumulation. 
The in-situ experiments at nano-second rates by laser pulsing the electron source will 
also demand much higher data processing power and artificial intelligence should be 
one of the feasible solutions [105]. 

Precise temperature measurement down to microscale or even nanoscale. 
Although estimation of temperature has been achieved via resistivity measurements 
[106], more accurate local temperature readouts remain challenging. 

Multifunctional holders for simultaneous application of different stimuli. 
Advancement of versatile in-situ TEM approaches that can offer coupled external 
stimuli. The structural transformation under multiple external stimuli such as 
mechanical loading, thermal activation, and electric field, or even in a gas atmo-
sphere [107], liquid environments [108], laser illumination [109, 110], magnetic 
fields [111, 112] etc., have also been observed nowadays. It is expected that future 
TEM technologies could incorporate multiple fields that simulate the real working 
environments for the materials. 

Expanding material systems where in-situ heating is employed. It is expected 
that in-situ heating TEM would continue motivating intriguing discoveries in mate-
rials science and further promote industrial development. With the development of 
advanced unique heating holders combined with the ongoing improvement of the 
transmission electron microscope, the scope of corresponding in-situ heating studies 
is only limited by the imagination and innovation of the researcher. It should be 
believed that much fundamental understanding of material properties will be obtained 
with an increased resolution both spatially and temporally.
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thermal annealing of highly-active PtCu3/C oxygen reduction reaction electrocatalyst: an in-
situ heating transmission electron microscopy study. Nano Energy 63:103892. https://doi.org/ 
10.1016/j.nanoen.2019.103892 

78. Meng S, Wu J, Zhao L, Zheng H, Jia S, Hu S, Meng W, Pu S, Zhao D, Wang J (2018) 
Atomistic Insight into the Redox Reactions in Fe/Oxide core-shell nanoparticles. Chem Mater 
30(20):7306–7312. https://doi.org/10.1021/acs.chemmater.8b03679 

79. Roy R, Hill VG, Osborn EF (1952) Polymorphism of Ga2O3 and the system Ga2O3–H2O. J 
Am Chem Soc 74(3):719–722. https://doi.org/10.1021/ja01123a039 

80. Cora I, Fogarassy Z, Fornari R, Bosi M, Rečnik A, Pécz B (2020) In situ TEM study of κ→β 
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Chapter 5 
In-Situ Biasing TEM 

Liqiang Zhang, Yongfu Tang, Lin Gu, and Jianyu Huang 

5.1 Introduction 

As the scale of microelectronics continues to shrink, understanding the electron trans-
port through essentially one-dimensional nanowires [1, 2] or quantum wires [3] and 
carbon nanotubes (CNTs) becomes essential in miniaturizing electronic devices [4, 
5]. These nanostructures demonstrate different electronic transport properties from 
their bulk counterparts and are the future of high-performance electronic devices [3, 
5, 6]. The transport properties of nanomaterials strongly depend on their microstruc-
ture; however, there exists a gap between the structure and property studies of nanos-
tructured materials, i.e., studying the structure without knowing the property, or vice 
versa. Therefore, there is an urgent need to bridge this gap by conducting simul-
taneous structure and property studies of individual nanostructures. This can be 
accomplished by developing microelectromechanical system (MEMS) devices with 
electron transparent windows or using a transmission electron microscopy-scanning 
probe microscopy (TEM-SPM) platform. TEM combined with MEMS devices and 
TEM-SPM are powerful tools for in situ investigation of structure, physical, chem-
ical/electrochemical, electronic, mechanical properties, and interactions at atomic 
scale.
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Fig. 5.1 a The STM-REM instrument. Tilt of the sample about the axis normal to the tube axis 
may be preset as shown at X’. Here, O. A. is the objective aperture, h.n. is the hypodermic needle 
used to hold the tip; b Photograph of the completed STM side-entry holder mounted in its external 
support. The inchworm is at left, the PZT is the dark region inside the opening in the holder at the 
right (reproduced with permission from Ref. [7], Copyright 1988, Elsevier) 

Spence [7, 8] is the first to integrate a scanning tunneling microscopy (STM) into a 
TEM (Philips EM 400 T), and his intention was to use reflection electron microscopy 
(REM) to image the working principle of an STM (Fig. 5.1). He obtained REM 
images of a sample area while the STM was operating. 

The TEM-STM instrument consists of a piezoelectric transducer displacing a 
sharp probe (tip) along three axis. The tip extends to reach the sample with sub-Å 
precision in XYZ. The coarse motion is realized by the inertial slider motor and the 
fine motion is accomplished by extension of the piezo-tube itself. Displacement of the 
probe ranges from millimeter to sub-nanometer scale. Micrometer to nanometer to 
even atomic chain are easily accessible to the probe. Manual and feedback-regulated 
control of the motion permits dedicated contacts or tunneling between the tip and the 
sample. Electrical measurements such as current–voltage (I–V ) and current–distance 
can be acquired. 

Wall and Dahmen [9] were the first to design, construct, and test a nanoindentation 
holder in a high-voltage TEM, which was later commercialized as the Hysitron PI 95 
TEM holder. By using a conducting diamond tip or replacing the diamond indentor 
tip with a conducting probe, the electrical property changes during nanoindentation 
can be monitored. In situ nanoindentation of Si [9], Al thin film was successfully 
conducted [10]. The PI 95 holder uses a different coarse motion mechanism from 
the inertial sliding in the TEM-SPM, i.e., it uses a micrometer screw at the end of 
the sample holder to manually advance or retract the piezo inside the TEM holder. 

Performing STM imaging in a TEM seems not to be the best configuration; 
instead, the TEM-STM platform is mostly used for in situ biasing experiments. 
Several companies have commercialized various types of in situ biasing TEM holders 
[11–14]. Some representative in situ biasing holders are shown in Fig. 5.2.

In addition to the STM holder, MEMS chips are also widely used method for 
applying bias. The advantage of this technology is that the sample can be transferred 
and placed at any position of the MEMS electrodes through Focused Ion Beam (FIB), 
and then the two ends of the sample can be welded together with the electrode through 
Au/Pt platting to ensure its low contact resistance. The accuracy and stability of this 
method is much better than the STM method. However, the sample preparation cost
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Fig. 5.2 Various types of commercialized in situ biasing TEM holders. a TEM-STM; b TEM-AFM; 
c TEM-indentor

is relatively high, as the chip needs to be replaced every time. Meanwhile, the sample 
preparation time is much longer than using the STM holder. 

Combing TEM-SPM with various MEMS devices, it is now routine to perform 
in situ field emission, electric/ion transport, electrical mechanical coupling, elec-
trochemomechanics, electrochemistry, and even thermal studies of various nanoma-
terials. 

5.2 Electrical Measurements 

5.2.1 Field Emission of Carbon Nanotubes and Nanowires 

One of the most promising applications employs carbon nanotubes as electron emit-
ters in the field-emission devices, such as flat panel displays, X-ray tubes, and 
microwave power amplifiers [15–17]. However, further improvements are necessary 
to decisively outperform the existing technologies. Most experiments were conducted
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Fig. 5.3 Multistage geometry of a nanotube attached to a conical Au rod. a–b are the low and 
medium magnification images, respectively; c is the TEM micrograph of the nanotube and a 
schematic drawing showing the field-emission setup (reproduced with permission from Ref. [18], 
Copyright 2005, AIP Publishing) 

with large area emitters, in which a variety of nanotubes participates in the emission. 
This randomness obscures the basic mechanisms of the field emission, understanding 
of which is crucial for applications. Using a TEM-STM platform, Huang et al. [18] 
conducted field-emission studies to individual CNTs (Fig. 5.3). They reveal a multi-
stage structure of some of the nanotubes, characterized by an order of magnitude 
smaller nanotubes branching off the tips of bigger nanotubes or carbon fibers. The 
multistage structure causes a macroscopic enhancement of the electric field, which 
can match that of a single macroscopically long nanotube with length equal to the 
combined length of all stages, and the tip radius equal to that of the thinnest nanotube 
in the structure. This not only explains the observed giant field enhancement, but also 
provides important clues for the design of nanotube emitters for electronic applica-
tions [19]. Field emission properties of boron nitride and carbon nanotubes were also 
measured in situ by Zettl groups [20]. 

Electron holography of field-emitting carbon nanotubes had been performed 
in situ by Zettl groups [21]. It can give information about inner electric fields of mate-
rials. Measurements of the phase shift and phase gradient maps show that the electric 
field is concentrated precisely at the end of nanotubes and not at other nanotube 
defects such as sidewall imperfections (Fig. 5.4).

5.2.2 Quantum Conductance of Au Atomic Chain 
and MWCNT 

As early as in 1967, Blech and Meieran [22] designed a special electrical chip that can 
be fitted into a TEM sample holder. Thin Al strip was deposited onto the chip which 
has electrical feed through to the exterior end of the sample holder. They observed
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Fig. 5.4 Phase shift and 
phase gradient maps 
extracted from holograms of 
the same nanotube at bias 
voltages Vb = 0, 70, and 
120 V. The phase gradient 
indicates where the electric 
field is the strongest; note the 
concentration of the electric 
field at the nanotube tip for 
Vb = 70 and 120 V 
(reproduced with permission 
from Ref. [21], Copyright 
2002, American Physical 
Society)

void formation in Al strip when electrical current passes through the Al strip. Erts 
et al. [23] measured the conductance of Au point contacts with width ranging from 
20 nm down to a single atom. The conductance of the Au contacts is a function 
of the radius, which is comparable with the predictions by Maxwell, Sharvin, and 
Wexler. In the 1990s, Iwatsuki et al. [24] developed an STM in a TEM operating 
in an REM mode, and he obtained simultaneously STM and REM images from the 
same sample area. Using the same apparatus, they observed quantum conductance of 
Au atomic chains [3]. The conductance and HRTEM images on metal quantum point 
contacts were acquired simultaneously using a TEM-STM platform, which allows 
direct observation of the relation between electron transport and structure. As shown 
in Fig. 5.5, the observed strands of gold atoms are about one nanometer long and 
one single chain of gold atoms suspended between the electrodes. They verify that 
the conductance of a single strand of atoms is 2e2/h (e is the electron charge and h 
is Planck’s constant) and that the conductance of a double strand is twice as large, 
showing that equipartition holds for electron transport in these quantum systems.

The conductance of multiwalled CNTs (MWCNTs) was found to be quantized. 
The experimental method involved measuring the conductance of nanotubes by 
replacing the tip of an STM with a nanotube fiber, which could be lowered into 
a liquid metal to establish an electrical contact with a nanotube at the tip of the fiber.
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Fig. 5.5 Electron microscope images of a contact while withdrawing the tip. A gold bridge formed 
between the gold tip (top) and gold substrate (bottom), thinned from (a) to (e), and ruptured at (f), 
with observation times of 0, 0.47, 1.23, 1.33, 1.80, and 2.17 s, respectively. Dark lines indicated by 
arrowheads are rows of gold atoms. The faint fringe outside each bridge and remaining in (f) is a  
ghost due to interference of the imaging electrons. The conductance of the contact is 0 at (f) and  
~2 × 13 KΩ at (e). Vb = −10 mV and RF = 10 KΩ (reproduced with permission from Ref. [3], 
Copyright 1998, Springer Nature)

The conductance of arc-produced MWCNTs is one unit of the quantum conduc-
tance 2e2/h = (12.9 KΩ )−1. The nanotubes conduct current ballistically and do not 
dissipate heat [25]. 

5.2.3 Electrical and Mechanical Coupling 

The platform enables microstructure observation with the measurement of force after 
the introduction of an atomic force microscope (AFM) into the platform, permitting 
nanoscale mechanical property measurements [26]. Using a home-made TEM-AFM 
platform, atomic-scale microstructure observation with simultaneous mechanical 
force and electrical conductance measurements were achieved in Au nanocontacts 
[27]. Using a similar in situ holder, the conductance of Au atomic chains with length
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up to 2.6 nm was measured. It was found that metal–insulator transition occurred in 
the atomic chains [28]. 

In 1999, using a home-made electrical biasing holder, static and dynamic mechan-
ical deflections were electrically induced in cantilevered MWCNTs in a TEM by 
Poncharal et al. [29] The nanotubes were resonantly excited at the fundamental 
frequency and higher harmonics as revealed by their deflected contours, which corre-
spond closely to those determined for cantilevered elastic beams (Fig. 5.6). The elastic 
bending modulus as a function of diameter was found to decrease sharply (from 
about 1 to 0.1 TPa) with increasing diameter (from 8 to 40 nm), which indicates a 
crossover from a uniform elastic mode to an elastic mode that involves wave-like 
distortions in the nanotube. The methods developed have been applied to a nanobal-
ance for nanoscopic particles and also to a Kelvin probe based on nanotubes [29]. 
Using the same instruments, the bending modulus of MWCNT was measured. The 
bending modulus of nanotubes with point defects was 30 GPa and that of nanotubes 
with volume defect was 2–3 GPa [30]. A femtogram nanobalance was demonstrated 
based on nanotube resonance; it has the potential for measuring the mass of chain-
structured large molecules. The in situ TEM provides a powerful approach toward 
nanomechanics of fiber-like nanomaterials with well-characterized defect structures. 
Using a similar electrical biasing holder, the work function at the tips of individual 
MWCNTs has been measured. The tip work function shows no significant depen-
dence on the diameter of the nanotubes in the range of 14–55 nm. Majority of the 
nanotubes have a work function of 4.6–4.8 eV at the tips, which is 0.2–0.4 eV lower 
than that of carbon [31].

By integrating a TEM-STM with a AFM, Lu et al. [32] conducted cold welding 
of Au nanowires (Fig. 5.7). The welding of metals at the nanoscale is likely to have 
an important role in the bottom-up fabrication of electrical and mechanical nanode-
vices. Existing welding techniques use local heating, requiring precise control of 
the heating mechanism and introducing the possibility of damage. The welding of 
metals without heating (or cold welding) has been demonstrated, but only at macro-
scopic length scales and under large applied pressures. Lu et al. demonstrate that 
single-crystalline gold nanowires with diameters between 3 and 10 nm can be cold-
welded together within seconds by mechanical contact alone, and under relatively 
low applied pressures. HRTEM and in situ measurements reveal that the welds are 
nearly perfect, with the same crystal orientation, strength, and electrical conductivity 
as the rest of the nanowire. The high quality of the welds is attributed to the nanoscale 
sample dimensions, oriented-attachment mechanisms, and mechanically assisted fast 
surface-atom diffusion. Welds are also demonstrated between gold and silver, and 
silver and silver, indicating that the technique may be generally applicable.

5.2.4 Ferroelectric Domain Switching 

Electrical- and mechanical-coupling-induced domain switching was observed in 
ferroelectric devices. In thin film ferroelectric devices, switching of ferroelastic
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Fig. 5.6 A carbon nanotube at a the stationary and b the first resonance mode (reproduced with 
permission from Ref. [30], Copyright 2000, American Physical Society)

domains can significantly enhance electromechanical response. Switching behavior 
strongly depends on specific microstructures in ferroelectric systems. The switching 
dynamics of individual ferroelastic domains in thin Pb(Zr0.2, Ti0.8)O3 films under 
electrical and mechanical stimulation were revealed by using a TEM-STM plat-
form [33], as shown in Fig. 5.8. It is found that ferroelastic domains are effec-
tively and permanently stabilized by dislocations at the substrate interface while
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Fig. 5.7 a Schematic showing how the AFM cantilever acts as a force sensor (by measuring the 
deflection of the cantilever,ΔD) and the STM probe acts as an actuator while the attached nanowire 
sample is under tensile loading. b–d Gold nanowire (length, 130 nm; diameter, 7 nm) bridged 
between gold probes in initial (a), broken (b), and welding (c) states.  e Comparison of the averaged 
I–V curves of the original and as-welded gold nanowires. Cold welding was successfully performed 
11 times for the same sample by repeated breaking and re-welding of the nanowire (reproduced 
with permission from Ref. [32], Copyright 2010, Springer Nature)

similar domains at free surfaces without pinning dislocations can be removed by 
either electric or stress fields. For both electrical and mechanical switching, ferroe-
lastic switching is found to occur most readily at the highly active needle points 
in ferroelastic domains. The studies provide new insights into the understanding of 
polarization switching dynamics as well as the engineering of ferroelectric devices.

5.2.5 Resistive Switching 

Resistance switching in metal oxides could form the basis for next-generation non-
volatile memory. It has been argued that the current in the high-conductivity state of 
several technologically relevant oxide materials flows through localized filaments, 
but these filaments have been characterized only indirectly. Kwon et al. [34] probed 
directly the nanofilaments formation in a Pt/TiO2/Pt system during resistive switching
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Fig. 5.8 Ferroelastic domain switching via in situ TEM. a Schematic and TEM image of experiment 
setup: a thin cross-sectional Pb(Zr0.2Ti0.8)O3 film with a concentration of ferroelastic 90° domain (A-
domains) was grown on SRO/DyScO3 and SRO/SrTiO3. A mobile tungsten tip acts as one electrode 
for electrical switching with the SRO layer being grounded, whereas a diamond indenter is used 
for mechanical switching. b High-resolution HAADF STEM image of c/A/c-domains overlaid with 
vectors describing the head-to-tail polarization arrangement. c Image sequence showing a clamped 
90° domain is stable at applied negative voltages from 0 → (−18 V). At −19 V, the domain is 
eventually erased and, simultaneously, damage to the film occurs due to the high strength of the 
electric field (reproduced with permission from Ref. [33], Copyright 2014, Springer Nature)

using a TEM-STM platform (Fig. 5.9). In situ current–voltage and low-temperature 
(130 K) conductivity measurements confirm that switching occurs by the formation 
and disruption of TinO2n−1 (or so-called Magnéli phase) filaments. Similar filament 
formation was observed in a Ag/a-Si/W memory device [35]. Knowledge of the 
composition, structure, and dimensions of these filaments will provide a foundation 
for unraveling the full mechanism of resistance switching in oxide thin films, and 
help guide research into the stability and scalability of such films for applications.

5.3 Electrothermal Behaviors and Measurements 

The thermal properties of nanomaterials can differ greatly from their bulk counter-
parts, impacting such diverse applications as lasers, transistors, sensors, and thermo-
electric energy conversion [36]. For example, due to increased phonon scattering at 
the surfaces, the thermal conductivity of a silicon nanowire may be reduced by 
a factor of 100 or more compared to bulk silicon [37]. No fundamental under-
standing exists regarding the relationships between crystalline structures and the
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Fig. 5.9 Magnéli structures in the SET sample. a–e High-resolution TEM image of a Ti4O7 nanofil-
ament (a), selected-area diffraction pattern of the film (b), dark-field image obtained from the 
diffraction spot marked as a circle in the diffraction pattern (c), a fast Fourier transformed micro-
graph of the high-resolution image of Ti4O7 (d), and the corresponding simulated diffraction pattern 
(e). The Bloch-wave method was used to simulate the diffraction patterns. f–j Disconnected Ti4O7 
structure in the conical shape. The images are presented in the same manner as for the connected 
filament in (a–e) (reproduced with permission from Ref. [34], Copyright 2010, Springer Nature)

corresponding thermal properties, thus hindering both cooling and power-conversion 
applications. In situ biasing TEM provides an effective way to investigate thermal 
properties of nanomaterials. 

5.3.1 Thermal Parameter Measurements 

Dames et al. [36] developed a hot-wire probe inside a TEM to measure the thermal 
resistance of individual nanowires, nanotubes, and their contacts. As shown in 
Fig. 5.10, an STM probe inside the TEM was used to select a particular nanowire or
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nanotube for measurement, and contacts were made with liquid metal droplets or by 
electron-beam-induced deposition. Detailed thermal analysis shows that the thermal 
resistance of the hot-wire probe was four times that of the sample. The range of 
detectable sample thermal resistances spans from approximately 103 to 109 K W−1. 
The probe can also be adapted for measurements of the electrical conductance and 
Seebeck coefficient of the same sample. The probe was used to study a MWCNT with 
liquid Ga contacts. The measured thermal resistance was about 3.3 × 107 KW−1. For  
a MWCNT with a length of 2 µm and a diameter of 20 nm, the thermal conductivity 
is ~200 W m−1 K−1. 

Pettes and Shi [38] fabricated an MEMS device that permits simultaneously 
microstructure and thermal property measurements of individual CNTs (Fig. 5.11). 
They measured the thermal conductivity of individual carbon nanotubes (CNTs) 
grown using thermal chemical vapor deposition between two suspended micro-
thermometers. The crystal structure of the measured CNT samples was characterized 
in detail using TEM. The obtained intrinsic thermal conductivity of approximately 
42–48, 178–336, and 269–343 W m−1 K−1 at room temperature for three MWCNT 
samples correlates well with TEM-observed defects spaced approximately 13, 20, 
and 29 nm apart, respectively; whereas the effective thermal conductivity is found 
to be limited by the thermal contact resistance to be about 600 W m−1 K−1 at room

Fig. 5.10 A hot-wire probe for thermal measurements of nanowires and nanotubes. a A hot-wire 
probe mounted inside a TEM. b TEM imagines of the hot wire, STM tip, and a CNT. c–e Using 
the STM tip to remove a particular CNT from a large sample. The bond between the CNT and 
the STM tip is improved by using liquid metal droplets or by electron-beam-induced deposition. 
f Baseline thermal measurement of the average temperature of the hot wire for a given amount of 
joule heating. The hot wire is used as both a heat source and a resistance thermometer. g After 
contacting the CNT + STM assembly to the midpoint of the hot wire, for the same amount of joule 
heating the average temperature of the hot wire is reduced, which is related to the heat conducted 
through the CNT (reproduced with permission from Ref. [36], Copyright 2007, AIP Publishing) 
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temperature for the as-grown DWCNT and SWCNT samples without the contact 
deposition. 

Harris et al. [39] developed a microfabricated, chip-based characterization plat-
form that enables both TEM of the atomic structure and defects as well as measure-
ment of the thermal transport properties of individual nanostructures (Fig. 5.12). 
The platform features a suspended heater line that physically contacts the center of 
a suspended nanostructure/nanowire that was placed using in situ scanning electron

Fig. 5.11 a Scanning electron microscopy (SEM) image of the suspended microdevice for thermal 
conductance measurements of CNTs. b SEM image of the two central membranes of the microde-
vice. c SEM and d TEM image of SWCNT bridging the two membranes. e Diffraction pattern 
using a 350 nm coherent electron beam. The two hexagons are added to highlight the {1010} layer 
lines from the top and bottom of the nanotube. The diameter and chiral angle are determined to be 
2.33 ± 0.02 nm and 20.44 ± 0.2°, respectively. f Equatorial oscillations (solid line) along E E '

in 
e and calculation (dashed line) for a (22,12) SWCNT are in good agreement. g As-measured effec-
tive thermal conductivity (k) versus temperature (T) for the two SWCNT, one DWCNT, and four 
MWCNT samples in this work. Filled symbols and unfilled symbols are results measured before 
and after Pt-C deposited at the contacts, respectively. h Measured thermal resistance (RS) versus 
temperature (T) for three MWCNT samples before (filled symbols) and after (unfilled symbols) 
Pt-C was deposited at the contacts (reproduced with permission from Ref. [38], Copyright 2009, 
John Wiley and Sons) 
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Fig. 5.12 Images of the microfabricated device at various magnifications. a An optical image of 
the microfabricated device mounted onto a TEM specimen holder. An optical image showing the 
device’s gold electrodes and contact pads is shown in (b), and a micrograph showing the Pt/SiNx 
suspended heater/thermometer, which resides at the very center of the device, is given in (c) the  
black region in the micrograph surrounding the Pt/SiNx composite beam is free space. A microfab-
ricated measurement platform with a GaN nanowire placed on the suspended heater/thermometer. 
A micrograph taken at a relatively low magnification is given in (d), which shows the nanowire 
placed perpendicularly to the suspended heater. Also shown are the heater’s current and voltage 
leads and an auxiliary, integrated thermometer (compare with (c)). e A higher magnification image 
showing the nanowire immediately after its placement onto the heater. f The nanowire after the 
patterning of electron-beam-induced deposition (EBID) Pt-C contacts (reproduced with permission 
from Ref. [39], Copyright 2011, IOP Publishing) 

microscope nanomanipulators. Suspension of the nanostructure across a through-
hole enables TEM characterization of the atomic and defect structure (disloca-
tions, stacking faults, etc.) of the test sample. The thermal conductivities of two 
GaN nanowires with diameters of 215 and 295 nm were measured to be 24 and 
25.7 W m−1 K−1, which is much lower than that of bulk GaN (120 W m−1 K−1) [40]. 

5.3.2 Joule Heating of Nanocarbon 

By passing a high current through a suspended carbon nanotube in a high vacuum, 
a temperature higher than 2000 °C can be reached in the center of the nanotube, 
suggesting that carbon nanotube can be adopted as a high-temperature heater [41–52]. 

The tubule formation process from amorphous carbon nanowires under high-bias 
Joule heating was observed in real time (Fig. 5.13). The temperature rise from Joule 
heating can be over 2000 °C, thus inducing crystallization of amorphous carbon [42]. 
The Joule-heating-induced high temperature can also trigger self-templated growth
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of carbon nanotube walls [43], sublimation of graphene [48] and giant fullerene 
[44], plumbing of carbon nanotubes [50], and even melting diamond nanocrystals 
encapsulated in a carbon onion. 

Sublimation of suspended few-layer graphene was induced by in situ Joule-
heating inside a TEM. The graphene sublimation fronts consist of mostly {1100} 
zigzag edges. Under appropriate conditions, a fractal-like “coastline” morphology 
was observed (Fig. 5.14). Extensive multiple-layer reconstructions at the graphene 
edges led to the formation of unique carbon nanostructures, such as sp2-bonded

Fig. 5.13 Crystallization of an a-C nanowire into a tubular structure. a The initial nanowire 
produced by electron-beam deposition. The length of the nanowire is about 90 nm. b Crystal-
lized tubular structure at a power of 280 µW. c Input power, conductance versus time plot. d I–V 
curves labeled correspond to the nanowire (a) and the tubular structure (b), respectively. The low-
bias conductance are 0.3G0 and 1.6G0 for the nanowire (a) and the tubular structure (b), respectively 
(reproduced with permission from Ref. [41], Copyright 2006, American Chemical Society) 
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Fig. 5.14 Fractal sublimination of graphene. a–c Sequential HRTEM images showing a fractal 
sublimation pattern of graphene. The numbers 4 and 5 indicate the layer thicknesses are 4 and 5 
bilayers, respectively. The hexagon in c marks the 6 sets of equivalent {1100} zigzag planes. The 
bias voltage applied to the graphene was 2.5 V. d An overlay of sequential images of the propagating 
void fronts with the void edges highlighted in yellow-dotted lines. e A fractal dimension estimation 
of the yellow-dotted fractal pattern (reproduced with permission from Ref. [48], Copyright 2009, 
National Academy of Sciences, U.S.A.) 

bilayer edges (BLEs) and nanotubes connected to BLEs. Flat fullerenes/nanorods 
and nanotubes tunneling multiple layers of graphene sheets were also observed. 
Remarkably, >99% of the graphene edges observed during sublimation are BLEs 
rather than monolayer edges, indicating that BLEs are the stable edges in graphene 
at high temperatures [41]. 

Joule heating also causes electromigration [45–47], and can be used as a heater 
to trigger phase transformation in nanowires (Fig. 5.15). In situ HRTEM revealed 
the precipitation of the zinc-blende (ZB) structure InAs at the liquid/solid interface 
or liquid/solid/amorphous carbon triple point at high temperature induced by Joule 
heating [49]. Solid-to-solid wurtzite (WZ) to ZB phase transition through gliding of 
sharp steps with Shockley partial dislocations was observed.

Joule heating can also cause carbon nanotube breakdown (Fig. 5.16). Three 
distinct breakdown sequences were observed, namely, from the outermost wall 
inward, from the innermost wall outward, and alternatively between the inner-
most and the outmost walls. Remarkably, a significant amount of current drop was 
observed when an innermost wall is broken, proving unambiguously that every wall 
is conducting. Moreover, the breakdown of each wall in any sequence initiates in the
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Fig. 5.15 Time-lapsed TEM images showing the dynamic process of the ZB phase precipitation. 
a Initial structure, b the liquid particle dissolves one proportion of the InAs NW with original 
WZ structure, c after the liquid retracted back, the ZB-structure InAs partially precipitated out at 
the vicinity of the liquid/solid interface, and d the ZB-structure InAs fully precipitated out at the 
vicinity of the liquid/solid interface. The dashed line depicts the liquid/solid interface. The arrows 
point out the moving direction of liquid/solid interface (reproduced with permission from Ref. [49], 
Copyright 2013, American Chemical Society)

middle of the nanotube, not at the contact, proving that the transport is not ballistic 
[51].

Joule heating and associated electro-migration effects can be used to connect two 
carbon nanotubes that have the same (or similar) diameters (Fig. 5.17). It should 
be noted that the highest temperature that a commercial heating TEM holder can 
reach is within 1200 °C. However, by using CNT as a nanoscale heater, temperatures 
~2000 °C are easily achievable, thus enabling high-temperature experiments that have 
not been possible before. For example, by Joule heating CNT to a temperature of 
about ~2000 °C and conducting in situ tensile experiments, superplastic deformation 
of CNT was discovered (Fig. 5.18). The theoretical maximum tensile strain, that is, 
elongation of a single-walled carbon nanotube is almost 20% [53], but in practice 
only 6% is achieved [54]. However, at high temperatures, individual single-walled 
carbon nanotubes can undergo superplastic deformation, becoming nearly 280% 
longer and 15 times narrower before breaking. This superplastic deformation is the 
result of the nucleation and motion of kinks in the structure and could prove useful 
in helping to strengthen and toughen ceramics and other nanocomposites at high 
temperatures. Another advantage of Joule heating nanoheater is that the heating and 
cooling rate can be very fast. For example, Zhong et al. claimed that by Joule heating
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Fig. 5.16 Sequential HRTEM images showing that the six-wall nanotube is removed wall-by-wall 
from the outermost wall (a) to the innermost wall (e). The numbers indicate the total number of 
walls. The arrows mark kinks. The arrowheads denote the residue of the fourth and the third walls 
after breakdown. f The current–time (I–t) curve of the breakdown of the MWNT. The numbers below 
the plateau indicate the total wall number (reproduced with permission from Ref. [51], Copyright 
2005, American Physical Society)

nanocontacts of high melting temperature metals, an unprecedentedly high liquid-
quenching rate of 1014 K s−1 was achieved. Under such a high cooling rate, melts 
of pure refractory body-centered cubic (bcc) metals, such as liquid tantalum and 
vanadium, are successfully vitrified to form metallic glasses suitable for property 
interrogations [55].

5.4 In Situ TEM Nanoelectrochemistry 

In situ TEM is a very powerful tool for structures and properties correlation of 
nanostructured materials. However, the applications of in situ TEM in energy storage 
materials have been limited. This is mainly due to the incompatibility of liquid elec-
trolyte used in batteries with the high vacuum of a TEM. A battery has three main 
components, that is, the cathode, anode, and electrolyte. The incompatibility of liquid 
electrolyte with the high vacuum of TEM has been a roadblock for the application 
of in situ TEM in batteries. Nevertheless, in situ TEM is particularly important 
in examining mechanisms of charge storage or degradation at anatomic level, as
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Fig. 5.17 Successful and unsuccessful joining attempts on two different types of SWNTs. a–d 
Successful joining of an SWNT split into two separate SWNTs by applying a large voltage (a, 
b), where the arrow in a indicates the direction of the current. The two SWNTs re-contact each 
other (c) and a new SWNT forms (d), showing some local protrusions appearing (arrowheads) 
(reproduced with permission from Ref. [50], Copyright 2007, Springer Nature) 

Fig. 5.18 In situ tensile elongation of individual single-walled carbon nanotubes viewed in a high-
resolution transmission electron microscope. a–d Tensile elongation of a single-walled carbon 
nanotube (SWCNT) under a constant bias of 2.3 V (images are all scaled to the same magnifica-
tion). Arrowheads mark kinks; arrows indicate features at the ends of the nanotube that are almost 
unchanged during elongation. e–g Tensile elongation of an SWCNT at room temperature without 
bias (images e and f are scaled to the same magnification). Initial length is 75 nm (e); length after 
elongation (f) and at the breaking point (g) is 84 nm;  g low-magnification image of the SWCNT 
breaking in the middle (reproduced with permission from Ref. [52], Copyright 2006, Springer 
Nature)
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opposed to averaging over an ensemble of particles. While traditional electrochem-
ical tests, such as charge–discharge cycling, cyclic voltammetry, or electrochemical 
impedance spectroscopy, are routinely performed for characterizing battery perfor-
mance, these tests do not provide insight into mechanisms at the atomic to nanoscale. 
The development of new characterization tools is an area of need in battery research. 
For example, in the comprehensive review of LIBs by Tarascon and Armand [56], he 
specifically cites this need in his summary statements, “The principal challenge for 
Li-based rechargeable batteries, or indeed for any battery, lies in gaining better under-
standing and control of the electrode–electrolyte interface in the hope of designing 
new solid–solid or solid–liquid interfaces. Efforts aimed at developing new charac-
terization tools must be vigorously pursued …”. Developing new characterization 
approaches with atomic-to-nano-scale spatial resolution may generate new insights 
into the mechanisms of storage and degradation in LIBs. 

In this context, Huang et al. created the first nanobattery inside the high vacuum of 
a TEM, enabling real-time simultaneously atomic-scale microstructure evolution and 
electrochemical measurement [57–60]. The nanobattery consists of a single nanowire 
anode, an ionic liquid (IL) or Li2O electrolyte, and Li or LiCoO2 counterelectrode. 
The in situ nanobattery technique opens a new field of in situ TEM nanoelectro-
chemistry, and has been broadly used in battery research. In the following, we shall 
provide an overview of the progress has been made toward understanding of nano-
electrochemistry via in situ TEM. The progress in the in situ methods will also be 
provided. Since the inception of the first paper on nanobattery, significant progress 
has been made in understanding the electrochemistry and degradation of batteries, it 
is impossible to include all the progress in one chapter. We therefore shall choose only 
representative work here. Interested readers are referred to several comprehensive 
reviews for a full picture of the progress in this highly evolving field [59–70]. 

5.4.1 IL Cell 

The major technical difficulty for conducting an in situ electrochemical experiment 
in a TEM is to introduce a liquid electrolyte into the TEM column with a typical 
vacuum level of 10−5 Pa (10−7 Torr). The vapor pressures at room temperature of the 
most widely used solvents, such as ethylene carbonate (EC), propylene carbonate 
(PC), dimethyl carbonate (DMC), and diethyl carbonate (DEC), are 5–8 orders of 
magnitude higher than the TEM column pressure [59, 60]. Therefore, it is impossible 
to place a liquid directly into the high vacuum of a TEM. Ionic liquid, which consists 
of only positive and negatively charged ions, has very low vapor pressure [59, 71, 
72]. Huang et al. [72] discovered that IL can be directly placed into the high vacuum 
of a TEM and it still behaves as a liquid, flowing a long nanowires and pumping IL 
from one end of the nanowire to the other end. The discovery breaks up the bottleneck 
that prevents the application of in situ TEM in batteries and thus sets up the stage for 
an IL-based nanobattery.
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Table 5.1 Physical 
properties of P14TFSI [59] 

Property Value 

Glass transition temperature −87 °C 

Melting point −18 °C 

Fluid density 1.41 g ml−1 (20 °C) 

Fluid conductivity 0.22 S m−1 (25 °C) 

Fluid viscosity 0.085 Pa s (25 °C) 

Electrochemical window >5.5 V (25 °C) 

Set-up of IL cell 

The IL electrolyte (ILE) was made by dissolving the lithium salt, lithium bis (triflu-
oromethylsulfonyl) imide (LiTFSI), in a solvent of 1-butyl-1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl) imide (P14TFSI) at the concentration of 10 wt% LiTFSI. 
Table 5.1 lists the main physical properties of the solvent, P14TFSI. In a typical exper-
iment, one drop of the ILE was placed on the top surface of the LiCoO2 bulk, which 
was glued to an Al rod. On the other side, nanowires were glued to another Al rod 
with conductive epoxy (Fig. 5.19). For different materials, the exact device structure 
may be modified to ensure the best performance. 

The IL cell is truly a miniaturized LIB with the major components, which shows an 
interesting phenomenon of liquid beads flowing along nanowires, demonstrating the

Fig. 5.19 Schematic illustrations of the open cell nanobattery setup inside a TEM, enabling in situ 
TEM electrochemical experiments. One electrode of the two-terminal devices is connected to a 
piezo-positioner. a Using ILE as liquid electrolyte, b using Li2O as solid electrolyte (reproduced 
with permission from Ref. [59], Copyright 2011, Royal Society of Chemistry) 
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Fig. 5.20 Ionic liquid beads and flat precursor film. a Experimental setup. SnO2 nanowire powders 
or silicon nanowires grown on a silicon wafer are glued to a gold rod (diameter, ~280 µm) using 
conducting silver epoxy (left). The whole nanowire assembly is used as one electrode. The other 
electrode is a gold STM probe (right). A drop of ionic liquid (IL, middle) is placed on the STM tip. 
One of the electrodes is attached to a three-dimensional piezo-manipulator to enable it to approach 
the opposite electrode. b–e Time-lapse TEM images showing ionic liquid flowing along two SnO2 
nanowires. The diameters of the nanowires on the left and right are 120 nm and 190 nm, respectively. 
The arrows in c show the bead flow direction. The SnO2 nanowires were biased at −4 V versus  the  
reference electrode. The growth of beads is seen clearly. f A liquid precursor film with a thickness of 
~10 nm wets and flows on a SnO2 nanowire (reproduced with permission from Ref. [72], Copyright 
2013, Springer Nature) 

high fluidity of the electrolyte in the vacuum environment (Fig. 5.20). Figure 5.20f 
shows a typical image of the ILE layer wetted nanowire. Due to the high fluidity 
and surface tension force of IL, long objects, such as nanowires/nanorods with high 
aspect ratio, are more suitable for this liquid-cell setup. 

Discharge experiments were successfully conducted on a SnO2 nanowire IL cell 
in a TEM by MacFarlane et al. [73].  As  shown in Fig.  5.21, the initial SnO2 nanowire 
was straight with a smooth surface morphology. After contact with the ILE, the ILE 
wicked up the nanowire, forming a meniscus. Potential was then applied to the SnO2 

nanowire at −3.5 V with respect to the LiCoO2 counterelectrode. This initiated an 
electrochemical reaction at the point of contact between the SnO2 nanowire and the IL 
where reduction of the SnO2 was observed. This solid-state reaction front propagated 
along the longitudinal direction of the nanowire away from the electrolyte. As the 
reaction front propagated, the diameter and length of the nanowire increased, and 
the TEM image contrast changed from typical crystalline diffraction contrast to a 
gray, mostly featureless contrast typical of amorphous materials. After charging, this 
nanowire had elongated ~60%, the diameter expanded ~45%, and the total volume 
expanded about 240% [57]. It is noted that in these experiments, one end of the
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nanowire is in contact with the electrolyte (hereafter referred to as an “end contact”) 
[57]. Therefore, lithiation is featured by a single reaction front advancing in the axial 
direction [73]. However, in a real battery, the nanowires were immersed entirely 
in the electrolyte in a flooding geometry hereafter interchangeably referred to as 
“flooding” or “side contact”. One fundamental question that needs to be addressed 
is, does the same lithiation mechanism operating in the end contact also operate in 
a flooding geometry? It is speculated that the previously observed large elongation 
during charging of SnO2 nanowires might be related to the end-contact geometry, as it 
is expected that in an end-contact geometry the reaction interface is perpendicular to 
the nanowire axis, and the elongation should occur in a direction that is perpendicular 
to the reaction interface, thus the observed super elongation [73]. In a similar vein, 
when the nanowire is flooded in the electrolyte, it is expected to swell rather than 
elongate [74, 75]. To clarify the above argument, further experiments were conducted 
under both the end-contact and the side-contact (flooding) geometries. 

Fig. 5.21 The initially straight nanowire (a, b) became significantly twisted and bent after reaction 
(c–r). o–r Are sequential high magnification images showing the progressive migration of the 
reaction front. n The big dark particle is a polymerized ILE (reproduced with permission from Ref. 
[57], Copyright 2010, The American Association for the Advancement of Science)
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Figure 5.21 shows morphology and structure evolution of a SnO2 nanowire anode 
during the lithiation process in a partially flooded geometry. The initial single-
crystalline nanowire was 45 µm long and 220 nm thick. About one-third of the 
nanowire was immersed into the ILE, and the rest of the nanowire was out of the 
ILE. A −3.5 V bias was then applied to the anode with respect to the LiCoO2 

cathode, which initiated an electrochemical charge in the nanowire. Surprisingly, the 
flooded segment showed similar morphology to the nonflooded segment with elon-
gation, spiral, buckling, and twist after the ILE was retracted (Fig. 5.21n). Similar 
morphology changes in the flooded and nonflooded segments after lithiation were 
observed, both undergoing similar elongation and swelling, and exhibiting a typical 
amorphous gray contrast. It is concluded that the phase transformation mechanisms 
and the volume changes in the IL cell are independent on the contacting mode, but a 
reflection of the intrinsic electrochemical properties of the cell. Subtle difference may 
indeed exist, for example, a multiple-stripe multiple-reaction front lithiation mecha-
nism was observed in the flooding geometry but in the end contact [76], suggesting 
different reaction kinetics under different contact. 

Quantitative nanoelectrochemistry in IL cell 

One of the conventional electrochemical measurement approaches is to perform 
chronopotentiometric sweeps under constant applied current, commonly called 
charge–discharge cycling. Most of the in situ nanobattery work was performed under 
a voltage control. By using special instrumentation such as a battery-powered Jaissle 
IMP 83 Pstat/Gstat with a 1 fA noise floor sourcing current, it is possible to perform 
quantitative charge–discharge electrochemical measurements during in situ TEM. 
This is demonstrated in a nanobattery using a Si nanowire (NW) anode immersed in 
an IL electrolyte with respect to a LiFePO4 (LFP) cathode [76]. 

Quantitative nanoelectrochemistry is also demonstrated in a hollow CNT-IL wet 
electrochemical cell that permits real-time imaging of polysulfide evolutions in Li–S 
batteries in a Cs corrected ETEM while measuring the electrochemical parameters 
(Fig. 5.22) [77]. Upon discharge, sulfur was electrochemically reduced to long-chain 
polysulfides, which dissolved into the electrolyte instantly and were stabilized by 
Py14 + cation solvation. The formation of polysulfides was directly observed by in situ 
TEM and was correlated with the concurrent cyclic voltammetry measurements from 
the same CNT-IL cell. The CNT wet electrochemical cell proves to be a universal 
platform for in situ probing electrochemistry of various batteries.

5.4.2 Solid Cell 

In the solid cell, Li metal is the lithium source, and the native Li2O layer formed on 
the metal surface acts as a solid electrolyte permitting Li+ transport but not electron 
transport [71]. Lithium is extremely reactive and its surface is always covered with 
a thin Li2O layer. Moreover, Li2O is naturally formed on the fresh Li metal that is 
briefly exposed to the air when the holder is inserted into TEM. Structural analysis
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Fig. 5.22 In situ TEM studies of Li|Py14TFSI+1 M LiTFSI|S-CNT nanobatteries. a Schematic of 
the experimental setup. A tip-flattened aluminum (Al) rod attached with S-CNT nanowire, a Li 
metal, and a Py14TFSI with or without 1 M LiTFSI were used as the cathode, anode, and elec-
trolyte, respectively. b–e Time-lapse structure evolution of the S-CNT cathode in a Li|Py14TFSI+1 
MLiTFSI|S-CNT nanobattery. The red arrows point to the IL/S interface. b–d During the discharge 
reaction, sulfur reacted with Li to form polysulfides, which dissolved into the electrolyte instanta-
neously. e When the voltage was swept from 0.3 V to open-circuit voltage (OCV) (vs. Li), some 
semicircular particles precipitated out on the inner wall of the CNT. f EDPs from: (i) the pristine S-
CNT, acquired from a white-circled region in (b); (ii) polysulfide, acquired from a red-circled region 
in (d); (iii) Li2S, acquired from a blue-circled region in (d); (iv) S8, acquired from a purple-circled 
region in (e). g Cyclic voltammetry (CV) scan of a single S-CNT nanowire Li–S nanobattery as 
shown in (a) at a scan rate of 8 mV s−1. The letters in the CV curve correspond to the TEM images 
labeled as “b”, “c”, “d”, and “e”. h Low-loss EELS from the pristine S-CNT nanowire (black), 
discharge product (red and blue), and precipitated particles (purple) (reproduced with permission 
from Ref. [77], Copyright 2020, American Chemical Society)

has revealed a typical thickness of ~700–1000 nm of the Li2O layer [58]. Due to its 
large bandgap of ~8 eV, Li2O2 and Li2O is electrically insulating. To promote the Li+ 

ion transport through this layer, sufficient potential of ~−2 V is necessary to initiate 
the Li+ diffusion. Although Li2O is seldom used as an electrolyte in conventional 
LIBs, it is a common component of the SEI layer. Furthermore, our previous results 
show that Li2O is indeed a Li+ conductor with a potential barrier of only 0.4 eV, and 
the diffusivity of Li+ in Li2O is about 10−10 cm2 s−1. Our experimental results have 
indicated sufficient Li+ transport capability of nanoscale Li2O [57, 58]. Many of our 
experiments have demonstrated that the Li2O layer is indeed a good Li+ conductor but 
not electron conducting, thus charging and discharging experiments were success-
fully conducted in many anode materials [57, 58]. The ionic conductivity of Li2O is  
about 10−7 s cm−1 at ~470 K, which is even lower at room temperature [78]. A solid 
cell is beneficial for fundamental studies of the lithiation behavior of a nanoobject for
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two reasons. First, the entire object is visible in the entire electrochemical process. 
Second, small objects such as nanoparticles with size down to a few nanometers can 
be cycled and imaged in real time, which is not possible in a liquid cell because the 
ILE will cover the entire particle due to surface tension of the IL, making it impossible 
to image the electrochemical reactions. Although differing more from a real battery 
than the liquid cell, the solid cell offers complete structural information from the very 
beginning of lithiation. Extensive in situ experiments have been conducted using the 
solid cells. The materials studied include: chalcogenides (sulfur/selenium/oxygen), 
sulfides, fluorides, and oxides. Comprehensive review can be found in the review 
articles [61–70]. In the following, representative results obtained from solid cell 
nanobattery are presented. 

Size-dependent fracture of Si nanoparticles 

Si has the highest specific capacity of the anode materials (3579 mAh/g for Li15Si4 
at room temperature) [79–82] about 10 times larger than that of the carbonaceous 
anodes (372 mAh/g for LiC6) used in commercial LIBs. However, Si undergoes 
280% volumetric expansion when alloying with Li to form the Li15Si4 phase at room 
temperature [58, 81]. Pulverization and the resultant loss of electrical contact have 
been recognized as one of the major causes of rapid capacity fading in Si-based 
electrodes, hindering application of such alloying anodes in LIBs [79, 83–86]. 

The electro-chemo-mechanical failure mechanism of Si is unclear. In this context, 
lithiation of individual silicon nanoparticles can be studied in real time with in situ 
biasing TEM [87]. As shown in Fig. 5.23, the unexpected surface cracking arose 
owing to the buildup of large tensile hoop stress, which reversed the initial compres-
sion, in the surface layer. The stress reversal was attributed to the unique mechanism 
of lithiation in crystalline Si, taking place by movement of a two-phase boundary 
between the inner core of pristine Si and the outer shell of amorphous Li–Si alloy. 
While the resulting hoop tension tended to initiate surface cracks, the small-sized 
nanoparticles nevertheless averted fracture. This is because the stored strain energy 
from electrochemical reactions was insufficient to drive crack propagation, as dictated 
by the interplay between the two length scales, that is, particle diameter and crack size, 
that control the fracture. These results are diametrically opposite to those obtained 
previously from single-phase modeling, which predicted only compressive hoop 
stress in the surface layer and thus crack initiation from the center in lithiated Si parti-
cles and wires. The experiment provides direct evidence of the mechanical robustness 
of small Si nanoparticles for applications in lithium–ion batteries.

Atomic-scale imaging of phase boundary migration in Si 

The electrochemical reaction between the electrodes and lithium in LIBs is a critical 
process that controls the capacity, cyclability, and reliability of the battery. Despite 
intensive study, the atomistic mechanism of the electrochemical reactions occur-
ring in these solid-state electrodes remains unclear. Liu et al. [88] achieved in situ 
imaging the dynamic lithiation process of single-crystal silicon with atomic resolu-
tion. A sharp interface (1 nm thick) between the crystalline silicon and an amorphous 
LiXSi alloy was observed (Fig. 5.24a). The lithiation kinetics are controlled by the
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Fig. 5.23 Surface cracking and fracture of a large silicon nanoparticle (SiNP) during electrochem-
ical lithiation. a Pristine SiNP with a diameter of 940 nm. b–h Crack nucleation and fracture of 
the SiNP in the lithiation process. After the Li2O/Li electrode contacted the SiNP sitting on the W 
electrode, a potential of 2 V was applied to the W electrode with respect to the Li metal (b). The 
lithiation occurred on the particle surface and proceeded inward as the gray-contrasted LiXSi shell 
was thickened. When the shell thickness reached 150 nm, the first crack emerged near the surface, as 
marked by the red arrowhead (d). More cracks nucleated and propagated along different directions 
upon further lithiation (e–g), and finally the particle exploded into many tiny pieces (h). i–j Elec-
tron diffraction patterns (EDPs) showing the phase transformation from single-crystalline Si (i) to  
polycrystalline Li15Si4 after lithiation (j). k Schematic illustration showing the crystallography, 
expansion, and crack formation. The swelling was along Si <110> directions. Electrochemical 
lithiation of a small SiNP around the critical size showing no fracture. l Pristine SiNP with a diam-
eter of about 160 nm. m–s Steady lithiation stage without cracking. There was a twin boundary 
(TB) in the center of the SiNP. Fast swelling along <110> resulted in a bump on the flat (110) plane, 
which formed a 35 angle with the TB (m). Anisotropic lithiation led to formation of the faceted 
Si core during the lithiation process (r). s Morphology of the fully lithiated particle. The electron 
beam was blanked during the lithiation process except for a short exposure for imaging. t EDP from 
the fully lithiated particle confirming the formation of polycrystalline Li15Si4 phase (blue lines and 
indices). The Li2O phase showing up in the EDP was from the adjacent Li2O layer (red dashed 
arcs and indices) (reproduced with permission from Ref. [87], Copyright 2012, American Chemical 
Society)

migration of the interface, which occurs through a ledge mechanism involving the 
lateral movement of ledges on the close-packed {111} atomic planes. Such ledge-
flow processes produce the amorphous LiXSi alloy through layer-by-layer peeling 
of the {111} atomic facets, resulting in the orientation-dependent mobility of the 
interfaces (Fig. 5.24b–f).

Conversion reaction 

Using a modified version of the Li2O solid cell, Wang et al. [89] conducted in situ 
experiments to track lithium transport and conversion in FeF2 nanoparticles by 
nanoscale imaging, diffraction, and spectroscopy (Fig. 5.25). They found that lithium
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Fig. 5.24 Ledge mechanism observed in a <110>-oriented silicon nanowire during lithiation. b 
High-resolution image of the pristine silicon nanowire with a flat (111) surface and 1-nm-thick 
SiOX layer. c Morphology of the partially lithiated silicon nanowire. With fast Li+ transport via 
surface diffusion, lithiation proceeds along <110> from top to bottom (that is, from surface to core) 
and via ledge flow along <110> from right to left (marked by green arrows). d–f Enlarged zones 
showing vertical etching of the flat {111} plane, formation of ledges, and ledge-flow-dominated 
lithiation, respectively. Red arrows indicate ledges and cyan arrows ledge-flow directions. These 
images represent different stages of lithiation, and the ACI was gradually tilted toward <110> 
(reproduced with permission from Ref. [88], Copyright 2012, Springer Nature)

conversion was initiated at the surface, sweeping rapidly across the FeF2 particles, 
followed by a gradual phase transformation in the bulk, resulting in 1–3 nm iron crys-
tallites mixed with amorphous LiF. The real-time imaging revealed a surprisingly 
fast conversion process in individual particles (complete in a few minutes), with 
a morphological evolution resembling spinodal decomposition. This work provides 
new insights into the inter- and intra-particle lithium transport and kinetics of lithium 
conversion reactions, and may help to pave the way to develop high energy conversion 
electrodes for lithium–ion batteries.

All solid-state battery (SSB) cell 

Yamamoto et al. used FIB milling to prepare an all SSB inside a biasing TEM 
holder, and they have succeeded in directly observing changes of electric potential 
in an all SSB during charge–discharge cycles (Fig. 5.26) [90]. Electron holography 
has been used to successfully quantify the 2D potential distribution resulting from 
movement of lithium ions near the positive-electrode/electrolyte interface. The result 
was confirmed using EELS analysis, which showed that lithium extraction from the 
positive electrode during charging results in oxidation of cobalt from Co3+ to Co4+. 
Their results shed light on the sources of reaction resistance in all SSBs, which
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Fig. 5.25 a Schematic of the electrochemical cell used for in situ TEM measurements. b Time-
lapse images from a collection of particles that react with lithium coming from the lower right. 
The reaction proceeds immediately in region (I), but is delayed and absent in regions (II) and (III), 
respectively (reproduced with permission from Ref. [89], Copyright 2012, Springer Nature)

is a bottle neck issue in the development of SSBs. Electron holography combined 
with EELS is a powerful technique for characterizing not only LIBs but also electric 
double layer capacitors, fuel cell batteries, and other electrochemical devices.

Therefore, Gong et al. [91, 92] combined focused ion beam and chip-based in situ 
setup to explore atomic-scale structural evolution of the electrode in all-solid-state 
lithium–ion battery (Fig. 5.27). They used focused ion beam etching to assemble a 
micro-scale all-solid-state battery on the MEMS chip, and successfully acquired a 
working battery. The combination of FIB and chip-based in situ sample stage achieves 
precise control of orientation tilt and high stability in an electric field environment and 
realizes the observation of lithium–ion migration and its effects in LiCoO2 cathode 
under atomic scale with in situ electrochemical control [91]. Comparing with the 
traditional in situ electrochemical electron microscopy experiment, this methodology 
has increased the resolution of lithium–ion migration to the atomic scale. Tradi-
tional electron microscopy characterization results are two-dimensional projection 
images, while real materials all have three-dimensional structure information. The 
two-dimensional characterization results often mean the lack of one-dimensional 
structure information. On the basis of the above work, Gong et al. [92] continue 
to improve the atomic-scale in situ electron microscopy methodology, observe the 
structure evolution of the ordered phase spinel LiNi0.5Mn1.5O4 cathode material in 
the all-solid-state battery from multiple crystal orientations, building the evolution 
of its three-dimensional atomic-scale structure and electronic structure, and supple-
menting the research of this material. From a three-dimensional perspective, they
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Fig. 5.26 a The all-solid-state LIB sample. The red-boxed region was thinned by a focused ion 
beam and observed by electron holography. b Cyclic voltammogram measured in a TEM with a 
voltage sweep rate of 40 mV min−1. EH images were taken at points (1)–(8) and are given in 
(d–k), respectively. Electric potential distribution around the LiCoO2/electrolyte interface during 
the charge–discharge process. c Bright-field TEM image of the region near the interface. d–k 2D 
potential images (left) and line profiles (right) for the region bounded by the dashed line in (c) and  
obtained at voltages corresponding to points (1)–(8) in (b). Potential (V) is given on the y-axis 
(reproduced with permission from Ref. [90], Copyright 2010, John Wiley and Sons)

discovered a new inhomogeneous structural evolution phenomenon hidden behind 
the observation of the two-dimensional structure.

Electrochemomechanics of lithium 

Lithium metal is considered the ultimate anode material for future rechargeable 
batteries [56, 93], but the development of Li-metal-based rechargeable batteries has 
achieved only limited success due to uncontrollable Li dendrite growth [94–98]. In a 
broad class of all SSBs, one approach to suppress Li dendrite growth has been the use 
of mechanically stiff solid electrolytes [99, 100]. However, Li dendrites still grow 
through them [101, 102]. Resolving this issue requires a fundamental understanding 
of the growth and associated electro-chemo-mechanical behavior of Li dendrites. By 
using a home-made TEM-AFM platform, Zhang et al. [103] report in situ growth 
observation and stress measurement of individual Li whiskers, the primary Li dendrite 
morphologies (Fig. 5.28). At room temperature, a submicrometric whisker grows 
under an applied voltage (overpotential) against the AFM tip, generating a growth 
stress up to 130 MPa; this value is substantially higher than the stresses previously 
reported for bulk (~1 MPa) and micrometer-sized Li (~100 MPa) [104]. The measured 
yield strength of Li whiskers under pure mechanical loading reaches as high as 
244 MPa. Similar size effect was also observed in Na dendrite [105]. These results
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Fig. 5.27 In situ STEM study of the arbitrary combined micro-scale all-solid-state battery. a FIB 
assembled micro-scale all-solid-state battery. b Nanocrystalline formed after in situ delithiation in 
LiCoO2 cathode (reproduced with permission from Ref. [91], Copyright 2017, American Chemical 
Society). c Improved FIB assembled micro-scale all-solid-state battery. d Inhomogeneous atomic 
structure and electronic structure evolution in LiNi0.5Mn1.5O4 cathode (reproduced with permission 
from Ref. [92], Copyright 2018, Springer Nature)

provide quantitative benchmarks for the design of Li/Na dendrite growth suppression 
strategies in all SSBs.

Li/Na/K–O2/CO2 batteries 

Vehicle electrification and grid energy storage demands large-scale energy storage 
devices with much higher energy density than current lithium–ion battery tech-
nology. Li/Na/K–O2/CO2 batteries are potential “beyond lithium” technology for 
large-scale energy storage applications. However, the fundamental electrochemistry 
of the Li/Na–O2 is still unclear. With the advent of aberration-corrected environ-
mental TEM (ETEM), it is now possible to probe the fundamental electrochemistry 
of the Li/Na/K–O2/CO2 batteries. 

Metal–air batteries have much higher theoretical energy density than metal ion 
batteries; however, their application is hampered by the sluggish oxygen reduction 
reaction (ORR) and the oxygen evolution reaction (OER). As such, electrocatalysis 
is employed to facilitate the ORR and OER. Despite enormous efforts, real-time 
imaging of the electrocatalysis during the ORR and OER processes remains elusive. 
Furthermore, it is controversial whether or not electrocatalysis is necessary in the 
Na–O2 battery. Liu et al. [106] show the first in situ imaging of the operation of 
the electrocatalysis in a Na–O2 battery in an advanced aberration-corrected ETEM 
(Fig. 5.29). In the Au-coated MnO2 nanowire air cathode, the ORR is characterized 
by the formation of NaO2 nanobubbles nucleated from the Au catalysts, causing an 
18 times volume increase on the surface of the MnO2 nanowires; the NaO2 quickly
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Fig. 5.28 In situ AFM–ETEM characterization of stress generation during Li whisker growth. a 
Schematic of the AFM–ETEM setup used for observation and measurement of Li whisker growth. 
An arc-discharged CNT was attached to a conducting AFM tip by electron-beam deposition of 
carbonaceous materials, and this assembly was used as a cathode; the scratched Li metal on the 
top of a sharp tungsten needle was used as an anode; and the naturally formed Li2CO3 on the Li 
surface was used as a solid electrolyte. The measured displacement of the cantilever tip is denoted 
as Δx. b TEM image showing an AFM cantilever approaching the counterelectrode of Li metal. 
c TEM image showing a CNT attached to a flattened AFM tip. d Time-lapse TEM images of Li 
whisker growth. e In situ compression testing of as-grown Li whiskers. Metal Li was manipulated to 
approach the AFM tip; f–i a growing Li whisker pushed up against the AFM tip (k = 6Nm−1); j and 
this whisker collapsed after extensive compression. The blue dotted line indicates a fixed reference 
position, and the red arrow indicates the upward displacement of the AFM tip. k Compressive 
stress–strain curves of six whiskers with different growth directions and diameters d0. l Yield stress 
versus equivalent diameter measured for Li whiskers with different growth directions (reproduced 
with permission from Ref. [103], Copyright 2020, Springer Nature)

disproportionated to Na2O2 and O2, causing collapse of the NaO2 nanobubbles. In 
contrast, no ORR took place in the bare MnO2 nanowire cathode; instead, the MnO2 

nanowires only swelled 217% as a result of the Na+ intercalation. The results provide 
not only new insight into the Au-catalyzed oxygen chemistry in the Na–O2 battery, 
but also an atom-level characterization technique to evaluate the electrocatalysis is 
in the metal–air batteries. Mechanistic studies in Li–O2, Li–CO2, Na–O2/CO2, Na–  
CO2, and K–CO2 battery systems. These studies provide important understanding to 
the fundamental electrochemistry of metal–gas batteries.

5.4.3 In Situ Liquid Cell 

The IL cell and the Li2O solid cells can be categorized as open cells, since all the 
electrodes and electrolyte are exposed to the high vacuum of TEM. Although the 
open cell has produced fruitful results in nanoelectrochemistry, the experimental 
conditions in open cells are far from the practical LIBs using liquid electrolyte. To



5 In-Situ Biasing TEM 137

Fig. 5.29 In situ imaging the Au-catalyzed ORR in a Na–O2 nanobattery. a Schematic of the 
experimental setup. The SOB consists of a Au/MnO2 NW and O2 cathode, a Na2O electrolyte and 
a Na anode. b–g Structure evolution of the NaO2 discharge product during ORR. Upon applying 
a negative potential to the Au/MnO2 NW, bubble-like NaO2 nucleated on the right contact where 
the Au/MnO2 NW and Na2O intersects (b–c), which then propagated along the NW, causing an 
18 times volume increase (d–e). The discharge product shrank as a result of the disproportionation 
of NaO2 to Na2O2 and O2 (f–g). h–i Charge process of the Au/MnO2 NW. The Au nanoparticles, 
which aggregated to larger size after discharge/charge, exhibit much brighter contrast than that of 
the MnO2 NW and the discharge products in the ADF images shown in (b–i). j HRTEM image 
of the residue discharge products after the charging process. The residual Na2O2 located on the 
aggregated Au nanoparticles after charging was isolated from the Na+ ions, thus the OER ceased. 
Au nanoparticles resided in between the dashed lines (reproduced with permission from Ref. [106], 
Copyright 2019, Elsevier)

make the experimental conditions more close to the practical LIBs, particularly in 
liquid-electrolyte-based LIBs, a liquid cell is therefore preferred [107–113]. 

Cell Development 

One of the greatest challenges in performing liquid electrochemistry inside a TEM is 
introducing volatile electrolytes into the high vacuum of the TEM sample chamber, 
typically 10−5 Torr or better [59]. One approach is to seal the liquid inside a narrow 
channel that is thin enough to permit electron transmission. One of the first TEM 
liquid cells was created by Williamson, et al., for the study of Cu electrodeposi-
tion during TEM imaging [113]. This platform used two silicon chips with thin 
silicon nitride membranes assembled face to face, sealing in an aqueous electrolyte. 
Several other designs based on this flip-chip approach have been pursued by other 
investigators using membranes of silicon nitride, silicon dioxide, or polymer and 
for studies ranging from imaging of cells in solution to nanoparticle synthesis 
[107, 109, 111, 112]. 

With a focus on developing a versatile electrochemical cell that is TEM-
compatible and that permits high-resolution imaging, Sullivan et al. have used MEMS
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fabrication processes to create a platform with multiple electrical and insulating 
layers [108]. Their design utilizes ultrathin silicon nitride windows that are less 
than 40 nm thick in order to reduce electron absorption during TEM imaging. This 
approach requires small diameter nitride windows (approximately 20 microns to less 
than 5 microns across). The top and bottom chips are sealed by a low-viscosity epoxy 
that wicks along the raised seal ring. 

The liquid cell has produced numerous interesting results, such as the successful 
observation dendrite and SEI formation under liquid electrolyte environments. Some 
representative results in the studies of batteries are present in the following. 

Dendrite and SEI formation in liquid cell 

Zheng’s group [114] report direct visualization of electrochemical lithiation and 
delithiation of Au anodes in a commercial LiPF6/EC/DEC electrolyte for LIBs using 
TEM (Fig. 5.30a–c). The inhomogeneous lithiation, lithium metal dendritic growth, 
electrolyte decomposition, and SEI formation were observed in situ. These results 
shed lights on strategies of improving electrode design for reducing short-circuit 
failure and improving the performance of LIBs.

Gu et al. did excellent comparison experiments on Si NW using liquid cell and 
open cell. The liquid-cell nanobattery approach provides indispensable complemen-
tary information to the widely applied open-cell approach. The complete electro-
chemical process can be more fully understood by combining open-cell and liquid-
cell battery TEM techniques (Fig. 5.30d–f). The open-cell approach provides impor-
tant information regarding the composition, phase transformation, and atomic reso-
lution structural changes of the electrode itself, allowing high-resolution microscopy 
to be obtained. On the other hand, the liquid cell allows the usage of any form of liquid 
electrolyte that is relevant to real battery and full emersion of the electrodes. There-
fore, the liquid cell has tremendous potential for the study of the electrolyte–electrode 
interaction: the SEI formation and growth kinetics [115]. 

Regan’s group [116] reported in situ STEM observations of the electrodeposition 
and stripping of lead on polycrystalline gold electrodes from a 1.5 M aqueous solution 
of lead nitrate (Fig. 5.31). Lead can be induced to deposit in a compact coating or as 
dendrites, with the latter morphology being more likely with abrupt potential changes. 
Individual dendrites are crystalline and grow from their tips most commonly along 
a <100> crystal axis. With its ability to provide real-time, high-resolution images of 
both the reactants and the products in electrochemical processes, in situ fluid cell 
STEM promises to become a powerful tool for solving dendrite formation problems 
in energy storage devices.

Mehdi et al. [117] studied lithium electrodeposition on a Pt working electrode 
using the LiPF6/PC electrolyte in a commercial liquid cell through scanning trans-
mission electron microscopy (EC-S/TEM). They found that a smooth lithium depo-
sition occurred in the first cycle, followed by an uneven deposition in consecutive 
charge/discharge (plating/stripping) cycles (Fig. 5.32). This occurred due to the pres-
ence of dead lithium at the end of each cycle, including from the first stripping 
process. As the cycle progressed, the amount of dead lithium increased. After the 
fifth cycle, they observed the SEI formation on the Pt surface. Simultaneously, the
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Fig. 5.30 a A top microchip patterned with 150-nm-thick metallic indium was covered and sticked 
onto bottom microchip with 120-nm-thick gold electrode deposited on it, which is the assembled 
liquid cell for TEM visualization when embedded in a TEM holder. b A gas bubble emerged between 
the gold electrode and the SEI film; c the growth and dissolution of lithium dendrite (reproduced 
with permission from Ref. [114], Copyright 2014, American Chemical Society) d SEM image of 
the inner side of the biasing chip; e magnified view of the region labeled by the orange rectangle; 
f SEM image showing the welded Si NW electrode onto the Pt contact. Note that the Li location 
is labeled by the light blue color object in panel (d) (reproduced with permission from Ref. [115], 
Copyright 2013, American Chemical Society)

Fig. 5.31 The dendrite growth and collapse (reproduced with permission from Ref. [116], 
Copyright 2012, American Chemical Society)
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edges of the Pt electrode started protruding with the accumulated dead lithium in the 
form of dendrites from beneath the SEI and with increasing number of cycles these 
dendrites grew. They also observed reversible volume expansion in the Pt electrode 
and suggested that Pt is not suitable for electrochemical studies of lithium. 

It should be noted that lithium dendrite growth was also observed in IL cell [118– 
120]. Liu et al. [118] found that Li fibers with length up to 35 µm grew on nanowire 
tip after charging a SnO2/IL/LiCoO2 cell. The Li fiber growth was highly directional, 
i.e., nucleating from the nanowire tip, and extending along the nanowire axis, which 
was attributed to the strong electric field enhancement effect induced by the sharp 
nanowire tip. The study reveals a potential safety concern of short-circuit failure for 
LIBs using nanowire anodes. 

Quantitative nanoelectrochemistry in liquid cell 

By appropriate passivation of the electrode, Leenheer et al. [121] demonstrate that 
it is possible to perform quantitative electrochemical measurement and correlate 
it with the microstructure evolution. They show that by sourcing pA current to a 
liquid-cell electrode, the changing of voltage to the working electrode is recorded, 
which is correlated with the lithium deposition and stripping morphology changes 
(Fig. 5.33). They also observed that the electron beam exposure clearly changed the

Fig. 5.32 High-angle annular dark-field (HAADF) images of Li deposition and dissolution at 
the interface between the Pt working electrode and the LiPF6/PC electrolyte during the a first, b 
second, and c third charge/discharge cycles of the operando cell. The formation of the SEI layer 
(ring of contrast around the electrode), alloy formation due to Li+ ion insertion, and the presence 
of “dead Li” detached from the electrode can all be seen in the images at the end of the cycle, 
thereby demonstrating the degree of irreversibility associated with this process (reproduced with 
permission from Ref. [117], Copyright 2015, American Chemical Society) 
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Fig. 5.33 Li cycling at |J| = 10 mA/cm2 while imaging every 15 s. a BF STEM image before 
deposition, b–c near beginning and end of deposition cycle 1, d–e near beginning and end of 
stripping cycle 1 where disconnected “dead” Li is evident after stripping finished, f–g during 
second deposition, h after second stripping, i after third deposition, j after third stripping, and 
k chronopotentiometry during cycling with the voltage measured versus Ti and inferred versus Li; 
an STEM image was taken at every arrow (reproduced with permission from Ref. [121], Copyright 
2015, American Chemical Society) 

deposition morphology and kinetics of lithium to some extent. Without beam expo-
sure, deposited lithium grains show faceting and needle-like morphology, but after 
exposure to the beam, the growth of any given grain becomes more uniform with a 
presumably spherical geometry. Furthermore, the beam also causes the nucleation of 
new grains that may disrupt the growth of the initial grains by electrical disconnection 
[121]. The quantitative electrochemical measurement opens new avenue to correlate 
state of charge with the microstructure evolution, and thus has great potential for 
quantitative nanoelectrochemistry. 

5.5 Perspective 

In situ biasing TEM has made great contributions in the fields of electronics, nanome-
chanics, electrochemistry, and electromechanical coupling. With the advent of more 
advanced instrumentation such as more sophisticated in situ holders and aberration-
corrected ETEM, we believe that in situ biasing TEM has great potential to reveal the 
physics, chemistry, and mechanics of nanomaterials in operando or conditions closer 
to working environment of practical devices. Challenges and opportunities co-exist.
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1. In the in situ biasing liquid cell, the resolution is still limited due to the thick 
liquid that scatter electrons and the use of thick SiN membrane. Furthermore, the 
electron beam and liquid interaction complicates the data interpretation. Indeed, 
beam and sample interaction does alter reaction kinetics in electrochemical cells. 
Therefore, special precautions need to be taken when conducting in situ biasing 
experiments and data analysis. It is still challenging to conduct chemical analysis 
in a liquid-cell configuration, although progress has been made by optimizing 
the cell design. 

2. Quantitative nanoelectrochemistry is still challenging in almost all in situ elec-
trochemical experiments. The main reason is reaction volume in the in situ 
experiments is usually very small, resulting in weak electrochemical signal. For 
example, the charging current of a single nanowire is within pA scale, most 
of the current source meter cannot source such a small current. This is further 
complicated by the noise level in the experimental environment, which usually 
exceeds the pA level. Better instrumentation and shielding are required for true 
quantitative nanoelectrochemistry. 

3. In situ electrochemical experiments in intercalation and cathode materials are 
still scarce due to the challenges in detecting subtle changes in these materials. 
With advent of new imaging technologies such as aberration-corrected STEM-
ABF or iDPC, imaging the light elements such as H, Li, Na is now routine, 
however imaging the evolution of light elements such as the alkali metals during 
nanobattery operation is still challenging, because the imaging conditions of 
ABF and iDPC are very dedicated and time-consuming, thus lacking the temple 
resolution that is required by in situ electrochemical experiments. 

4. In situ imaging under simultaneous multiple external stimuli such as pressures, 
temperatures, and gaseous environmental are still challenging. Nevertheless, 
these are usually the working environments of practical materials. Therefore, 
developing technologies that permit in situ TEM studies under multiple external 
stimulus are urgently needed. 

5. Fuel cells which are electrochemical devices that convert the chemical energy 
of a fuel (often hydrogen) and an oxidizing agent (often oxygen) into electricity 
through a pair of redox reactions. Fuel cells can produce electricity continuously 
for as long as fuel and oxygen are supplied. Fuel cell is an important device to 
power electrical vehicles. However, the use of rare earth metals such as Pt and Ru 
rending it very expensive. Searching for cheap catalysts for is a grand challenge 
for fuel cell technology. In situ TEM of fuel cell has not been realized due to 
technique difficult to construct a miniaturized fuel cell device that is operative 
inside the limited space of a TEM sample chamber; nevertheless, this is a very 
important field that has not been explored. 
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Chapter 6 
In-Situ Optical TEM 

Peng Wang, Feng Xu, Peng Gao, Songhua Cai, and Xuedong Bai 

6.1 Introduction 

Nanomaterials and devices with diverse response mechanisms to light, including 
photocatalytic, photoemissive, photoconductive, and photovoltaic effects at the 
atomic or molecular level, have attracted special attention in recent years [1, 2]. 
These functional materials play an irreplaceable role in several key fields including 
pollution disposal [3], clean energy [4], and optoelectronic devices [5]. 

Transmission electron microscopy (TEM) is one of the most powerful character-
ization tools for studying nanostructures. In recent decades, the rapid development 
of aberration correctors has made it possible for conventional TEM to characterize 
the structure, composition, and spectroscopy of samples at the subatomic scale [6, 
7], so as to better understand the principle of material performance, which greatly
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promotes the development of nanomaterials [8–11] and devices [12–15]. However, 
this characterization only observes the static states of materials, that is, obtaining 
ex situ information. With the rising experimental requirements of advanced optical 
functional materials and devices, it is of great importance to introduce illumination 
into the TEM to realize in situ measurements for the determination of correlations 
between optical properties and microstructures [16]. 

Due to the confined geometry inside the TEM chamber, early research usually 
introduced the light stimuli generated by the external light source into the micro-
scope through light-paths composed of optical fibers and mirrors. The first reported 
in situ illumination TEM experiment was carried out over three decades ago by K. 
Suzuki et al. [17]. They managed to insert an optical fiber into the specimen chamber 
and studied the dislocation motion in IIB-VIB compounds with direct illumination. 
From then on, several groups upgraded the TEM column for modification. Y. Ohno 
et al. designed an opto-TEM system by fixing mirrors and optical fibers into the 
JEOL JEM 2000-EX microscope to obtain TEM data, photoluminescence (PL), and 
cathodoluminescence (CL) spectra simultaneously [18–21]. M. Picher et al. replaced 
the objective aperture holder with a rod-mirror assembly to deliver the laser and 
collect CL and Raman spectroscopic signals [22]. B. K. Miller et al. developed an 
optical fiber system for in situ ultraviolet (UV)-visible illumination to study nanos-
tructured photocatalysts [23]. Apart from direct modifications to the TEM column, 
customizing versatile TEM holders are also considered low risk, easy ways to intro-
duce light-paths into the TEM. Tanabe et al. developed a new type of TEM holder 
for collecting CL light [24]. D. Shindo et al. developed an opto-TEM holder with 
a laser irradiation port combined with a piezo-driven probe [25]. F. Cavalca et al. 
developed both a lens-based and a fiber-based opto-TEM holder [26]. Gatan Inc. 
eventually developed this method into the commercial Gatan sample holders. 

The major advantage of introducing external light stimulus through the light-
path is broadband and reversibility. A light-path can introduce illumination from 
several external light sources and collect optical signals emitted from the sample 
simultaneously, which enables the detection of PL, CL, and other spectra. Besides, 
lenses in a light-path have high power transmission efficiency, as well as the capability 
of focusing light to produce a tiny probe with high intensity [26]. 

Although the introduction of in situ illumination can be achieved by the light-
path method, the complex optical connection, and large-scale modifications of TEM 
and holders may lead to a decrease in reliability and general use. In addition, it is 
difficult to carry out a joint test of various in situ methods, such as electrical and 
mechanical, in the micro-region of the sample due to the occupation of the space 
by the light-path components. This problem can be solved by the method based on 
TEM-STM holders. P. Gao et al. first employed a light-emitting diode (LED) chip 
inside the in situ TEM-STM holder to determine the photoconducting response on 
the bending of ZnO nanowires [27]. The same setup was then used by S. Yang et al. 
to study the coupling of the piezoelectric effect and the electrical, optoelectronic, and 
electromechanical properties of ZnO nanowires [28]. Later, H. Dong et al. upgraded 
their setup with simultaneous picoampere precision and high stability for atomic 
resolution imaging [29]. They managed to build a single nanowire quantum dot
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heterojunction solar cell (QDHSC) on the holder and achieve a nearly ideal quantum 
efficiency via precise interfacial tuning [30]. 

While the TEM-scanning tunneling microscope (STM) holder provides a supe-
rior platform for multi-functional in situ micro-area testing, the stability and mini-
mization of modification can be further improved by the solution based on in situ 
microelectromechanical system (MEMS) chips. Due to the recent development of 
MEMS technology, increasing functional devices can be integrated into a micro-chip 
to build a lab-on-chip, which makes it a hot spot to apply in situ MEMS chips instead 
of traditional devices for in situ research [31–33]. Under the reference of mature 
and widely used commercial products, S. Cai et al. provided a practicable method 
to realize in situ optoelectrical experiments by designing a MEMS chip with a LED 
mounted on it [34]. Unlike traditional large size light sources such as lamps and 
lasers, LEDs with smaller sizes are appropriate for in situ illumination in the front 
of the TEM holders, thus minimizing modifications to the in situ TEM holders. 

These different technical solutions all have preponderant applications in specific 
material systems and research interests. For the best experimental results, a careful 
selection of techniques and facilities is important. Different from some existing 
reviews of in situ optical fields [35], in order to let readers better understand the 
implementation details and application fields of different technical routes, in the next 
session, we will first describe the implementation details of the three major technical 
routes in detail. In the third section, we will describe three typical application fields 
of photocatalysis, PL/CL, and photocurrent according to different application fields. 
Finally, we will look into the future of in situ opto-TEM technology in the fourth 
section. 

6.2 Three Typical Technical Routes for in Situ Optical 
Experimental Setups 

6.2.1 Based on Light-Path 

Techniques based on mirrors and/or fibers inside a TEM chamber for illumination 
and detection are summarized below. Mirrors fixed inside a TEM chamber can be 
used to collect and focus the emitted light from the specimen. With the combination 
of optical fibers, mirrors, and optical lens, the light-path designed for meeting specific 
research demands can be achieved with a broadband of light sources and reversible 
path. 

Methods 

The in situ opto-TEM observation apparatus developed by Y. Ohno et al. combined 
mirrors and an optical lens to introduce a monochromatic light onto the specimen 
in the TEM [19]. As shown in Fig. 6.1a, the monochromatic light beam was first 
collimated by an optical lens outside the TEM. Then, the light beam was reflected by
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a half mirror and introduced into the TEM through an optical window attached on 
the side of the TEM column. It was reflected to the sample by a reflection mirror in 
the column, which was located above the objective lens and on the axis of an electron 
beam. The reflection mirror just below the electron source had a small opening to pass 
through the electron beam. The horizontal displacement of the optical lens would 
change the position of the light spot on the specimen surface, which is on the order 
of 100 μm diameter. For collecting luminescent light from the sample, an ellipsoidal 
mirror was inserted inside the gap of the pole pieces of the objective lens to focus 
the emitted PL and CL light to an optical fiber. The optical fiber then transmits the 
light into a monochromator. 

Y. Ohno et al. further improved the system to reach a smaller sized light probe 
with a near-field light (shown in Fig. 6.1b) [21]. In this apparatus, the laser beam 
from an optical fiber was first paralleled with the optical lens and then introduced into 
the microscope by a half mirror. The introduced light was parallel to the revolution 
axis of the parabolic mirror and could be converged on the focus of it. Most of the

Fig. 6.1 Schematic view of 
an in situ opto-TEM 
apparatus for a illumination, 
and b micro- and near-field 
photo-excitation. An image 
of the CL signal and a laser 
spot is shown in the inset of 
b (a Reproduced with 
permission from Ref. [19], 
Copyright 2009, John Wiley 
and Sons; b reproduced with 
permission from Ref. [21], 
Copyright 2014, Elsevier) 
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laser light was transmitted to the focus, forming an intense far-field light probe of 
10 μm in diameter. A 514.5 nm laser light was used to illuminate the tip and the 
power density was on the order of 2 × 103 W/m2. A tungsten tip was then fixed 
close to the specimen for the purpose of the near-field light. Due to the tip-enhanced 
effect, a near-field light was induced adjacent to the tip. In this case, the path of the 
emitted light was identical to that of the introduced light. 

The apparatus improved by Y. Ohno et al. could achieve a smaller beam spot and 
near-field light excitation. Nevertheless, the achievable functions by these means 
are still relatively limited. To realize the characterization of multiple materials and 
phenomena, P. Crozier et al. designed an opto-environmental transmission electron 
microscope (ETEM) setup for UV–visible illumination of specimens in photocat-
alytic experiments (Fig. 6.2a) [36]. The optical fiber fixed inside a brass tube could 
provide light illumination, and the fiber tip could lead the light onto the specimen. 
Besides, a piezo-driven optical holder which contains a multimode fiber to provide 
illumination could attain greater flexibility and microzone illumination (Fig. 6.2b) 
[37]. On this basis, Gatan developed commercial sample holders with more functions 
by combining fibers and mirrors into holders. 

Figure 6.3a shows a Gatan Vulcan™ CL detector which consists of a sample holder 
with the sample elliptical aluminium mirrors that are positioned above and below 
the specimen. The emitted light could be converged by the collecting mirrors into 
the optical fibers and then directed into the detector [38]. Although the light signal

Fig. 6.2 Schematic view of 
a an opto-ETEM apparatus 
(reproduced with permission 
from Ref. [36], Copyright 
2013, American Chemical 
Society) and b a 
piezo-driven optical holder 
(reproduced with permission 
from Ref. [37], Copyright 
2015, IOP Publishing) 
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emitted from the specimen under illumination could be gathered from anywhere 
as a result of the fixation of collecting mirrors above and below the specimen, the 
most efficient region for collection is the focal point with a size of ~100 μm2 of the 
collecting mirrors. The range of dispersion of this Gatan Vulcan™ CL detector is 
from 5 to 30 meV. Figure 6.3b shows a cryo-CL holder in ETEM designed by M. 
Vadai et al. and Gatan, Inc. [39]. The parabolic mirrors are able to focus the light 
and the electron beam can pass the wide aperture with 500 μm in diameter of the 
adjacent mirrors above the sample. The temperature could be precisely controlled 
with an error of ±0.1 K. Compared to the modifications to the TEM chamber, the 
holder integrated with mirrors and fibers is more flexible, adaptable, positionally 
accurate, and sharable for different TEMs. 

Functions 

The functions based on the method of light-path are broadband light and reversibility 
of the optical path. 

First, optical fibers, as a kind of flexible light source, can provide control of light 
illumination through connecting to laser diodes with different wavelengths of light, 
which is a distinct advantage in contrast to the light source with a single wavelength 
(Fig. 6.4a) [37].

Secondly, for the method developed by Y. Ohno et al., the laser light from an 
optical fiber was directed into the TEM column by a half mirror. Then, PL, CL, 
and Raman signals generated by the laser beam could be gathered by the parabolic 
mirror. Via the same light-path, these emitted lights were collimated into parallel 
lights, exported into a 140 mm spectrometer, and finally collected by a CCD detector 
(Fig. 6.4b) [20]. Thus, the path of introduced light is the same as that of emitted light. 
By means of this method, the optical spectra data and the TEM data could be obtained 
simultaneously, and the optical properties of an extended defect could be analyzed 
with a typical spatial resolution of about 200 nm and a spectral resolution about 
1 meV in the spectral range of 1.9–3.3 eV [19]. Besides, the modified in situ opto-
TEM observation apparatus is applicable for in situ photo-excitation measurements 
(Fig. 6.5) [21]. Far-field collimated light transmitted into the TEM can form an

Fig. 6.3 The schematic view of a a Gatan Vulcan™ CL detector (reproduced with permission from 
Ref. [38], Copyright 2017, Elsevier) and b a cryo-CL holder in ETEM (reproduced with permission 
from Ref. [39], Copyright 2018, Springer Nature) 
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Fig. 6.4 The schematic view of a optical fibers connected to different laser diodes (reproduced with 
permission from Ref. [37], Copyright 2015, IOP Publishing) and b an in situ opto-TEM apparatus 
(reproduced with permission from Ref. [20], Copyright 2012, The Japan Society of Applied Physics)

intense light probe of 10 μm in diameter, which induces an intense near-field light 
adjacent to the metal tip apex. 

Meanwhile, light illumination and optical detection could be achieved by inserting 
optical fibers into a sample holder. The Gatan CL holder, which was developed by 
this method, could achieve CL detection for STEM samples. The mirrors around the 
sample can collect the emitted light signal, which was simultaneously induced by 
the electron beam [38], and achieve a reversible light-path. Also, the emitted light 
signal from the specimen could be collected from anywhere in the sample disk, and 
thus highly efficient collection could be accomplished.

Fig. 6.5 An external view of 
an in situ opto-TEM 
apparatus for micro- and 
near-field photo-excitation 
(reproduced with permission 
from Ref. [21], Copyright 
2014, Elsevier) 
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6.2.2 Based on the TEM-STM Holder 

As shown in Sect. 6.2.1, the techniques based on mirrors and/or fibers inside a 
TEM chamber for illumination and detection have an obvious limitation on the 
capabilities of in situ electrical and mechanical TEM observation. However, the 
high-performance TEM-STM sample holder is shown in Fig. 6.6, which allows the 
direct visualization of the operation of nanoscale devices mounted on it, and can be 
employed to elucidate the charge transfer and microstructural evolution during the 
operation of lithium–ion batteries [40] and resistive memories [41, 42] and study the 
liquid-like deformation mechanism of sub-10-nm crystalline silver particles [43]. 
As electronic packaging technology develops, the common surface-mounted LED 
is nearly 3 × 1.5 × 0.5 mm in size. Besides, TEM-STM holders have electrodes 
with moderate distances fabricated on the sample side, which can provide voltage 
for LED lighting. Furthermore, considering that the piezo-part takes up most of the 
space in TEM-STM holders brings complexities on methods of using lens and fibers, 
thus using LEDs as light sources has more simplicity and better air tightness for no 
reformation on the TEM. By combining the LEDs with the TEM-STM holders, 
in situ optoelectrical studies of these energy devices can offer valuable insights on 
the fundamental understanding of the critical factors for further enhancing device 
performances. 

Methods 

P. Gao et al. reported electrical transport coupled with optical and piezoelectric 
properties of individual ZnO nanowires by introducing ultraviolet illumination during 
TEM imaging, which can be recognized as a typical case of combining LED with 
TEM-STM holder [27]. The experimental setup is designed as schematically shown 
in Fig. 6.7.

Based on that, H. Dong et al. developed an in situ photoelectric system shown in 
Fig. 6.8, which combines a custom-designed photoelectric TEM holder reformed on 
a commercially available Nanofactory TEM-STM holder with an external electric 
measurement system [29, 30]. As shown, the homemade in situ photoelectric setup

Fig. 6.6 Schematic diagram 
of one kind of TEM-STM 
sample holder (reproduced 
with permission from Ref. 
[44], Copyright 2007, 
Springer Nature) 
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Fig. 6.7 Setup for in situ TEM photoelectric measurements (reproduced with permission from Ref. 
[27], Copyright 2009, Royal Society of Chemistry)

Fig. 6.8 Schematic diagram of the in-house-designed photoelectric sample holder (reproduced 
with permission from Ref. [29], Copyright 2018, Royal Society of Chemistry) 

replaces the original electrical measuring system, which was previously inserted 
into the slot of the TEM-STM holder. Besides, the shielding system connected with 
a picoampere meter is designed to measure ultra-small currents. 

Sapphire (Al2O3) was selected as the substrate and serves as a support for both 
the LED and electrode. Due to its high resistivity (>1011Ω ·cm), the sapphire support 
can reduce current interference during imaging. The preparation procedure of the 
photoelectric measurement system is shown in Fig. 6.9. First, the sapphire substrate 
is cut into pieces of size 4.0 × 2.4 mm. Small holes with diameter of 0.3 mm are then 
drilled to affix the Cu grid. Next, an appropriately sized shadow mask was placed on 
the sapphire substrate; after which, a gold film was deposited by planar magnetron 
sputtering to make the selected area conductive. Subsequently, the LED is placed on 
the substrate using conductive silver adhesives. Finally, the LED is activated to emit 
light using the indigenous power system.

By implanting different kinds of LEDs on the sapphire substrate, lights of different 
wavelengths can be emitted inside the TEM as Fig. 6.10 depicts. In addition, different 
LEDs can be simultaneously implanted on the holder and the intensity of the light
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Fig. 6.9 Preparation of the photoelectric block and a photograph of the lighted LED emitting white 
light (reproduced with permission from Ref. [29], Copyright 2018, Royal Society of Chemistry)

can be controlled by adjusting the output voltage of the homemade power supply 
system (Fig. 6.11). 

The quality of the TEM image was deteriorated when using the DC-regulated 
power supply or the battery, originates from the unstable output voltage. To circum-
vent this problem, a stable DC output voltage system was designed and composed

Fig. 6.10 Visible light emission of different wavelengths from LEDs implanted on the holder 
inside the TEM. a–g show red, orange, yellow, green, blue, purple, and white emissions, respec-
tively. h Both red and blue light can be switched on simultaneously. The intensity adjustment of blue 
(i) and red light (j). (reproduced with permission from Ref. [29], Copyright 2018, Royal Society of 
Chemistry)
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Fig. 6.11 a Schematic 
diagram of our power supply 
for the LED. The precision 
of the voltage controller can 
be increased to measure 
voltages of 0.01 V. b System 
layout diagram (reproduced 
with permission from Ref. 
[29], Copyright 2018, Royal 
Society of Chemistry)

of five parts: a commercial DC power supply that functioned as the power source, 
an ultra-low-dropout chip TPS7A7001 for steady voltage, a keyboard for voltage 
output time setting, an LCD12864 display module to display the voltage values, and 
a regulator to adjust the voltage as displayed in Fig. 6.11a. The working principle of 
this system is demonstrated in Fig. 6.11b. This design allows for an ultrahigh steady 
voltage output of a certain magnitude while converting commercial direct current 
into ultra-steady direct current output. Thus, high-resolution and stable TEM images 
at atomic level can be achieved when irradiated by light from the LED. Besides, it 
is worth noting that when LED being switched on and off, it would induce signif-
icant drift which would break the contact of tip onto the sample. Therefore, the 
actual operating procedures should follow the sequential steps: TEM imaging— 
LED on—waiting for stabilization—contact tip—close column valves—electrical 
measurement. 

Functions 

It is worth noting that by precisely controlling the movement of the Pt tip of the TEM-
STM holder, the custom-designed photoelectric TEM holder can achieve in situ 
dynamic observation under multiple stimuli, such as stress and voltage load. In 
combination with the LED fixed on the TEM-STM holder, P. Gao et al. investigated 
the piezoelectric effects of ZnO nanowires under UV illumination [27]. As shown in 
Fig. 6.12, with increased bending of ZnO nanowire by applying stress, the photocur-
rent shows an obviously decreasing trend at a bias of 5 V. After turning off the LED, 
the photocurrent undergoes a decay time which shortens with increased bending [27]. 
This example clearly displays the typical functions of the photoelectric system.

The accuracy of a photocurrent measurement can be further improved when 
adding a designed shielding system in the circuit [27]. The detail of the shielding



162 P. Wang et al.

Fig. 6.12 a TEM image of the initial ZnO nanowire. b–d TEM images of bending ZnO nanowire. e 
Corresponding photocurrent and dark current and response of the ZnO nanowire for three different 
bending cases (reproduced with permission from Ref. [27], Copyright 2009, Royal Society of 
Chemistry)

system is shown in Fig. 6.13a. In the Keithley Model 6430 Sub-Femtoamp Remote 
SourceMeter, the triax connector includes a central conductor with a connector 
(High), an outer shell (Low) for electrical measurement, and an inner shell (Guard) 
of DC shielding to reduce noise in the measurement. In the DC shielding, the guard 
port is connected to the inner port to enable its potential as the same as the high 
port and prevent current leakage from the sample. External electrostatic shielding 
is to eliminate the influence of ambient electric and magnetic fields. As depicted in 
Fig. 6.13b, after multiple measurements and while the LED is being switched on and 
off, the shielding system can achieve a current test accuracy within 0.5 pA. Thus, the 
designed shielding system is suitable for measuring ultra-small current and providing 
a method for precise explaining the relationship between crystal structure and device 
performance.

6.2.3 Based on in Situ MEMS Chips 

While the application of in situ TEM-STM holders provides an efficient method 
for in situ experiments, the mechanical contact between movable tips and samples 
often leads to stability reductions, which can hardly meet the requirements of high-
resolution in situ characterization. 

With the recent developments of MEMS technology, the combination of an in situ 
holder and specially functionalized MEMS chips has been recognized as a superior 
route for performing in situ investigations. The MEMS chip serves as a functional 
sample carrier that can provide localized physical or chemical stimuli for in situ 
measurements without modification of the TEM or holder. The functional devices 
on the chips are micro- or even nanoscale, which can be directly set at the position
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Fig. 6.13 a Schematic of the shielding system in current measurement. b Current–time curves in 
the dark and under light exposure (reproduced with permission from Ref. [29], Copyright 2018, 
Royal Society of Chemistry)

of the sample and thus accurately apply various stimuli to the micro-area where the 
samples located. 

With the advantages such as high working efficiency, high sample stability, and 
easy operation, a variety of in situ MEMS chips used in thermal [45], electrical 
[32, 46], mechanical [32], and liquid/gas environmental [47] in situ tests have been 
developed; however, MEMS chips with photoelectric functions have not attracted 
widespread attention. Through a combination of an LED and MEMS chip, not only 
highly stable in situ illumination conditions can be achieved, but also the joint in situ 
testing of various environmental conditions and device conditions can be expanded 
in the future. In addition, the light components on the MEMS chips can be further 
upgraded to micro-fibers, lenses, or even laser diodes. 

Method 

Figure 6.14 is a schematic diagram of the optoelectrical MEMS chip developed by 
S. Cai et al. [34]. This optoelectrical MEMS chip is specially designed to adapt 
commercialized in situ TEM heating systems, which usually consist of a controlling 
computer, power supply, TEM holder, and heating chips. Typical products such 
as DENS solution DH30 [48] or Protochips Thermal E-chips [49] usually have 
four needles (Fig. 6.14c) for electrical connection with MEMS chips, which can 
be adapted for optical and electrical functions.
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Fig. 6.14 a Plane-view and b cross-sectional structure of an in situ MEMS chip. The yellow area 
represents the four gold electrodes on the chip surface, and the LED is connected to the middle two 
electrodes, facing the sample area. The outer two electrodes are connected to two micro-electrodes 
in the sample area. c Top views of the tip of the DENS solution DH30 holder, showing the four 
needle contactors for electrical connections (reproduced with permission from Ref. [34], Copyright 
2018, Elsevier) 

As shown in Fig. 6.14a, gold electrodes deposited on the chip surface serve 
as electrical and optical channels. The outer two electrodes are connected to two 
micro-electrodes in the centers of the chips, where a window is opened for passing 
through the electron beam and covered by the suspending Si3N4 membrane with 
tiny holes to support the transferred samples. For low-dimensional samples such as 
nanowires and 2D materials, it is possible to directly transfer them onto the micro-
electrodes, whereas cross-sectional samples prefer deposited Pt welding for electrical 
connections using focused ion beam (FIB) systems. 

The side-emission LED is connected to the middle two electrodes, facing the 
sample area to provide in situ illumination. Appropriate LEDs should meet these 
requirements: (i) the compatibility of the holder with an additional LED chip, (ii) 
direct light illumination over the sample area, and (iii) no magnetic components to 
avoid imaging distortion. By adopting the proper commercial LEDs with different 
wavelengths as shown in Fig. 6.15, this in situ MEMS chip can produce a variety of 
in situ illumination conditions inside the TEM chamber.

To utilize both electrical and optical channels for illumination control and high 
accuracy detection of the electrical signal from the sample, a Keithley dual-channel 
source measure unit (SMU) was used as the power supply and signal detector. A user-
friendly custom control system was programmed in LabVIEW software to achieve 
remote control of this MEMS-chip-based in situ optical system. The interface of the 
control program is shown in Fig. 6.16. With basic functions such as changing working 
modes, adjusting working parameters, presetting input waveforms, and showing I/O
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Fig. 6.15 Commercial LEDs with different wavelengths are implanted on the in situ MEMS chips 
and operate under real working conditions (reproduced with permission from Ref. [34], Copyright 
2018, Elsevier)

status, one can freely adjust the light intensity and obtain electrical data automatically, 
with all signal curves displayed in real time.

Functions 

The use of the in situ optoelectrical MEMS-chip-based system ensures that in situ 
illumination can be simultaneously applied with electrical measurements to the 
sample inside the TEM chamber with minimum modifications. This in situ system 
can achieve a variety of lighting conditions with the selection of commercial LEDs 
with different wavelengths. In addition, its favorable stability under working condi-
tions makes it possible to be combined with advanced TEM techniques such as 
aberration-corrected S/TEM, electron energy loss spectroscopy (EELS), and energy 
dispersive spectroscopy (EDS) to achieve atomically resolved in situ observation and 
spectroscopic measurements. 

The intensity of light illumination can be quantified by numerical simulation. This 
simulation was carried out based on an accurate optical model of the entire sample 
system. The maximum incident light intensity in the sample area reaches 150 W/m2 

under a forward current of 5 mA for the blue LED (470-nm working wavelength), 
which can be accurately adjusted by controlling the input current. The electrical Joule 
heating generated by circuits may lead to decreased sample stability. However, this 
thermal drift quickly reaches a steady state within approximately 2 min. As shown in 
Fig. 6.17, the drifting test using an FIB-prepared cross-sectional sample with the LED 
in a working state suggests that the drifting rate soon decreased to less than 1 nm/min
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Fig. 6.16 The control interface of an in situ optoelectrical system programmed with LabVIEW

after reaching a steady state. This level of stability meets the requirements for atomic 
resolution HRTEM and HRSTEM imaging, as well as spectroscopic analyses such 
as EDS and EELS.

6.3 Applications 

Since the first in situ opto-TEM work from 1984, this technique has already gone 
through several generations with the development of both in situ facilities and TEM 
hardware. From modification of the TEM chamber to specified in situ holders and 
MEMS chips, in situ optical measurements have become more available and user 
friendly. However, the combination with new types of TEMs like ETEMs has effec-
tively extended the characterization range and understanding of functional mate-
rials working for pollutant disposal, semiconductors, and clean energy. For typical 
research contents focused on different physical mechanisms, such as photocatalysis,
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Fig. 6.17 Quantification of light intensity and evaluation of sample drifting rate. a Simula-
tion result of light intensity distribution, the maximum incident power density at sample region is 
150 W/m2. b TEM images taken with the LED off and on at 0 s and after 90 s, respectively. The 
sample drift rate was less than 1 nm/min, suggesting that any additional thermal drift induced by the 
LED illumination to the sample was small (reproduced with permission from Ref. [34], Copyright 
2018, Elsevier)

PL/CL, and photocurrents, in situ illumination/analysis of photosignals plays an irre-
placeable role for structure–property exploration. Also different in situ optical tech-
niques have respective application advantages, and the selection should be based on 
the sample status and photoresponse properties to be studied. Three application topics 
for in situ optical measurements on physical mechanisms of photocatalysts, PL/CL, 
and photocurrents will be reviewed in this section, which may provide available 
references for researchers to design and conduct in situ optical experiments. 

6.3.1 Photocatalyst 

Due to diminishing fossil fuel reserves, a promising solution that generates clean 
carbon energy from renewable resources, such as sunlight, has attracted much atten-
tion [50]. However, the petrochemical industry and fuel consumption have induced 
serious atmospheric pollution, which also makes pollutant disposal a critical task. 
Photocatalysts provide a possible solution for the recombination of chemical bonds 
in a much simpler way, which may be widely used in the future environmental 
protection industry [3]. For further understanding of underlying fundamental reac-
tion mechanisms and structure–property relationships of photocatalysts, it is neces-
sary to characterize their behaviors under real working conditions using in situ 
investigations.
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Fig. 6.18 a Schematic diagram of an in situ TEM observation system for photochemical reaction. 
Ultraviolet light is introduced into a 200 kV high-resolution electron microscope through an optical 
guide. b Electron micrograph of a hydrocarbon/TiO2 sample which had been illuminated for 3 h. 
c EELS spectra with ultraviolet irradiation. The peak of the carbon-Kedge, which shows the exis-
tence of organic materials, has decreased with increasing ultraviolet irradiation (reproduced with 
permission from Ref. [51], Copyright 2004, AIP Publishing) 

K. Yoshida et al. constructed an in situ TEM system which introduced optical 
guides directly into the TEM chamber for observation of the photoreactions 
(Fig. 6.18a) [51]. This system can provide a light intensity up to 10 mW/cm2 at 
a sample plane with a light wavelength of 360 nm, applicable for stimulating photo-
catalytic reactions of hydrocarbons on TiO2 films. HRTEM images reveal a clearer 
lattice structure of TiO2 after irradiation than before (Fig. 6.18b), which suggests 
a decomposition of the organic material covered on TiO2. An EELS spectrum also 
shows an obvious decrease of carbon-K edge (E = 283.8 eV) occurring after long 
time UV irradiation, further demonstrating the photocatalyzed organic decompo-
sition phenomenon (Fig. 6.18c). Further studies on oxygen release and structural 
changes in TiO2 films during photocatalytic oxidation have also been carried out 
using the same in situ setup [52]. 

L. Zhang et al. employed atomic resolution ETEM to study the structural evolution 
of anatase nanoparticles under 1 Torr of water vapor and broadband light illumination 
with a total intensity of 1430 mW/cm2 [36]. An in situ heating holder was also 
used to provide a temperature of 150 °C to simulate the vapor-phase water splitting 
(Fig. 6.19a). During this in situ reaction procedure triggered by light illumination, 
anamorphous phase with a thickness of about one to two monolayers occurs in the 
initially crystalline surface (Fig. 6.19b). Further, EELS and X-ray photoelectron 
spectroscopy (XPS) characterization both reveal that the oxidation state of titanium 
in the surface amorphous layer is +3, while in the bulk is +4 (Fig. 6.19c, d). The 
amorphous layer remained stable with no thickness increase over time. This study 
is the first atomic resolution study on the surface evolution of anatase nanocrystals 
under photocatalytic splitting of water. This system was also utilized for in situ 
characterization of other photocatalysts under different environmental conditions 
[53, 54].
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Fig. 6.19 a Schematic diagram of an in situ TEM showing gases flowing into the sample chamber, 
an in situ heating holder for temperature control, and an optical fiber supported by a brass tube 
perpendicular to the sample rod for light illumination. b Surface disorder occurs in TiO2 anatase 
nanocrystals under in situ UV light illumination and H2O gas environment when photocatalytic 
splitting of water occurs. c EELS spectra from the surface and bulk of the irradiated anatase samples. 
d XPS spectra of the irradiated and unirradiated anatase samples (reproduced with permission from 
Ref. [36], Copyright 2013, American Chemical Society) 

F. Cavalca et al. developed two kinds of in situ TEM holders for realization of the 
photocatalytic reaction inside an ETEM [26]. One used a laser diode casing and a two-
lens optical system that can guide light emitted from the laser diode onto the sample 
position. The other used fibers as light-paths to introduce light from external light 
sources. An in situ observation of photodeposition of Pt nanoparticles was carried out 
using this in situ TEM holder combined with ETEM (Fig. 6.20). The H2PtCl6 vapor 
reacted on the surface of the GaN:ZnO particle, which is a highly active photocatalyst 
for water splitting under visible light exposure. After 4-h illumination with 405 nm 
wavelength and an intensity of 6 W cm−2, Pt nanoparticles appeared homogeneously 
on the surface of the GaN:ZnO with the disappearance of the amorphous layer. 
Similar work on photodeposition of Au nanoparticles on TiO2 under UV light was 
also reported using a specimen chamber with an introduced optical fiber [55].

With the in situ TEM holder developed to contain fibers for light illumination, 
F. Cavalca et al. then carried out in situ observation of the photoreduction of Cu2O 
to metallic Cu under water vapor and illumination with 405 nm light at 6 W/cm2 

inside the ETEM [56]. The shape and morphology changes were obvious during the 
reaction, which was directly revealed by TEM-BF images (Fig. 6.21a–f). Selection 
area electron diffraction (SAED) was also used for structural analysis. As shown in 
Figs. 6.21g–l, a new (111) reflection of individual Cu grains gradually appeared with 
increased extent of reaction until exposed to UV light and water vapor for 75 min.
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Fig. 6.20 a Schematic sketch of the Pt photodeposition process. Light generates an electron– 
hole pair in the GaN:ZnO photocatalyst. Electrons and holes migrate to the surface and activate 
reactions with the surrounding chemical species. The electrons are responsible for the Pt precursor 
decomposition, while the holes drive the water oxidation reaction. b, c Bright-field TEM images 
of a GaN:ZnO particle b before and c after reaction in 5 mbar H2O and  with  6 W cm−2 light at a 
wavelength of 405 nm. The two images were acquired in vacuum, and the reaction was carried out 
in the absence of the electron beam. The arrows in c show some of the deposited Pt nanoparticles 
(reproduced with permission from Ref. [26], Copyright 2012, IOP Publishing)

This study provides a time-resolved systematic analysis of the light-activated reaction 
which demonstrates the reduction process of Cu2O into Cu, as well as giving further 
insight into the photoreduction reaction mechanisms.

6.3.2 PL and CL 

Semiconducting materials, such as ZnO, AlN, and GaN, have been widely studied 
due to their unique optical and electronic properties for fabricating various optoelec-
tronic devices including field effect transistors, LEDs, photodetectors, etc. [19, 57– 
59] TEM combined with in situ illumination/detection can provide us with immediate 
experimental evidence and profound understanding by correlating the microstruc-
ture (morphology, crystal orientation, atomic structure, etc.) with the optical and 
electronic properties of lattice defects in semiconducting materials by measuring 
the PL and CL [20, 60]. Besides, EELS, which is used to study optical properties 
such as light extinction and scattering, can be simultaneously available and thus 
provide complementary information with respect to CL during in situ studies [61– 
63]. Therefore, we could establish a direct correlation between structural properties 
and functional optical properties of semiconducting materials by means of in situ 
TEM optical analysis. 

The selective photo-excitation of a single dislocation can be demonstrated by the 
use of the near-field light probe [20, 21]. For a diamond film (Fig. 6.22a), the PL, 
CL, and Raman spectra can be acquired from the same specific region as shown in 
Fig. 6.22. FromFig.  6.22c, d, the observed Raman spectrum with a peak at 1332 cm−1 

and a zero-phonon PL spectrum with a peak at 2.156 eV, as well as its phonon replicas, 
are correlated with nitrogen impurities and vacancies because of the variation of
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Fig. 6.21 a–f TEM-BF images and g–l corresponding SAED patterns of Cu2O particles inside 
in situ ETEM before and during the photocatalytic reaction (every 15 min from 0 to 75 min). 
Obvious changes can be found on the shape and morphology of particles. New reflections for 
metallic Cu also appeared in SAED patterns. Scale bar is 50 nm (reproduced with permission from 
Ref. [56], Copyright 2013, John Wiley and Sons)

the zero-phonon lines obtained at different strains and the absence of local mode 
structures. The CL spectrum acquired from the same region (Fig. 6.22e) shows similar 
features to the PL, which should also be associated to the nitrogen impurities and 
vacancies. However, the signal-to-noise ratio of the CL spectrum is better than that 
of the PL spectrum.

The newly developed parallel-detection-mode CL-STEM by S. Lim et al. 
(Fig. 6.23a), which can minimize the impact of electron beam irradiation damage, can 
also correlate optical properties with the microstructures of GaN/AlGaN nanowires 
[60]. Figure 6.23b shows the observed CL spectrum with a peak at 365 nm corre-
sponding to the near-band-edge (NBE) emission of GaN at room temperature. Its 
intensity gradually diminished as the specimen was cooled. The new peak at 378 nm 
(110 K) could be considered as donor–acceptor pair (DAP) emission as well as LO-
phonon replicas, which is related to the acceptor impurities or defects like the SiN 
or VGa-O complexes. Figure 6.23d, e indicates that two kinds of emissions were 
generated from the core, suggesting the uniform distribution of dopants with small 
variations. From Fig. 6.23f, the DAP emission was quenched at the corners of the
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Fig. 6.22 a A TEM image and b the corresponding PL spectrum taken from the area of a diamond 
film in a (reproduced with permission from Ref. [21], Copyright 2014, Elsevier) c Raman, d PL, 
and e CL spectra taken from the same area of a CVD-grown diamond film (about 500 nm thick) 
(reproduced with permission from Ref. [20], Copyright 2012, The Japan Society of Applied Physics)

nanowire, which may result from piezoelectric and spontaneous polarization in the 
shell.

Besides nanowires, the high spatial resolution of STEM-CL also enables the 
ability to observe InGaN/GaN quantum wells (QWs) in LED devices. The reduced 
quantum confined Stark effect in InGaN/GaN QWs LEDs was reported using such a 
technique. Figure 6.24 shows six spectral features related to QWs1-6. The CL spatial 
resolution is much smaller than the diffusion length of the carriers (~100 nm for GaN, 
InGaN) that limits the overall resolution, and the improved CL spatial resolution can 
be attributed to the carrier’s quantum confinement. Similar work on GaN quantum 
disks and red quantum dots have also been studied [64, 65].

Through the combination of EELS and CL measurements by A. Losquin et al. 
(Fig. 6.25a), nanometric-scale extinction and scattering phenomena were unveiled 
[61]. From Fig. 6.25 b, the EELS spectrum has a significant blue shift with respect to 
the CL spectrum. Analogous shifts and broadening have been recorded on different 
specimens, which lead to the association of the phenomena of extinction and scat-
tering. The calculations of EELS and CL spectra in Fig. 6.25c show that EELS signal 
corresponds to extinction, while CL signal corresponds to scattering, between which
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Fig. 6.23 a A schematic diagram of a type of CL-STEM apparatus. b–f Structural and optical prop-
erties of an individual GaN/AlGaN core–shell (CS) nanowire. b Normalized CL spectra obtained at 
different temperatures. c Dark-field STEM image of a CS nanowire structure. d, e Monochromatic 
CL images taken at 365 nm (300 K) and 378 nm (110 K). f Normalized CL intensity profile obtained 
along the yellow line in c of the emission at 378 nm (reproduced with permission from Ref. [60], 
Copyright 2009, American Chemical Society)

there is a blue shift. Similar work on surface plasmon modes of Bi2Te3 nanoplates 
and light–matter interactions of nanoparticles have also been studied by EELS and 
CL [62, 63].

By using a Gatan Vulcan CL holder, the relationship between the interlayer twist 
and local light excitation of chiral van der Waals (vdW) nanowires was determined 
(Fig. 6.26a) [66]. Figure 6.26b, c shows synchronous changes of parameters including 
FWHM, wavelength, and intensity as a result of the accumulated twist. The changes 
in the above CL spectra originate from the rotation of the chiral vdW layers or 
changes in electronic structure of the nanowire. Similar work on luminescence in 
ZnO nanostructures and nanosized cubic Y2O3:Tb3+ have also been studied using 
Gatan Vulcan CL holders [58, 67].
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Fig. 6.24 The CL spectral profile, HAADF intensity profile, and plasmon peak energy profile across 
the InGaN/GaN QWs (reproduced with permission from Ref. [57], Copyright 2015, American 
Chemical Society)

6.3.3 Photocurrent 

Photoelectric conversion is the process of directly converting luminous energy into 
electric energy through a photovoltaic process. Normal methods to achieve photo-
electric conversion include photoelectric devices such as solar cells [68, 69], photode-
tectors [70, 71], and photodiodes [72]. Semiconductive materials, such as TiO2 [73], 
CdS [37, 74], ZnO [27, 28], Si [75], and perovskite [76], are used in diverse photo-
electronic devices because of their suitable bandgaps and unique electronic, optical, 
and piezoelectric properties. Measuring the photocurrents of these materials is of 
great help in studying the factors that affect the photoelectric performance. Based on 
this, researchers have developed a variety of methods for achieving the measurement 
of photocurrents inside the TEM, such as introducing optical fibers into the holder, 
designing MEMS systems, and affixing LEDs on the holder. Some effective work 
has been carried out through these methods and important results have been gained. 

C. Zhang et al. upgraded an optical fiber-compatible TEM holder and carried 
out a series of work on CdS nanowires [77], CdS/ZnO heterostructures [78], and 
CdS/p-Si nanowire heterojunctions [37]. A comparative experiment between a CdS 
nanowire and CdS/ZnO heterostructure on their photoelectric response shows in I–V 
characteristics measured by sweeping the voltage from −5 to 5 V with a 405 nm
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Fig. 6.25 a A schematic diagram of a scanning transmission electron microscope (STEM) fitted 
with homemade EELS and CL systems. b EELS and CL spectra obtained at the tip of a gold 
prism (edge length: 140 nm). c Calculated extinction, scattering, EELS, and CL spectra of a small 
nanoprism (length: 50 nm; thickness: 50 nm) (reproduced with permission from Ref. [61], Copyright 
2015, American Chemical Society)

Fig. 6.26 a A STEM-HAADF image and a plot of cumulative twist of a GeS nanowire. b The CL 
spectra taken at marked points a at room temperature. c The FWHM, center wavelength (λ0), and 
intensity (I) of the Gaussian fits in b (reproduced with permission from Ref. [66], Copyright 2019, 
Springer Nature)
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light on and off, respectively (Fig. 6.27). These indicate the heterostructures show 
a dramatic photocurrent to dark current ratio and responsivity compared to CdS 
nanowires. The study on CdS/p-Si nanowire heterojunctions shows a photocurrent 
saturation effect as well as a good selectivity of light frequencies. Similar work 
on bending ZnO nanowires have also been studied revealing photocurrent spectra 
splitting [79], photoconduction, and photoresponse behavior [27, 28] by using an 
opto-TEM-STM holder with an optical fiber or LED. 

Y. Zhu et al. developed a multimodal optical nanoprobe (MON) in cooperation 
with Nanofactory Instruments AB [80]. The nanoprobe has two channels that pass 
external light sources (typically 370 nm–2400 nm) to the sample (Fig. 6.28a). These 
two channels distribute on each side of the sample. In addition to this, two adjustable 
mirrors help focus input light onto the sample or collect and reflect scattered light from 
sample to channel for analysis. The MON system also contains a nanomanipulator 
which can provide fine and coarse motion in three dimensional. Figure 6.28b shows

Fig. 6.27 a, b TEM images of an individual CdS nanobelt (a) and an individual CdS/ZnO 
heterostructure (b). c, d Corresponding photocurrent and dark current of the individual CdS 
nanobelt and the individual CdS/ZnO heterostructure. e, f Corresponding photocurrent responses of 
the individual CdS nanobelt photodetector and individual CdS/ZnO heterostructure photodetector 
(reproduced with permission from Ref. [78], Copyright 2015, IOP Publishing) 
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Fig. 6.28 a A view of the nanoprobe. b TEM image of a commercial LED. c Current–voltage 
(I–V) curve with a 454 nm laser. The inset shows a decrease of Isc and increase of Voc with the 
power density of the laser (reproduced with permission from Ref. [80], Copyright 2012, Cambridge 
University Press) 

the TEM images of a commercial LED contacted by a movable tungsten probe. 
Dark current and photocurrent (Fig. 6.28c) were measured with a 454 nm laser. The 
short-circuit current (Isc) decreases and open-circuit voltage (Voc) increases with the 
power density of the laser. This MON system can achieve more reliable and accurate 
photovoltaic measurements. 

S. Cai et al. adapted an in situ optoelectrical MEMS system for photoelectrical 
measurement of a wide range of samples such as one-dimensional (1D) nanowires and 
FIB-prepared cross-sectional samples (Fig. 6.29) [34]. Figure 6.29c, d shows TEM 
images of a single 3C-SiC nanowire in Fig. 6.29a and the corresponding selected area 
electron diffraction (SAED) pattern confirms the crystalline-zinc-blended crystal 
structure along the [−110] zone axis. Photoconductivity was performed with an 
external bias ranging from −20 to 20 V where the current increased when the 
LED switched on. The photocurrent at ±20 V external bias approximately doubled 
compared with that in the dark (Fig. 6.29e). The nanowire exhibited simultaneous 
light-sensing capability where the forward current and photoconductivity increased. 
By applying a 10-mA forward current square wave, the SiC nanowire at 20-V bias 
exhibited a fast-current response to the light intensity change (Fig. 6.29f).

Work by H. Dong et al. constructed a single TiO2-nanowire/CdSe-QD heterojunc-
tion solar cell (QDHSC) within a custom-designed TEM-STM holder to understand
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Fig. 6.29 a A SiC nanowire welded to both micro-electrodes with Pt deposition and bridging 
over the viewing window in the middle. b A cross-sectional TEM sample was fabricated by FIB 
system and connected to the MEMS chip. c Low-magnification TEM and d HRTEM images of 
SiC nanowires welded on the chip. The corresponding SAED pattern (inset) shows the [−110] 
zone axis. e In situ I–V curve of SiC nanowire with LED ON/OFF measured with electron beam 
blanked. f Photoconductivity measurements of SiC nanowire with 20-V bias voltage using a series 
of square waves from 1 to 10 mA: forward current to the LED (blue) and photocurrent generated 
in the nanowire (red) (reproduced with permission from Ref. [34], Copyright 2018, Elsevier)

the effect of interfaces and defects on the photovoltaic performance of QDHSC 
[30]. This QDHSC consists of an individual TiO2 nanowire with uniformly coated 
CdSe QDs and contact electrodes Pt and Cu (Fig. 6.30a, b). The QDHSC is exposed 
by an LED whose power intensity is 3 mW/cm2. The TEM images and fast Fourier 
transformation pattern reveal the crystal information of the TiO2 nanowire and CdSe-
QD. Then the photocurrent and dark current were measured, and the power conver-
sion efficiency (PCE) of the solar cell was 27.7% with a white light. As shown in 
Fig. 6.30c–e, direct in situ control over different interface areas (S) was achieved by 
selecting different nanowire lengths (L) through the movement of the Pt electrode. 
Simultaneously, a change of photocurrent density occurs with different interfacial 
areas (Fig. 6.30f). More data were fitted by a modified Shockley–Read–Hall recom-
bination model (Fig. 6.30g). It is noteworthy that photocurrent densities with larger 
interfacial areas show an inverse trend. In general, a larger interfacial area provides



6 In-Situ Optical TEM 179

Fig. 6.30 TEM image a and HRTEM image b of an individual TiO2 nanowire with CdSe QDs. The 
inset of b is a corresponding FFT pattern. c–e TEM images of QDHSC with different interfacial 
areas (blue and red areas). f Histogram of the photocurrent density from the different interface areas 
in c–e. g Statistical distribution of the photocurrent density. Fitted data to the modified Shockley– 
Read–Hall (SRH) model as a function of the interface area (reproduced with permission from Ref. 
[30], Copyright 2019, Springer Nature) 

a larger number of defects, which trap more photoelectrons. Thus, photogenerated 
carriers suffer a great possibility of being lost during the transport process. 

The open-voltage data were fitted as a function of interfacial area using a modi-
fied Shockley–Read–Hall model, which indicates the Voc first experiences a sharp 
increase with S below a value of 3 × 105 nm2 and levels off with further increase 
in S (Fig. 6.31a). The increase in Voc is mainly attributed to the decreased current 
density with increasing interface area. Figure 6.31b shows the statistical distribution 
of the PCE as a function of the interface area. This provides evidence to eluci-
date the relationship between the interfaces and the photovoltaic performance and 
acts as a guideline to optimize the parameters and maximize the efficiency of the 
corresponding solar cells.

6.4 Future and Opportunities 

The fast development of detector and imaging techniques of TEMs has brought more 
opportunities for material researchers. For example, ultrafast and direct electron 
cameras greatly improve the efficiency and time resolution of conventional TEMs.
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Fig. 6.31 a Statistical distribution of the Voc. The fit of the data to the modified Shockley–Read– 
Hall (SRH) model as a function of interfacial area. b Statistical distribution of the PCE as a function 
of the interfacial area of the QDHSC (reproduced with permission from Ref. [30], Copyright 2019, 
Springer Nature)

Differential phase contrast (DPC) and four-dimensional STEM (4D-STEM) not only 
realize functions of traditional STEM, but also provide information like electric field, 
potential, charge density, and magnetic field [81]. Electron tomography and ptychog-
raphy have become promising solutions for three-dimensional (3D) structures and 
light atom characterization with high spatial resolution, respectively. These signifi-
cant technical improvements will further benefit future applications of in situ optical 
TEM. 

Advanced detectors will stimulate the improvement of both in situ TEM charac-
terizations and in situ facilities. The raising application of ultrafast detectors with 
time resolution up to ~1 μs enables a much more accurate in situ record of structure 
evolution during reaction processes, which is important for detailed characteriza-
tion of the photoresponse of photocatalysts and semiconductors. Combined with 
DPC and 4D-STEM techniques based on ultrafast camera, in situ characterization 
of light-induced electric field, potential, and charge density evolution is expected 
to be realized. Direct electron cameras have much better quantum efficiency than 
traditional cameras, which allows high-quality imaging with extremely low elec-
tron dose rates. This can extend the sample adaptability for in situ optical TEM 
observation such as electron-sensitive metal–organic frameworks (MOF) and cova-
lent organic framework (COF), which have attracted expansive attention as novel 
catalyst supports and have been utilized for photocatalyst development [82, 83], 
and may also provide possible solutions for in situ photocurrent measurements of 
electron-sensitive organic–inorganic hybrid perovskites [84]. 

Based on the growing quantum efficiency of light detectors, the improvement 
of in situ PL and CL detection systems will provide better data quality, especially 
for nanoscale samples, where single-photon detection can be realized one day. High 
efficiency detection can also help reduce dose rates to avoid electron beam radiation 
damage and improve acquisition speed for atomically resolved spectroscopy images.
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Nevertheless, in situ PL and CL detection in TEM is expected to play more important 
roles in the development of novel semiconducting materials and devices. In addition, 
the small-sized, high accuracy light detector will also help the calibration of in situ 
illumination systems, which is essential for quantitative analysis of sample properties. 

The combination of in situ optical measurement and computational reconstruc-
tion techniques will bring more details about sample structures and chemical states. 
Electron tomography can acquire 3D structural information of nanomaterials, and 
the newly developed 4D electron tomography technique has successfully realized 
time-resolved 3D spatial resolution [85]. This may realize in situ optical measure-
ments as promising solutions for in situ analysis of active sites and fine 3D structure 
evolution during photocatalytic reactions. Electron ptychography can achieve better 
contrast on light atoms [86] and provide more flexibility for the usage of electron 
signals for image reconstruction simultaneously with EELS acquisition [87]. An 
unprecedented complete understanding of in situ behaviors can be expected with the 
continued improvement of both the hardware and software of electron microscopy. 
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Chapter 7 
Magnetism In-Situ TEM 

Renchao Che, Yong Peng, and He Tian 

7.1 A Brief History of Magnetism In-Situ TEM 

The research on magnetic materials has a long history. As early as 2000 BC, humans 
have discovered and used the natural ferroxide magnets. In current physics, Faraday 
discovered the electromagnetic induction phenomenon [1], Maxwell unified the elec-
tromagnetic theory [2] and Curie proposed the phase transition from the ferromag-
netic to paramagnetic phase [3]. Research on magnetism has been gradually deep-
ened. In the 1930s, the quantum mechanics theory has been proposed and the modern 
magnetism was synchronously largely completed [4]. Up to now, it has been widely 
accepted that all substances possess magnetic properties. Magnetism can be divided 
into paramagnetism, diamagnetism, ferromagnetism, antiferromagnetism, and so on 
[5]. One of the most important is ferromagnetism. Ferromagnetic materials are widely 
used in many aspects of life, such as motor, watch, hard disk, and magneto-resistive 
random-access memory (MRAM) [6–9]. Especially in the micro- and nano-scale, 
ferromagnetic materials play a functional role that other materials cannot replace. 
Therefore, it requires that ferromagnetic materials must be studied at the micro- and 
nano-scale, which poses great challenges to the research technology. 

A very important characteristic of ferromagnetic materials is the presence of 
the magnetic domains. Magnetic domain structure refers to the small magnetized
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Fig. 7.1 The diagram of spontaneous magnetization and domain structure 

regions with different magnetization directions [10]. Through the generation of the 
domain structure, the magnetostatic energy could be reduced in the spontaneous 
magnetization process and a stable magnetic structure could be obtained. As shown in 
Fig. 7.1, the domain structure in ferromagnetic materials contains many regions. Each 
region contains plenty of atoms. The magnetic moments of these atoms are neatly 
arranged within the magnetic domain. However, the magnetic moments of atoms 
in different domains are aligned in different directions. The interface between two 
neighbor domains is called the domain wall [10]. Most of the ferromagnetic materials 
have many domain walls. In the demagnetized state, the magnetic moments inside 
the magnetic domains are different and cancel each other. The sum of the overall 
moment vectors is nearly zero. So, the stray magnetic field is very tiny and the magnet 
will not display magnetism to the outside. When the magnet is magnetized, the whole 
magnet becomes a single domain, and the sum of the magnetic moment vectors is no 
longer zero. There is an obvious stray magnetic field near the magnet. In the study of 
ferromagnetic materials, the dynamic evolutions of domain structures and domain 
walls are essential for practical application and physical mechanisms of magnetics. 
Many techniques have been used to characterize the structures of magnetic materials. 

In the beginning, magnetic powders have been used to study the magnetic domain 
structures by coating on the surfaces of ferromagnetic materials. This method is called 
the Bitter map [11]. But only superficial information of samples can be obtained by 
this method and the spatial resolution is not enough for many magnets, especially 
for the current development at the micro/nano scale. Later, with the discovery of 
the magneto-optic effect, the optical microscopes developed on the basis of Kerr 
effect and Faraday effect were popularized [12]. The spatial resolution of the optical 
microscope is also limited by the wavelengths of visible light, which only accurately 
characterize magnetic structures at the scale larger than micrometers [13]. Then, as 
for the development of the atomic force microscope (AFM) system, magnetic force 
microscopy (MFM) [14] was invented, but the spatial resolution of the magnetic 
microscope can only reach the level of tens nanometers, require an extremely smooth 
surface, moreover, and is extremely time–cost [15]. High-resolution transmission 
electron microscopy is a very important progress for the development of magnetism 
at the micro- and nano-scale [16, 17].
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This is not a simple extension for the application of TEM. In the column of 
conventional TEMs, the electron beam is focused by the strong magnetic field of the 
objective lens [18], which provides the amplification as shown in Fig. 7.2a. Therefore, 
the sample must be placed in a strong magnetic field. For the ferromagnetic samples, 
the strong field can completely magnetize them, so it is impossible to observe the 
magnetic domain structure in the conventional TEMs. At the same time, the sample 
is also stressed in a strong magnetic field, which may be absorbed to the poles of 
the objective lens, resulting in a contamination or permanent damage of TEM and 
the interference of imaging. These factors make the characterization of magnetic 
materials in TEMs very hard. To solve these problems, the Lorentz transmission 
electron microscopy (LTEM) was invented, on which scientists tried to observe the 
magnetic samples without magnetization. The method is to close the objective lens 
near the sample and uses another lens to magnify the image. The LTEM utilized the 
Lorentz force of electron passing through the magnetic field in the imaging process. 
By modifying the defocus distance of the image, the domain walls can be observed. In 
this way, the observation of the magnetic sample could be achieved [19]. However, 
the spatial resolution of the LTEM has been obviously decreased in comparison 
with the traditional TEM image mode because the objective lens is turned off. In 
the 1980s, this technique was still being popularized and Lorentz TEM accurately 
revealed the magnetic domain structures of many materials [20]. Globally, Japan, 
the United States, the United Kingdom, and the Netherlands were the pioneers to 
develop and study Lorentz TEM. In particular, the JEOL Ltd (Japan), Philips Elec-
tronics (Netherlands), Brookhaven National Laboratory (USA), National Institute 
for Materials Science (Japan), and so on, have made outstanding contributions to the 
development of Lorentz TEM. 

Electron holography is another one of the most important methods to charac-
terize magnetic materials [22]. Gabor proposed the basic principles and experimental

Fig. 7.2 The structure of the objective lens in normal TEM and special-design Lorentz TEM. a 
The objective lens in normal TEM (reproduced with permission from Ref. [18], Copyright 2009, 
Springer Nature). b The objective lens in special-design Lorentz TEM (reproduced with permission 
from Ref. [21], Copyright 2003, Elsevier) 



190 R. Che et al.

methods of electronic holography in 1948. Next year, he first proposed the concept of 
holography in the article “Reconstruction of Wave Fronts in Electron Microscopy”, 
which includes two processes: one is the acquisition of the interference pattern of 
the object wave and the reference wave, and the other is the reconstitution of the 
sample image in the interference pattern [23]. In 1952, Gottfried and co-workers 
proposed the experimental method of electron biprism, which applied an electric 
field on both sides of the gold-sprayed glass filament, so as to deflect the passing 
electron beam and generate an interference pattern. Ten years later, Leith and co-
workers successfully reconstructed clear information image with a laser beam with 
better coherence [24]. In 1986, Lichte coming from the University of Tubingen in 
Germany used a computer to digitally reproduce electronic holograms to correct 
spherical aberration. This method achieved a 0.15 nm resolution, providing an ideal 
method for high-resolution electronic holography [25]. With the increasing use of 
the field emission electron gun in TEM, electron holography technology is applied 
in many ways. Electron holography based on the Lorentz TEM can not only qual-
itatively observe the magnetic domain structure of samples but also quantitatively 
analyze the magnetic intensity inside the samples and the fine structure of the domain 
walls. With the improvement of the spatial resolution of TEM, the spatial resolution 
of Lorentz TEM is also gradually improved. At the beginning of the twenty-first 
century, JEOL Ltd first brought out a unique technology of placing the samples 
inside the pole of the objective lens [21] as shown in Fig. 7.2b. The iron coils of 
the lens will shield the magnetic field generated by the objective lens. Therefore, 
the magnetic sample can be observed without being magnetized when the objective 
lens is working. The point spatial resolution of this special designed Lorentz TEM is 
close to that of high-resolution TEM, which is about 0.15 nm. The spatial resolution 
of the corresponding electron holography was also increased to nearly 1 nm, which 
is the highest spatial resolution at that time. 

In the 1980s, a new technology to analyze the domain structure in STEM mode 
was proposed, which is named as the differential phase contrast (DPC) technology 
[19, 26]. The FEI Company (USA, now Thermo Fisher Scientific) has delivered 
the commercialization of this technology. It used condenser lens to focus the elec-
tron beam on the sample and also closed the objective lens. Therefore, a Lorentz 
STEM mode could be achieved. Moreover, the annular dark field detector has been 
divided into several parts and the imaging information received by different parts 
is individual. Through the processing of the images received by different parts of 
detector, the domain structure of the magnetic samples could be achieved. The char-
acterization of the magnetic domain structure is not only no longer limited to the 
bright-field images and dark field images in TEM mode but also extended to the 
STEM mode. Recently, the spherical aberration correctors are also used in Lorentz 
TEM and magnetic materials analysis techniques with atomic-scale spatial resolution 
expected in the near future. 

Of course, for the in-situ magnetic experiments, Lorentz TEM technique is just 
the foundation and platform. With it, how to apply the magnetic field to the sample 
inside the electron microscope becomes the next challenge that needs to be solved. 
So far, two typical strategies have been commonly employed to solve this problem.
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One is to apply a magnetic field by changing the current of the objective lens [27]. 
Turning off the objective lens prevents the sample from being magnetized. If the 
sample needs to be magnetized gradually, the current is injected into the objective 
lens gradually. Limited by the inherent direction of the magnetic field generated by 
the objective lens, this method can only apply a magnetic field that is perpendicular 
to the viewing plane, to the sample which cannot obtain a field parallel to the plane. 
As for the in-plane anisotropic materials, usually the horizontal component of the 
magnetic field on the easy axis is usually obtained by tilting the sample, and then the 
effect of the magnetic field on the domain structure is studied. This can introduce 
lots of uncertainty. The advantage of this method is that a large magnetic field can be 
obtained through the objective lens, which can be continuously adjusted from zero 
field to around 1 T (theoretically 3 T, the maximum magnetic field of objective lens). 
For the most of the magnetic material, the magnetic field of 1 T is enough to make 
them saturated. Meanwhile, with respect to the JEOL Lorentz electron microscope, 
the magnetic field of the objective lens has been completely shielded near the sample. 
No matter how the current is inside the objective lens changes, the magnetic field 
cannot be applied to the sample. So this method does not take any effect. 

The other method is to modify the sample holder [28]. By attaching an electro-
magnet to the sample holder, a controllable magnetic field near the sample can be 
obtained. In this way, a horizontal magnetic field can be applied to the sample, and it 
facilitates the study of anisotropic samples. But the horizontal magnetic field applied 
to the sample can significantly deflect the incident electron beam, which means the 
horizontal field cannot be too big. Otherwise, the electron beam would be totally 
deflected, and so it cannot be imaged. So far, the horizontal magnetic field that can 
be applied in TEM is generally less than 1000 Oe, which is quite abundant for the 
most soft magnetic materials, but not for the half-hard and hard magnetic materials. 
This magnetic field is far from enough for them. 

7.2 Current Technologies of Magnetism In-Situ TEM 

This section briefly states the present situations and principles of magnetism in-situ 
TEM. There are five techniques to observe the magnetic domain structures in TEM: 
Fresnel mode which obtains domain wall structure by defocusing imaging [29], 
Foucault mode which obtains domain distribution by dark-field image [30], electron 
holography [31], DPC technique [32], and the mode magnetic circular dichroism of 
electron waves which can obtain spin distribution [33]. There are two ways to apply 
a magnetic field into the samples. One is to apply the magnetic field of the objective 
lens to the sample. The other is to apply an external magnetic field generated from 
the in-situ magneto-related sample holder to the sample. The basic principles and 
applicable scope of these technologies are described below.



192 R. Che et al.

7.2.1 Conventional Imaging Methods in Lorentz TEM 

Fresnel mode [29], also called Lorentz electron microscope defocus mode, is the most 
commonly used mode for electron microscope observation of magnetic samples. This 
method is to obtain the domain structure via defocused imaging (Fig. 7.3), which is 
the most commonly function used in Lorentz electron microscopy [34]. In the conven-
tional TEM bright field, the electron beam is parallel, which directly shines on the 
sample. Because of the differences of the domain structure inside the sample, the 
direction and angle of the deflection of the electron beam in different regions which 
resulted from the Lorentz force between the electron beam and material magnetiza-
tion are also different after the electron beam passes through the magnetic sample. 
At this time, change is made at the focal length so that the pictures are imaged at 
the defocused status, where the bright and dark lines caused by the deflection of the 
electron beam can be seen. These lines are the distribution of domain walls of the 
magnetic samples. The magnetization directions of different domains can be obtained 
by analyzing the defocused state and the contrast of domain walls. By changing the 
focal length, a series of domain wall images can be obtained. Through linear fitting 
of defocusing quantity and contrast width of the domain walls, the width of the 
domain walls can be quantitatively analyzed, and some simple quantitative informa-
tion can also be obtained. In addition, based on TIE formula [35], the distribution 
changes of the phase of electron wave after the electron beam passes through the 
magnetic sample can be obtained by digital reconstruction technology via several 
pictures with different defocusing quantities, in which the orientation of the magnetic 
domain structure inside the sample can be accurately analyzed. The advantage of this 
technique is that the domain walls can be observed in real-time. During the in-situ 
magnetic experiment, it is very convenient to observe the dynamic behavior of the 
domain walls. Nevertheless, in the process of defocusing, the spatial resolution of the 
imaging decreases and too much defocusing may lead to the appearance of the Fresnel 
interference fringe contrast on the sample, thus disturbing the imaging. According 
to the results obtained by the TIE technique, only qualitative analysis of domain 
orientation can be conducted, and it is difficult to accurately analyze the informa-
tion, such as the magnetization of the sample. Moreover, the TIE technique is greatly 
affected by the contrast of samples. For monocrystalline or polycrystalline samples, 
the multiple scattering contrast caused by diffraction easily interferes with the results 
of TIE. However, the defocused imaging is still the most commonly used method to 
observe domain walls in LTEM.

Another mode, the Foucault mode [36], is also a traditional method. It uses the 
principle that after the electron beam passing through the magnetic sample, the 
diffraction points will split on the diffraction plane (Fig. 7.3). Utilizing the objective 
aperture to block part of the diffraction points after splitting and imaging part of the 
electron beam, the bright and dark contrast of different magnetic domain structures 
can be directly observed. This imaging method is similar to observing the distri-
bution of crystals with different orientations by the dark field image and observing 
the distribution of different magnetic domains by the splitting diffraction points.
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Fig. 7.3 The beam path of different observation methods in LTEM (reproduced with permission 
from Ref. [34], Copyright 1998, Springer Nature)

However, the Foucault mode has two practical difficulties. The first is the magne-
tization of the magnetic material that must be strong enough to make the splitting 
of the diffraction points much clear. If this splitting effect cannot be observed, the 
Foucault mode cannot be used to observe the magnetic domain. In addition, in order 
to observe the diffraction image of the sample in TEM, the objective lens must be 
activated. That is, the ordinary Lorenz electron microscope, which is observed by 
closing the objective lens, is also difficult to use the Foucault mode for imaging. Only 
specially modified JEOL Lorenz electron microscope can activate the objective lens 
without magnetizing the sample, so it is not convenient to observe in this mode. 

7.2.2 Electron Holography Technology 

Electron holography is an important technique for analyzing magnetic materials in 
TEM. Electron holography mainly uses the interference between a beam of refer-
ence wave passing through the vacuum and a beam of object wave passing through 
a magnetic sample. Utilizing the digital reconstruction technique, collecting and 
analyzing the interference fringes indicate the changes of the electron wave passing 
through the magnetic sample. Then, the distribution of the magnetic moment in the 
sample is deduced from the phase changes [37, 38]. The most important feature of 
electron holography is that it can quantitatively analyze the distribution of magneti-
zation in samples, and accurately estimate the directions of the magnetic moments 
of domain structure inside the sample, which is important for the analysis of some 
complex domain structures, such as magnetic Skyrmion [39]. 

Electron holography requires an attachment of an electron biprism in an electron 
microscope [40]. The electronic biprism is actually a silica glass filament with a
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diameter about 0.35 μm. Its surface is plated with a thin layer of gold and connected 
to the positive pole of DC power supply. It can be adjusted by rotating 270° in the 
plane of the vertical lens barrel and installed at the location of the selected-area 
aperture. The holographic glass filament can be loaded with 0–400 V DC voltage, 
and two grounded metal plates are installed at the same distance on the both sides of 
the holographic filament, so that two electrostatic fields with opposite electric field 
directions are formed between the holographic filament and the two metal plates. 
With this method, there is an annular electric field around the wire. When an electron 
beam goes through this field, the beam on both sides of the biprism is deflected so 
that the beams converge and interfere with each other as illustrated by Fig. 7.4. 

By regulating the voltage of the electron biprism, the area covered by the interfer-
ence fringe can be regulated, so that the region of the electronic holographic signal 
acquisition can also be regulated. Typically, the greater the voltage applied to the 
electronic biprism, the larger the interference area of the electron beam obtained, 
and the higher the resolution of the hologram achieved, but the worse the contrast 
is obtained. However, the principle restricts the analysis area of electron holography 
to some extent. Only the sample information near the vacuum can be character-
ized, however, the property of the sample far from the vacuum cannot be estimated. 
Several years ago, the JEOL further launched an improved electronic holographic

Fig. 7.4 The principle and 
beam path of electron 
holography (reproduced with 
permission from Ref. [40], 
Copyright 2013, Springer 
Nature) 
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technology. By inserting two or three electron biprisms into the optical path of the 
electron microscope, the electron beam passing through any region can interfere 
with the electron beam passing through the vacuum. Meanwhile, multiple electron 
biprisms also help eliminate the Fresnel stripes, which is formed because of the 
huge defocusing of the electron biprisms when imaging. This makes the analysis of 
electron holography further improved. 

The electronic hologram formulaically contains the intensity information and 
phase information of the object wave, and the Fourier and inverse Fourier transform 
can be performed to obtain the phase change of the electronic wave [40]. The change 
of electron wave passing through an object can be expressed as: 

q(→r ) = a(→r ) exp(i φ(→r )) (7.1) 

a
(−→r )
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(−→r )

are amplitude information and phase information, respectively. Due 
to the existence of the briprism, the object wave and the reference wave are rotated 
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The first part is the object wave, and the second part is the reference wave. The 
intensity of electronic holography can be expressed as: 
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The above formula is a complex function, including three parts: centerband, 
which corresponds to a term related to the Fourier transform center and the back-
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Then the phase change after the electron beam passes through the sample is 
obtained: 

φ(x, y) = σ
∫

ϕ(x, y, z)dz − 
e

h

∫ −→
A (x, y, z) (7.6) 

After amplifying the phase distribution graph by cosine function, some lines with 
equal phases can be obtained. 

Electron holography is a technique for analyzing the electron wave phase. Besides 
the magnetic field, the electric field, element, thickness, and other factors will affect 
the change of the electron wave phase. Therefore, many factors must be taken into 
account in the analysis and processing of data. It also means that the electron holog-
raphy can be used to not only analyze the magnetic properties of samples, but also 
estimate the charge distribution, thickness change, and internal potential distribu-
tion of samples [41–43]. As an example, Fig. 7.5 shows a cross-sectional sample 
of CoFeB film, whose hologram was captured by LTEM and the electron phase 
shift mapping was reconstructed through the hologram. Through the amplification 
of the phase mapping by cosine function, the black and white fringes are shown in 
Fig. 7.5c. It is seen that the density of fringes presents the magnetization intensity 
and the direction of fringes presents the direction of magnetization. Furthermore, 
the magnetization can be calculated and colored as shown in Fig. 7.5d. The colors 
present the direction of magnetization and the brightness presents the magnetization 
intensity. However, it can be easily found that the interface between vacuum and 
carbon coating is also colored to be pink, which is sure not to be a ferromagnetic 
material. It demonstrates that the disturbance of electronic signals cannot be simply 
removed by reconstruction and calculation.

In general, it has been reported that there are two methods in order to extract 
the information of phase changes of electron waves inside sample caused only by 
magnetic field. The first one is the reconstruction via the subtraction or sum of the 
front and back side phase distribution [44]. The phase distribution of the front side 
is firstly obtained and constructed by an electron hologram. Then, the sample is 
taken out from the TEM holder and flipped to another side to take electron hologram 
once again, and reconstruct to get the phase distribution. In these two conditions, the 
distribution of the phase changes caused by electrical signals cannot be affected by 
the flip of the sample. On the contrary, the distribution of phase changes caused by 
the magnetic signal can pick up a completely opposite signal because of chirality. By 
adding or subtracting the collected phase changes, the phase changes caused by pure 
magnetic signals and pure electrical signals after the electron beam passes through 
the sample can be obtained, which can make the quantitative analysis accurate. 

The second method is to collect the results of electron holography above and 
below the Curie temperature of the ferromagnetic materials [41, 45]. Above the 
Curie temperature, ferromagnetic samples lose ferromagnetism and exhibit param-
agnetism. At this state, the electron hologram captures electrical signals completely. 
While below the Curie temperature, the collected signal is the sum of the magnetic
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Fig. 7.5 An example of electron holography. a The hologram captured by LTEM. b The recon-
structed phase mapping. c The phase mapping amplified by the cosine function. d The calculated 
magnetization mapping

and electrical signals. Thus, by subtracting the two images, a pure magnetic signal 
can be obtained. 

The first method is more suitable for quantitative analysis. However, it is difficult 
to use if the magnetic field is synchronously applied. At the same time, this method 
needs to reload the sample by flipping its back-side, which means the two images 
cannot completely overlap each other. In post-processing, it is difficult for the two 
images to exactly correspond in position and angle. The second method is more 
suitable for the in-situ testing of the synchronous application of the magnetic field. 
But it requires a sample holder that provides in-situ heating function, and the Curie 
temperature of the sample must be within the temperature range covered by the holder. 
In fact, this is a combination of various in-situ electron microscopy techniques. 

7.2.3 Differential Phase Technology 

Different from the above three methods, the DPC (differential phase technique) is a 
STEM-based imaging technique [43, 46, 47]. STEM mode in the Lorentz electron 
microscope was first realized by using a condenser lens. When it is performed, the 
objective lenses are closed first of all. Next, the annular dark field image probe of
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the modified TEM is divided into four fan segments (now more). Every segment can 
independently receive scattered electrons and form images. In the STEM mode, the 
beam is directly focused on the sample, not parallel. The deflection of the magnetic 
sample to the electron beam becomes more complicated. But in the dark field, because 
the magnetic sample deflects the electron beam, the electron counting rate received 
by the four probes is no longer uniform. By differential calculation of the imaging 
results of the four probes, the Lorentz force occurred between the travel of electron 
beam and magnetic moments of the magnetic materials can be obtained. Then the 
distribution of the magnetic moment inside the sample can be calculated (Fig. 7.6). 
Therefore, in order to obtain an accurate magnetic moment distribution, the key of 
DPC is to ensure that the signals collected by the four dark field probes must be 
completely consistent when the electron beam passes through the vacuum. 

Compared with electronic holography, DPC has the advantage of obtaining the 
magnetic structure information of any region in the sample [32]. There is no need 
to insert multi-stage plug-ins in the optical path of TEM, which is relatively simple. 
However, it is difficult for the DPC to dynamically carry out the analysis of domain 
wall movement by exerting a continuous magnetic field to the sample through the 
objective lens. This is because, when the objective lens applies a magnetic field on 
the STEM optical path, the electron beam originally focused by the concentrator will 
not converge on the sample, and the entire light path will be affected by the magnetic 
field of the objective, which requires complex adjustments to restore. Therefore, 
every time the magnetic field is changed, it needs to make a complicated adjustment

Fig. 7.6 The in-situ domain structure observation of CoFeB/IrMn film by DPC technology 
(reproduced with permission from Ref. [43], Copyright 2009, Elsevier) 
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of the light path, which makes the in-situ test very complicated, or maybe impos-
sible. Furthermore, it is also difficult to quantitatively analyze the magnetization of 
magnetic samples. To some extent, similar to TIE, the DPC can also be affected by 
crystal orientation, diffraction contrast, and other factors, leading to wrong signals 
or results. 

7.2.4 Energy-Loss Magnetic Chiral Dichroism in TEM 

EMCD (Energy-loss Magnetic Chiral Dichroism) is an emerging technique of TEM 
in recent years [43]. A Belgian research group first invented and improved this 
technology. The technique is quite similar with the principle of X-ray magnetic 
circular dichroism in synchrotron radiation [48], but it also combines electron beam 
diffraction technology, dark field imaging technology, electron energy loss spectrum 
(EELS) technology [49], electron holography technology, and many other aspects in 
TEM [50], which is one of the frontiers of the development and research of TEM. 
The initial EMCD technique is to rotate a magnetic single crystal material to a 
double-beam diffraction condition. By analyzing its electron wave phase, it can be 
estimated that, at this time, the phase difference of the electron wave that is in both 
ends of the perpendicular bisector of the line between the two brightest diffraction 
points is exactly π /2. This has the same physical properties as left-handed or right-
handed X-rays [48], which is illustrated in Fig. 7.7c. At this time, on utilizing an 
objective aperture, after collecting the energy loss spectrum of these two parts of 
electrons passing through the sample, the EMCD signal spectrum of this atom can 
be obtained by making a difference between the two energy loss spectra, which 
is shown in Fig. 7.7a. By analyzing the spectral line, the overall situation of the 
magnetic moments in the sample can be obtained, and the proportion of the spin 
magnetic moment and orbital magnetic moment in the atomic magnetic moment can 
be analyzed. It is very important for studying the spin–orbit coupling of the magnetic 
materials. At present, this technology is still in the process of perfection. In STEM 
mode, it is the current research frontier that the electron beam passes through an 
aperture of a specific shape to gain an electron wave with specific phase difference 
and apply it to EMCD analysis.

7.2.5 Application of Magnetic Field by Objective Lens 

Utilizing objective lens is the most commonly used method to apply a magnetic 
field to samples in situ TEM [51]. By the control of the current flowing through 
the objective lens, the magnetic field applied by the objective lens on the sample 
can be precisely controlled. Besides, the advantage of this technique is the ability 
of applying very high magnetic field to the sample, theoretically the maximum field 
of objective lens as mentioned above. By changing the direction of the objective
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Fig. 7.7 The principle and results of EMCD. a The EMCD curves captured in TEM. b The XMCD 
curves captured in synchrotron radiation. c The method of capturing the EMCD curves. (reproduced 
with permission from Ref. [48], Copyright 2006, Springer Nature)

current, it also owns the ability of applying a reverse magnetic field. However, it is 
noted that after the application of the magnetic field to the sample, the optical path 
rotates as a whole, and the magnification of the sample changes as well, which is an 
important problem in the post-processing analysis and must not be ignored. 

7.2.6 Application of Magnetic Field by Magnetic Holder 

The second method is to apply a magnetic field to the sample by modifying the 
sample holder [28, 52]. There are various designs for this modification, but overall 
the purpose is to add a small electromagnet near the sample and further use precision 
source meter outside the TEM to generate a magnetic field. Figure 7.8 shows an 
early-stage designed holder for LTEM [53]. In the specially customized LTEM of 
JEOL, in order to match the in-situ sample holder to analyze the magnetic samples, 
a two-stage correction coil is intendedly added in the light path of the electron
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Fig. 7.8 The in-situ magnetical holder designed for Philips CM30 Lorentz TEM (reproduced with 
permission from Ref. [53], Copyright 2003, Elsevier) 

microscope to offset the deflection of the electron beam caused by the electromagnet 
of holder. Even so, the added horizontal magnetic field typically cannot exceed 1000 
Oe. Besides, a too large magnetic field will make the deflection coil uncorrectable. In 
such a condition, the morphologies of samples under high field will be deformed to 
a certain level. In the TEM optical path, the alignments of concentrator astigmatism, 
objective astigmatism, and electron beam voltage center are also affected by the 
horizontal magnetic field. Therefore, this method is suitable for the study of soft 
magnetic materials with small coercive force. 

7.3 Research on Magnetism In-Situ TEM 

In the magnetic field, the explorations of magnetism in-situ TEM have gained great 
achievements, which include the following aspects: rare earth permanent magnet 
materials [54], the soft magnetic thin films [55], ferromagnetic exchange coupling 
systems [56], magnetic micro/nanoparticles [57], magnetic phase change materials 
[58], magnetic skyrmions [59], and so on. Herein, several aspects are chosen to 
briefly introduce. 

7.3.1 Traditional Magnetic Materials In Situ TEM 

The studies on permanent magnets have been a long history [60]. At present, the 
development of permanent magnets is mainly divided into three generations. The first 
generation was ferrite materials, such as strontium ferrite, barium ferrite, and so on. 
Later, in the 1930s, the carbon steel alloy was found to have excellent performance of 
a permanent magnet. And AlNiCo alloy has become the second generation of perma-
nent magnetic material due to the high Curie temperature and excellent temperature 
stability. It has been widely used in various aspects including instruments, meters,
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electrical appliances, and aerospace, even until now has not been completely replaced 
[61]. However, in the 1960s, rare earth permanent magnet materials were discovered 
and the permanent magnet materials entered into the third generation, in which SmCo 
and NdFeB were representative and gradually became the mainstream. So far, the 
permanent magnet with the largest magnetic energy integration is still the rare earth 
permanent magnet material. The development of rare-earth permanent magnet mate-
rials also makes rare-earth minerals become important resources with strategic value 
[62, 63]. In Lorentz electron microscope, the research on rare earth permanent magnet 
materials is very extensive. At present, due to the rarity of rare earth, the output of 
Nd, Sm, and other elements is not high, and is difficult to meet the growing demand. 
In the research of permanent magnet materials, there are several significant devel-
opment directions. The first is to use rich rare earth elements to replace the original 
poor rare earth elements, such as, the use of Ce, Dy, and others to replace Nd, which 
sacrifices a small amount of performance in exchange for a large number of cost 
reduction [64, 65]. The second is to combine the permanent magnet material with 
some soft magnetic materials by means of composite of various materials [66]. In 
other words, the high coercive force of the permanent magnet material is maintained 
while the high saturation magnetization of the soft magnetic material is retained, so as 
to increase the magnetic energy product of the composite material. No matter which 
direction develops, the most important thing in these studies is to explore the mecha-
nism of coercivity of permanent magnet materials, which is for improving coercivity 
by enhancing the pinning ability of the magnetic moment and magnetic domain 
structure inside the materials. In situ LTEMs are required to observe and analyze the 
motion process of the magnetic domain walls. At present, doping in NdFeB nonmag-
netic grain boundary phase can effectively improve the coercive force as observed 
in the TEM (Fig. 7.9) [67]. The nonmagnetic grain boundary phase can effectively 
block the movement of the magnetic domain wall, reduce the exchange coupling 
effect between NdFeB grains and improve the energy barrier, which improves the 
coercivity and BHmax [68, 69]. This kind of research on magnetism in situ TEM not 
only makes a great contribution to the development of magnetism in science, but also 
to the engineering and practical applications of Lorentz electron microscopy.

In addition, traditional soft magnetic materials have also been widely studied 
in the Lorentz electron microscope, such as iron-base alloy materials used in trans-
formers, permalloys, Fe-based and Co-based amorphous alloy materials which gradu-
ally emerge in recent years [70–72]. Lorentz electron microscope can clearly observe 
the rich magnetic domain structures inside soft magnetic materials, especially the 
fine structures of the magnetic domain walls, such as Bloch line, Bloch point, cross-
tie domain, various kinds of magnetic vortex structures, and the motion mechanisms 
of these structures under the stimulus of the external magnetic field [73–75].
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Fig. 7.9 The in-situ domain structure behavior of NdFeB captured by Lorentz TEM (reproduced 
with permission from Ref. [67], Copyright 2015, Elsevier)

7.3.2 Magnetic Thin Films In Situ TEM 

Magnetic thin-film materials are widely used in device applications, especially in 
the field of spintronics, spin valve structures, tunnel junction structures, and so on, 
which are realized through multi-layered film composites [76, 77]. The study of 
magnetic domain structures of magnetic thin films is also an important aspect of 
magnetism in-situ TEM [78, 79]. In particular, the exchange bias effect caused by 
ferromagnetic and anti-ferromagnetic interface is the core issue, which is the basis of 
spintronics and the most important research topic of magnetism in the late twentieth 
century [80]. However, the mechanism of the exchange bias effect has not been fully 
understood until now. According to the traditional view, there are uncompensated 
magnetic moments on the anti-ferromagnetic surface, and these magnetic moments 
interact with the ferromagnetic materials in exchange coupling, so that the ferromag-
netic materials have a unique unidirectional anisotropy in the process of magnetiza-
tion reversal, that is, the deviation of the hysteresis loop. However, according to the 
theoretical calculation of the bias field, the bias field is of several orders of magni-
tude larger than the actual experimental data. Even some anti-ferromagnetic surface 
magnetic moments under the condition of full compensation still can detect strong 
exchange bias effects. That is to say, the traditional theory is deficient, which needs to
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be further rectified. Lorenz transmission electron microscope and magnetism in-situ 
TEM play an important role to further improve the understanding of the exchange 
bias effect [81]. By observing the spin structure of the interface with high resolu-
tion and the distribution of the spin structure near the interface after applying the 
magnetic field in situ TEM, it can be judged that the spin inside the ferromagnetic 
layer is not affected by the anti-ferromagnetic material and presents a spring struc-
ture. This demonstrates that under the stimulus of the external magnetic field the 
anti-ferromagnetic material in the thin layered film is more likely to be affected by 
the ferromagnetic material and spin rotation, which has been also been proved by 
XMLD data [82, 83]. 

What’s more, the Lorentz TEM could directly observe the magnetic domain struc-
ture of the bilayer film. As shown in Fig. 7.10, from the dynamic domain structure 
behavior, it can be easily found that the IrMn layer gives rise to an inhomogeneous 
strong pinning effect [55]. Only about 1/6 of the AFMinterface area provides a strong 
pinning effect. This work gives the apparent and convincing evidence to understand 
the pinning mechanism in the FM/AFM exchange bias system (Fig. 7.10). 

Fig. 7.10 The in-situ domain structure behavior of CoFeB/IrMn bilayer film captured by Lorentz 
TEM (reproduced with permission from Ref. [55], Copyright 2018, Chinese Physical Society)
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7.3.3 Magnetic Nanowires/Particles In Situ TEM 

The investigations on magnetic domain structures of magnetic nanowires and 
magnetic nanoparticles have been a very challenging subject. Most techniques fail 
to distinguish magnetic moment distributions at the nanoscale. LTEM and high-
resolution electronic holography provide important methods. Because the size of the 
particles is very small, most magnetic particles at the nanoscale are single-domain 
structures. It is difficult to observe the existence of an obvious magnetic domain 
wall(s) inside them, which means that Fresnel model and Foucault model cannot 
accurately observe the magnetic moment distribution of magnetic nanoparticles. 
Electronic holographic technology with higher resolution is particularly useful and 
critical in this case. By analyzing the phase of the electron wave, the spin distribution 
inside the magnetic nanoparticles and the stray field distribution around them can be 
clearly unveiled (Fig. 7.11), revealing an important technical method for the analysis 
of the exchange coupling between magnetic nanoparticles. 

Especially in the absorbing material, the microwave absorption ability of the 
composite material can be effectively improved by growing a large number of 
magnetic particles on the conductive carbon tube [85, 86]. This is because a huge

Fig. 7.11 The magnetic stray field of CoNi@SiO2@TiO2 nano-particle (reproduced with permis-
sion from Ref. [84], Copyright 2015, John Wiley and Sons)
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Fig. 7.12 The magnetic coupling network between nano-particles (reproduced with permission 
from Ref. [85], Copyright 2019, John Wiley and Sons)

magnetic coupling network is formed among the evenly distributed magnetic parti-
cles on the carbon tube network. After entering the magnetic coupling network, the 
electromagnetic wave will be rapidly attenuated and absorbed, and the energy will be 
converted into internal thermal energy through the vibration of the magnetic moment 
and completely consumed. LTEM and electron holography can be used to analyze the 
magnetic coupling network, as demonstrated in Fig. 7.12. This study is significant 
for the development and design of absorbing materials [87]. 

As for the nanowires/particles, except for the study on the localized quantitative 
analysis of magnetization and magnetic induction density distribution, the dynamical 
study of the magnetization reversal process can also been further discovered by LTEM 
and electron holography techniques. As an example of Fig. 7.13, the magnetic induc-
tion maps of the NiFe2O4 nanowire under different magnetic fields were investigated, 
in which an external magnetic field was applied by a dedicated magneto-electrical 
TEM holder [28]. The magnetic field was applied along the easy axis of the shape 
anisotropy as guided by white arrows and different field strengths were applied. The 
red arrows represent the direction of in-plane projected magnetic induction inside 
the nanowire. This work directly visualized that the shape anisotropy dominantly 
governs the magnetic behaviors of the NiFe2O4 nanowire and the magnetization 
reversal mechanism of the nanowire is in curling rotation mode [28]. These listed 
examples vividly demonstrate the importance and essentials of magnetism in situ 
TEM in the intrinsic mechanism explorations of magnetic materials.
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Fig. 7.13 Magnetic induction maps of the NiFe2O4 nanowire under different magnetic fields 
(reproduced with permission from Ref. [28], Copyright 2018, Royal Society of Chemistry) 

7.3.4 Magnetic Skyrmion In Situ TEM 

Magnetic Skyrmion is nanoscale magnetic whirl with nontrivial topology, which 
is similar to the magnetic vortex [88]. However, the spin texture of Skyrmion is 
not only continuously changing in the plane but also changing out of the plane. 
It can be considered as a circular 360° Bloch-type domain wall or circular 360° 
Néel-type domain wall [89], which corresponds to Block-type Skyrmion [90] and 
Néel-type Skyrmion [91], respectively. These special spin structures result from 
Dzyaloshinsky–Moriya interaction (DMI) in the materials [92, 93]. After the proposal 
of race track memory [94], the magnetic Skyrmion is highly applied into future 
memory devices. The first experimental real-space observation of Skyrmion was 
carried in the Lorentz TEM by Xiuzhen Yu [95]. In recent a dozen of years, the 
research of magnetic Skyrmions is one of the hottest topics in the field of condensed 
matter physics and spintronics [96]. 

The Skyrmions in FeGe or other pure materials require strict conditions to appear, 
which include low temperature, appropriate magnetic field, and geometric shape [97]. 
Unlike other magnetic domain structures, the Skyrmions have unique properties of 
particles. So, the relationship between morphology of Skyrmions and formation 
conditions is the key point for the understanding of intrinsic mechanisms and devel-
opment of practical applications. In virtue of the Lorentz TEM, a lot of relative 
works have been published. As shown in Fig. 7.14, the spin structure in FeGe is 
helical without the magnetic field [98]. When the applied field increases, the helical
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structure gradually evolves into the Skyrmion structure. The apparent difference 
between Skyrmion and vortex is the intensity and the direction of magnetic moments 
inside. The Skyrmion changes both the intensity and vortex but does not change 
inside moment intensity direction. Therefore, the Lorentz TEM is a powerful tech-
nology to study the Skyrmions. The investigations of Skyrmion based on in-situ 
TEM technology have been widely accepted and become overwhelming. As shown 
in Fig. 7.15, the magnetic phase transition process of FeGe nanodisk has been inves-
tigated from 100 to 270 K [99]. It is found that the packed Skyrmion lattice only 
appears above about 200 K. The required magnetic field of Skyrmion decreases as 
the temperature is increasing. It means that the high-density Skyrmions could be 
achieved near the Curie temperature and the required magnetic field is minimum, 
which is very critical for their applications. Furthermore, if the angle of the magnetic 
field changes, the magnetic phase transition process is also changed. Figure 7.15b 
reveals that when the magnetic field is tilted to about 10° the required magnetic 
field of the packed Skyrmion lattice will be the minimum. Using this technology, the 
interaction between individual magnetic skyrmions as well as between skyrmions 
and edges can be directly evidenced [100], demonstrating the importance of the 
magnetism in-situ TEM technology. 

Fig. 7.14 The evolution 
process of magnetic 
Skyrmion by varying the 
magnetic field (reproduced 
with permission from Ref. 
[98], Copyright 2016, 
National Academy of 
Sciences, U.S.A.)
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Fig. 7.15 The phase diagrams of FeGe Skyrmions. a The H-T phase diagram of FeGe nanodisk 
(reproduced with permission from Ref. [98], Copyright 2016, National Academy of Sciences, 
U.S.A.). b The tilted angle versus magnetic field phase diagram of FeGe slice (reproduced with 
permission from Ref. [99], Copyright 2015, American Chemical Society) 

7.3.5 Other Magneto-Related Experiments In Situ TEM 

Under more circumstances, magnetic materials and devices as functional units are 
employed to assess their physical behavior under the stimuli of coupling multi-
fields [101]. Objective lens in LTEM can primarily realize the load of the magnetic 
field as one independent variable, whilst in-situ TEM holder can introduce the 
sample other different field to satisfy the interaction of coupling multi-fields, such 
as thermal, mechanical, electrical field. Therefore, magnetism in situ TEM under 
multi-field stimulus can be performed, providing an expanding research ability for 
the exploration of magnetism science. 

Magnetic phase change materials are one group of very important functional 
materials. Understanding the evolution of magnetic domain in the process of ther-
momagnetic phase change is of great significance to realize industrial application of 
these materials. Combined with Lorentz TEM and in-situ heating or cooling holder, 
the evolution of magnetic domain during thermomagnetic transitions can be seen 
clearly and intuitively at the micro/nano scale [102, 103]. Generation and control 
of nanometric magnetic skyrmions have great potential in spintronics applications. 
Many attempts have been made to current-driven motion of the skyrmions. Combined 
with Lorentz TEM and in-situ electricity holder, this process can be implemented 
at a microscopic scale. Figure 7.16 shows the Lorentz TEM images and diagram 
of a microdevice for the observation of current-driven skyrmion motion [90]. Near-
room-temperature motion of skyrmions driven by electrical currents in a microdevice 
composed of the helimagnet FeGe was demonstrated by this technology [90]. In addi-
tion, mechanical control of the motion of skyrmions is also an important approach 
in spintronics. Combined with the Lorentz TEM and in-situ mechanical holder, this 
process can also be implemented. Figure 7.17 presents the device structure and 
observed Lorentz TEM images of the skyrmion crystal before and after uniaxial
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Fig. 7.16 Lorentz TEM images and diagram of a microdevice for the observation of current-driven 
skyrmion motion (reproduced with permission from Ref. [90], Copyright 2012, Springer Nature)

tensile strain. This study revealed that only 0.3% anisotropic strain can induce very 
large deformation in magnetic skyrmions, as well as distortion of the skymion crystal 
lattice in the FeGe [104]. 

Beside the modification of the TEM holder for magneto-related in situ exper-
iments, the Lorentz TEM itself can be modified for the purpose of multi-field 
stimulus. In order to map the light-induced magnetization changes in the bilayer 
system, the TEM was modified to allow for in-situ femtosecond laser excitation. 
Figure 7.18 shows a corresponding result, which was used to study the schematic 
diagram and optically induced magnetic vortex–network. The author demonstrated 
the light-induced formation of a magnetic vortex–antivortex texture and analyzed 
its structural properties by this technology. Meanwhile, this work also provides a 
general access to a novel magnetic structure on nanometer length scales [105].
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Fig. 7.17 Device structure and observed Lorentz TEM images of the skyrmion before and after 
uniaxial tensile strain (reproduced with permission from Ref. [104], Copyright 2015, Springer 
Nature)

Fig. 7.18 Optically induced magnetic vortex–antivortex network (reproduced with permission 
from Ref. [105], Copyright 2017, American Physical Society)
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7.4 Conclusions and Outlook 

The magnetism in-situTEM has played an irreplaceable role in the research of 
magnetic materials and spintronics. With the continuous progress of TEM tech-
nology, it should be an extremely important direction of studying the magnetic 
mechanisms of magnetic materials and spintronics at the micro/nano scale by TEM 
or LTEM. There are two main development directions of magnetism in-situ TEM. 

The first is a combination of in-situ techniques. At present, with the gradual 
development and maturity of the in-situ testing techniques of TEM, a more impor-
tant research trend is to combine various in-situ techniques to form the analysis of 
materials under the condition of multi-physical field coupling. Especially for func-
tional materials, such as magnetic materials and so on, it is very important for the 
development of magnetism and the application of magnetic materials to study the 
transition mechanism of the magnetic domain structure under different temperatures, 
electric field, and electric current. After the introduction of magnetic random access 
memory and track memory, the use of current to control the magnetic moment of 
magnetic materials has become the main research direction of magnetic memory. 
Various prototype devices based on STT and SOT principles have been proposed 
and developed. This requires us to conduct a detailed analysis of the working mech-
anism of the whole process at the micro/nano or even atomic scale, which needs to 
apply current and magnetic field to the magnetic material at the same time, and even 
change the temperature of the materials [106]. Only in this way the working state of 
the simulator can be more real. At present, a lot of work has been done to analyze the 
magnetic properties of materials by means of multi-physical field coupling in TEM. 

Another important development trend is to analyze the magnetic moment distribu-
tion of samples at a higher spatial resolution. It is a natural requirement of magnetic 
research to analyze and study the magnetic moment of atoms in magnetic mate-
rials. Especially in the last few years, spintronics has quickly developed and created 
the discipline of anti-ferromagnetic spintronics. To study anti-ferromagnetic and 
ferromagnetic materials, it is necessary to analyze the distribution of the magnetic 
moments of their atoms. So far, this function has not been realized in the trans-
mission electron microscope. However, the rapidly developing EMCD technology 
is expected to be able to capture atomic resolution EMCD spectra in the next few 
years, which means that the analysis of atomic resolution magnetic moment distri-
bution can be realized in TEM. In the existing reports, Dr. Xiaoyan Zhong coming 
from Tsinghua University has achieved the analysis of the magnetic moment of a 
single atomic plane, and the specific structure of the exchange spring inside the soft 
and hard magnetic composite material can be observed, which has achieved a good 
technical breakthrough [107–109]. As for the EMCD technology based on STEM 
and mask, Professor He Tian coming from Zhejiang University also made a break-
through. It is expected that in the next 2 or 3 years, EMCD technology with real atomic 
resolution will be realized. Therefore, further studies on exchange coupling, inter-
face between magnetic materials and heavy metal materials, ferromagnetic materials
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and anti-ferromagnetic materials will be conducted in the future, which is of great 
significance for the development of magnetism science. 
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Chapter 8 
In-Situ Liquid Cell TEM 

Chao Zhu, Wen Wang, Honggang Liao, and Litao Sun 

8.1 A Brief History of In-Situ Liquid Cell TEM 

In nature, water covers 71% surface of the earth and also exists as a vapor state in 
the air, playing an important role in most reactive processes, renovation of environ-
ment, as well as the evolution of life. Identically in industry or laboratory, an enor-
mous amount of chemical, biological, biochemical, and electrochemical reactions 
require the participation of liquid solvent. However, the lack of effective experi-
mental methods prevents in-depth exploration of liquid involved reactions. We know 
the beginning and end, but we can only speculate how it happens. Until recently, 
the great improvement of liquid cell techniques based on TEM successfully realizes 
truly seeing reactions in liquid, opening a new avenue for detailed and insightful 
investigations of dynamic signatures in a liquid environment. 

The idea of imaging materials in liquid using TEM can be dated back to 1935 
[1]. Marton proposed two methods to restrict or control the liquid solutions around 
specimens in the electron microscope. The first is to seal the liquid between two 
electron transparent windows to isolate from the vacuum environment. The second 
is to place pairs of apertures to construct an open environmental chamber. After-
wards, several attempts about the development of liquid environment TEM(ETEM) 
techniques have been demonstrated [2–4]. Despite some progress, the following
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two factors lead to the significant increasing of experimental difficulties, seriously 
restricting the application of these techniques in some fields: 

The small amount and short duration of liquids in a vacuum environment for 
“opened” cell (sample directly contact with the column environment of TEM) 
ETEM [5]. 
The poor resolution due to the thick window layer for “closed” cell (sample is 
sealed or isolated from the column environment by plastic windows) ETEM. 

Until recently, TEM studies of liquid samples step into an eruption period, bene-
fiting from the microfabrication technology and the usage of SixNy thin films. In 2003, 
the first SixNy-based liquid cell was developed to investigate the growth dynamic of 
Cu nano-clusters [6]. The cell was assembled by one lower silicon wafer with 80 nm 
SixNy as the viewing window and an upper wafer possessing the same window as 
well as two reservoirs. Au electrodes were deposited onto the lower wafer and addi-
tional electrodes stretched into the reservoirs with the help of top glass spacers for 
the electrochemical experiment. After the penetration of 1 µm (the thickness of SiO2 

spacer between two wafers) liquid and 160 nm SixNy by electrons, a resolution of 
~5 nm was finally achieved. In 2008, a similar liquid cell with epoxy as the spacer 
was also designed for imaging of living bio-reactions [7], but the resolution was 
not much improved. In 2009, by using In as the spacer (200 nm) and thinner SixNy 

(25 nm) membrane, the sub-nanometer resolution during in-situ observation of Pt 
nanoparticle growth trajectories was realized [8]. Then in 2014, further reduction of 
both In (100 nm) spacer and viewing window (10 nm) eventually contributed to an 
atomic resolution in the silicon wafer liquid cell [9]. 

Along with the development of SixNy liquid cell, other membranes have also been 
applied in the construction of different liquid cells. In 2012, two pieces of monolayer 
graphene were used to encapsulate a nano-sized liquid droplet and then transferred 
to TEM for the investigation of Pt nanocrystal growth inside the droplet [10]. Due 
to the single-atomic layer structure of graphene, direct imaging of crystal lattice was 
easily obtained even under 80 kV operation voltage. In 2018, amorphous carbon 
films were proved to be another excellent viewing widow for in-situ observation of 
the growth process of Au nanoparticles [11]. This carbon film liquid cell exhibited 
the robust feature under 300 keV electron irradiation, while maintaining the atomic 
resolution. In 2019, a hybrid liquid cell consisted of graphene and MoS2 was invented 
[12]. The monolayer MoS2 served not only as the substrate but also as the membrane 
window, enabling the exploration of van der Waals epitaxial relationship between Pt 
nanoparticles and MoS2. 

Although liquid cell TEM techniques have provided a good platform for the inves-
tigation of liquid–solid reactions, the research system is still very limited because the 
reaction is always triggered by the incident electron beam in static/sealed environ-
ment, which is quite different from the real reaction in the macro-level experiment. 
On considering this, flow cell then becomes an efficient solution, duplicating the real 
reaction into the micro-level. In 2009, the first microfluidic flow cell was reported 
for the time-evolving imaging of whole cells under a constant liquid flow [13]. In 
their design, microspheres were adopted as the spacer between two silicon chips with
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silicon nitride windows, leaving a liquid flow channel. During the experiment, the 
liquid was supplied by a fluid specimen holder to form a continuous liquid flow. In 
2014, by using a dual flow liquid cell, two different reaction solutions got mixed at 
viewing regions, leading to the visualization of CaCO3 nucleation [14]. The advan-
tage of this dual flow cell was the isolation of the reaction solutions before the in-situ 
experiment, allowing the capture of the very initial nucleation stage. 

Recent years, in order to exploit the application of liquid cell in more research 
directions, multiple external fields have been introduced into this technique, on the 
basis of the fundamental structure. For instance, metal electrodes were deposited 
onto the silicon chips to apply an electrical bias for the study of electrochemical 
growth [6] or lithium ion battery [15]. In addition, metal electrodes deposited on 
the membrane windows could also be used to deliver sufficient heat to the liquid, 
resulting in bubble formation [16]. UV illumination was successfully introduced into 
a liquid cell through an optical fiber to initiate the photocatalytic reaction of TiO2 

in water, which was in-situ imaged [17]. As a matter of fact, there is great potential 
to incorporate more functions into this technique, since the liquid cell owns a high 
degree of flexibility for self-design and modification. And certainly, the successful 
integration of electrical, heating, optical fields or other functions with the liquid cell 
will attract intense interest of scientists among various domains. 

8.2 Current In-Situ Liquid Cell TEM Technologies 

As discussed in Sect. 8.1, both “opened” and “closed” cells have been invented for 
liquid samples in TEM. However, the special design of cell, holder, or even TEM 
column largely limits the widespread usage of the “opened” type. In comparison, the 
“closed” cell that requires the absolute isolation of liquid, shows some advantages in 
the compatibility with ordinary TEM holders and the simplicity for daily operation. 
More importantly, the “closed” cell allows sufficient liquid to stay in the normal 
pressure environment, which is the prerequisite for long-time steady in-situ observa-
tion. Therefore, in this section, we will focus on the “closed” cell techniques. Several 
different “closed” liquid cells have been developed, and all of them consist of elec-
tron transparent membranes to seal the liquid. As a result, a high quality membrane 
has now become the crux of a liquid cell, requiring that the membrane must find the 
balance between two competing rivals: thinness and robustness. 

In the following sections, we will first discuss the static liquid cell based on the 
categories of membrane materials. The specific construction and fabrication process 
will be included for each type. Then, we will describe the flow cell, a combined 
setup of cell chips and holders, ensuring the mixture of various solutions during 
observation. Finally, we will highlight the integration of multi-fields into liquid cell 
systems, including electric, thermal and optical fields.
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8.2.1 Static Liquid Cell 

A static liquid cell usually means there is no external liquid flow passing through the 
cell. This provides a high tolerance for cell design and membranes. Theoretically, 
any sealed space may become a cell if the liquid can be capsulated, and of course, 
the container should also be thin enough for electron penetration, for example, a 
nano-sized metal cavity [18] or a nanotube. While in practical experiments, thin 
film materials with macro-size are commonly used as the membranes to capsulate 
liquid, typically SixNy, graphene, amorphous carbon film and hybrid membranes. 
Other membrane techniques such as SiO2 that has been almost replaced by SixNy 

and polyimide that is used in liquid cell SEM will not be discussed in this section. 

SixNy Liquid Cell 

Amorphous SixNy is the most popular material for cell membranes, on the basis 
of the following features: (1) It is compatible with the microfabrication technology 
of silicon chips. Considering the commercial production and the combination of 
other techniques, SixNy is the best choice, allowing us to control the membrane 
thickness and also to self-design peculiar structures for different purposes through 
wafer-scale fabrication. (2) It is robust enough against large bulging. Low stress 
SixNy(stoichiometric ratio ranging from 3:4 to 2:1) thin films deposited by the 
low pressure chemical vapor deposition (LPCVD) method have proved to be a 
robust membrane for liquid capsulation, and at the same time maintains electron 
transparency for the viewing window [19]. 

The microfabrication process of a standard SixNy liquid cell containing reservoirs 
is shown in Fig. 8.1a. Cells are usually fabricated using 100–200 µm silicon wafers 
instead of traditional 400 µm ones because the reduced thickness is more favorable for 
the cell mounting with holders. Low stress SixNy membrane (e.g. 20–200 nm) is firstly 
grown among the whole silicon wafer through the LPCVD method. Lithography 
patterning and reactive ion etching (RIE) is then used to remove the patterned SixNy 

membrane. The viewing windows and reservoirs (reservoirs are optional structures 
depending on needs) are produced by 30 wt% KOH wet etching at 70–80 °C to 
remove the silicon. The membrane of viewing windows is kept intact and that of 
reservoirs can be physically destroyed for later liquid injection. After wet etching, 
a spacer layer is coated onto the side of the bottom piece, which creates space for a 
liquid layer. However, the real thickness of a liquid layer is determined by not only 
the spacer but also the local bulging. Finally, the top and bottom pieces could be 
assembled into a whole liquid cell.

Assembling and alignment of chips are also important processes before in-situ 
experiments. If a liquid cell is prepared for the common holder usage, there are 
two efficient assembling constructions: (1) Self-bonded construction. Usually, the 
windows of two pieces are manually aligned and then bonded together with deposited 
indium (100–200 nm) at 120 °C for 1 h, where indium is used as both the spacer 
and binder as shown in Fig. 8.1b. This assembling method ensures a fixed spacer for 
every single cell but sometimes shows the difficulties in window alignment and liquid
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Fig. 8.1 a Microfabrication of a liquid cell chip, including SixNy growth, patterning and etching 
of SixNy membrane, Si etching, spacer deposition and assembling process. b A self-bonded liquid 
cell (reproduced with permission from Ref. [4], Copyright 2013, Royal Society of Chemistry). c A 
self-aligned liquid cell (reprinted with permission from Ref. [20], Copyright 2012, Royal Society 
of Chemistry). d An O-ring sealed liquid cell (reprinted with permission from Ref. [21], Copyright 
2012, Springer Nature)

loading. (2) Self-aligned construction. In this method, two structurally complemen-
tary chips can be assembled through the surface tension of liquid droplets, where 
the in-frame is precisely embedded into the out-frame and their windows are self-
aligned [20, 21] as shown in Fig. 8.1c. After self-alignment, the cell is then sealed 
via vacuum grease or epoxy. This structure guarantees easy alignment but has the 
disadvantage in spacer decreasing. 

If a liquid cell is prepared for the specialized holder, the O-ring assembling is the 
most straightforward approach. Figure 8.1d displays a cross-section structure of an 
O-ring sealed liquid cell, where two O-rings clamp the top and bottom chips together 
with metal or oxide as the spacer [21]. Elastic O-rings will tightly compress the chips 
while avoiding damage under certain pressure. In order to prevent contact between 
liquid and vacuum environment, a third O-ring and screws are utilized to form a 
complete liquid cell setup. This kind of O-ring sealed liquid cells is widely adopted 
by commercial manufacturers, generally accompanied with supporting holders. Of 
course, the special design of these holders is favorable for the viewing window 
alignment of the corresponding chips.
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Liquid loading is another challenge for a successful experiment. Before loading, 
chips are usually treated with plasma cleaning to increase the hydrophilicity of the 
SixNy surface. For the liquid cell with reservoirs (Fig. 8.1b), a tiny volume (~100 
nL) of liquid is injected into one reservoir with the assistance of a syringe and Teflon 
nanotube, and then the capillary force can draw the liquid into another reservoir, so 
that the spacer between the viewing windows is eventually filled with the solution. 
For the liquid cell without reservoirs (Fig. 8.1c, d), the solution (~1 µL) is directly 
dropped onto the out-frame/bottom chip, followed by the capping of in-frame/top 
chip, and sealed with epoxy/O-rings. 

Carbon Film Liquid Cell 

Carbon films have been chosen as the viewing window of liquid cells which can 
be further divided into two types: (1) graphene liquid cell; (2) amorphous carbon 
film liquid cell. Despite the difference in the fabrication process, they have some 
similarities as discussed below. 

Discovering a true electron transparent viewing window to prevent the loss of 
resolution is always an ultimate goal for liquid cell techniques. With the emergency 
of two-dimensional (2D) materials, graphene has attracted much attention as an 
excellent membrane material due to the unique monoatomic layer structure. It has 
nearly no scattering effect for electron beams, good conductivity for the avoidance 
of charge accumulation, and possesses considerable mechanical strength, making it 
an ideal view window material for the liquid cell. The polymer-free transfer method 
of graphene [22] is crucial for the fabrication of a liquid cell, as shown in Fig. 8.2a. 
A gold TEM grid with amorphous holey carbon film is first placed on the monolayer 
graphene grown on Cu foil, followed by the dropping of isopropanol (IPA) onto their 
surface. During the evaporation of IPA, graphene gradually adheres to the carbon 
film via surface tension. Then Cu foil is etched by FeCl3 aqueous solution to obtain 
a TEM grid with graphene suspended on the holes of the carbon film. The next step 
is to place two such grids facing in the opposite directions and wet them with the 
sample solution. The extra solution is then suctioned away. After drying naturally, 
these two graphene layers will capsulate small liquid pockets (several to hundreds 
of nanometers) between them due to the strong van der Waals force. Finally, the top 
grid is removed before transferring the graphene liquid cell to a TEM, in which the 
capsulated liquid pockets are utilized for in-situ imaging.

Despite that the application of amorphous carbon films as the window membrane 
is prior to graphene, it was mainly adopted for ETEM and biological samples [23], 
resulting in a poor resolution. Recently, inspired by the success of the graphene liquid 
cell, the amorphous carbon film is also used for liquid capsulation, as presented in 
Fig. 8.2b. The fabrication process is much easier than that of the graphene liquid cell. 
A droplet of the sample solution is sandwiched by two ordinary TEM grids with the 
carbon film face to face. Then, the grids naturally dry and adhere with each other 
via van der Waals interaction to form a liquid cell. Similarly, some liquid pockets 
generate between amorphous carbon films. In comparison with the graphene liquid 
cell, the amorphous carbon film liquid cell has thicker membrane (graphene: 0.34 nm; 
carbon film: ~15 nm), but still ensures atomic spatial resolution. This is because the



8 In-Situ Liquid Cell TEM 227

Fig. 8.2 a Fabrication procedure of a graphene liquid cell. b Preparation of an amorphous carbon 
film liquid cell (reprinted with permission from Ref. [11], Copyright 2018, Springer Nature)

carbon film can stand a high electron dose under 300 kV, while the best voltage for 
graphene is 80 or 100 kV because of its vulnerability to electron irradiation. 

There are some advantages of the carbon film liquid cell. First of all, it owns 
low cost and facile fabrication process, especially for the amorphous carbon film 
liquid cell. Secondly, this kind of liquid cell is based on ordinary grids, which can be 
mounted into any common TEM holder. Last but most importantly, it provides high 
resolution information for the investigation of materials at the atomic level. 

Hybrid Liquid Cell 

Some hybrid liquid cells have also been developed for specific purposes. Among 
these liquid cells, graphene also plays a critical role in the formation of diverse 
cell structures, largely ascribed to the easy fabrication and transfer property of this 
material. 

The structure of a SixNy-graphene liquid cell is shown in Fig. 8.3a. The Si 
microchip with a SixNy window first serves as the substrate to cultivate a eukary-
otic cell. After the labeling, a graphene sheet is transferred and positioned onto the 
eukaryotic cell [24]. In this case, the flat SixNy window is used to grow organics, 
while the flexible graphene provides the tightly coating, leading to good sealing and 
resolution.

Besides SixNy, other materials such as 2D transition metal dichalcogenides 
(TMDs) can also act as the substrate to form a MoS2-graphene liquid cell (Fig. 8.3b). 
The fabrication process of this liquid cell resembles that of the graphene liquid cell, 
except for the different transfer methods of MoS2.This structure offers a van der 
Waals epitaxial relationship between MoS2and metal crystals grown on it, so that 
the formation kinetics affected by substrate could be studied [12]. 

The combination of layered hexagonal boron nitride (h-BN) and graphene brings 
about an upgraded structure of the graphene liquid cell, the h-BN-graphene liquid 
cell (Fig. 8.3c). To fabricate such liquid cells, several circular holes are created onto 
an exfoliated thin h-BN crystal by lithographical ion etching. After surface cleaning, 
a graphene sheet is transferred to the top of the h-BN. Then the h-BN + graphene 
is further transferred to cover another graphene sheet, meanwhile being submerged 
in the sample solution. After drying, some solution is sealed in the cylindrical holes
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Fig. 8.3 a SixNy-graphene liquid cell (reprinted with permission from Ref. [24], Copyright 2017, 
American Chemical Society). b MoS2-graphene liquid cell (reprinted with permission from Ref. 
[12], Copyright 2019, American Chemical Society). c h-BN-graphene liquid cell (reprinted with 
permission from Ref. [25], Copyright 2018, American Chemical Society)

[25]. Apparently, this h-BN-graphene liquid cell ensures very uniform liquid thick-
ness when compared with the liquid pocket of graphene liquid cell. In addition, 
the thickness of the layered h-BN can be easily tuned from several nanometers to 
micrometers, indicating a broader application in various fields. 

8.2.2 Flow Cell 

Now, most of the atomic resolution investigations are realized in static liquid cells, 
since the static solution allows a thin liquid layer and stable imaging. However, 
chemical reactions inside a static liquid cell are usually initiated by electron beams, 
which highly restrict the diversity of the research system. To overcome this deficiency, 
the capability of the liquid flow is introduced, enabling more in-situ experiments 
including the physical motion of the nanocrystals under flow, the changing of solution 
during observation, the mixing of different reaction solutions, etc. In this section, we 
will describe the principle of the flow cell.
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The liquid flow function is achieved in Si chips through the microfabrication 
technology. The fundamental structure of a flow cell is exactly the same as that of 
the static one, but an extra channel is necessary for liquid flow [26]. The inlet and 
outlet vias on the top chip are separated at two sides of the middle viewing window, 
and they connect with O-rings to prevent leakage. The solution can pass through the 
spacer from the vias, or from the side of chips in other kinds of the flow cell [13]. 
The whole flow cell is placed into a groove of the specimen holder with some excess 
room around the chip as the buffer region. During the experiment, the flowing liquid, 
controlled by the external setup, first goes into the buffer region and then enters the 
channel to fill up the spacer between the membranes. 

The mixing of the reaction solution requires a dual flow cell [14]. As shown in 
Fig. 8.4, different solutions are injected by two independent tubes equipped inside 
the holder. The solutions get mixed when arriving at the buffer region, and shortly 
the mixed solution reaches the chips and passes across the flow channel. Although 
the occurrence of the liquid mixture at viewing windows cannot be accomplished in 
the present configuration, it indeed offers valuable information for solution–solution 
reaction. 

Besides the above flow mode, this cell also effectively minimizes the bubble 
formation, which frequently happens in static liquid cells. But the major issue is the 
variation of the fluid layer thickness over the experimental course.

Fig. 8.4 The configuration of a dual flow cell and the corresponding setup of the flow holder 
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8.2.3 Introduction of Multi-Fields to Liquid Cell 

The introduction of external fields into TEM is vital to explore the dynamic process 
of materials in a deliberate way. The “feedbacks” of materials to a variety of “inputs”, 
such as electrical signal, heating and cooling, strain, light irradiation, etc., have been 
systematically studied in vacuum and some environments [27]. Now, in the same way, 
the emergency of liquid cell techniques is prompting the combination of multiple 
fields with the liquid environment for in-situ TEM research. 

Electrical field is first introduced into the liquid cell. As described in Sect. 8.2.1, 
the spacer on the bottom chip is created by the patterned deposition. Analogously, 
a polycrystalline Au electrode can be deposited on the viewing window of the chip 
[6], and connected to an external electrode (Fig. 8.5a). The reference and counter 
electrodes are separately placed in the two reservoirs with a part outside. As a result, 
three electrodes contact the liquid and meanwhile connect to the electrochemical 
measurement system through the wires embedded in the holder. With the introduc-
tion of the electrical signal during the experiment, reactions that occur at the working 
electrode are imaged through the window. In recent commercial products, this struc-
ture has been optimized, where all the three electrodes are coated on the bottom chip 
and connect to a current source and measurement equipment via metal clamps fixed 
at the tip of the holder. 

Fig. 8.5 a The schematic of an electrochemical liquid cell (reprinted with permission from Ref. 
[6], Copyright 2003, Springer Nature). b The structure of a heating liquid cell (reproduced with 
permission from Ref. [16], Copyright 2011, The Japan Society of Applied Physics). c The setup of a 
UV light integrated liquid cell (reprinted with permission from Ref. [17], Copyright 2018, Springer 
Nature)
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The most popular strategies for temperature change in in-situ experiments are 
Joule heating (temperature increasing) and conduction of thermal fluid (both temper-
ature increasing and decreasing). These approaches are now transplanted to liquid cell 
TEM for the study of temperature-dependent phenomena. A Joule heating method 
is depicted in Fig. 8.5b. In the fabrication process, a thin Pt wire is deposited across 
the window of the bottom chip using e-beam lithography, and connected to large 
metal pads extended to the edges of the chip [16]. This Pt wire serves as the heating 
source, allowing the direct contact of the liquid to it. The thermal fluid strategy has 
been employed to a non-electrode liquid cell [28], which is put into a small furnace 
built inside the holder tip with the size capable of a standard 3 mm sample. It is 
also notable that the heating experiments of a liquid cell should be carefully carried 
out, because the imaging quality and sealing property will be seriously affected by 
the evaporation of the liquid, the bubble generation, and the local fluctuation due 
to thermal gradients, that are not problematic for a vacuum based in-situ heating 
experiment. 

The optical source has been applied to the liquid cell TEM until very recently 
[17], as schematically illustrated in Fig. 8.5c. The UV light with the wavelength 
range from 254 to 450 nm is introduced to the liquid cell by an optical fiber for the 
in-situ observation of catalyst evolution during the photocatalysis reaction. In this 
structure, a balanced position of the optical fiber is of great importance. The fiber 
cannot block the electron beam and must keep the appropriate incident angle due to 
the groove of the chips, and at the same time the gap of the pole piece should also 
be taken into account. 

8.3 Research Based on In-Situ Liquid Cell TEM 

With the booming development of electron microscopy and modern liquid cell tech-
niques, many liquid-related phenomena and reactions can be directly imaged in real 
time, which is hard to accomplish in old experimental methods. Scientists from 
different domains are utilizing this technique to study various topics they concern. 
In this section, we will focus on the discussion about the research of liquid cell TEM 
in material science, the most successful application among these domains. Physical 
motion in liquid and chemical behaviors including growth, nucleation, etching, elec-
trochemical and photocatalytic reactions will be the main content. Finally, we will 
also give a brief description of the life science research using liquid cell TEM. 

8.3.1 Physical Motion 

The physical motion of nanomaterials or bubbles is the most commonly observed 
behavior in liquid. It does not require a very thin window membrane or special 
imaging techniques, only if the material and liquid have apparent mass-thickness
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contrast difference. Hence, the motion trajectories can be easily obtained for the 
investigation of physical dynamics of nanomaterials in liquid. 

One critical purpose to study the motion dynamics of nanomaterials is the better 
prediction of their behavior so that researchers can build novel architectures using 
these nanomaterials as building blocks. By using the electron beam, it was found 
that the movement of nanoparticles can be precisely manipulated in a liquid cell 
[29]. As shown in Fig. 8.6a, Au nanoparticles sit on the viewing window membrane 
if the beam is off, whereas when the electron beam is turned on and focused on a 
nanoparticle, this nanoparticle is then trapped inside it. With the movement of the 
beam, the nanoparticle exactly follows beam trajectories due to a piconewton trapping 
force. In addition, the manipulation of multiple nanoparticles including motion and 
assembling could also be achieved in the same manner. 

Self-assembled colloidal nanoparticles have shown great potential in energy and 
photo-electronic applications, so the fundamental mechanism of self-assembly is 
important for the guidance and establishment of such devices. This assembly process 
was successfully observed using liquid cell techniques [30]. As the solvent evaporates 
under the electron beam, the motion of the liquid front drags the nanoparticles and 
aggregates them into a dense disordered phase. Then, the local fluctuations instead

Fig. 8.6 a Manipulation of the motion of a Au nanoparticle inside liquid by the incident electron 
beam (reprinted with permission from Ref. [29], Copyright 2012, American Chemical Society). b 
The formation course of nanoparticle Pt superlattice structure. The scale bar is 100 nm (reprinted 
with permission from Ref. [30], Copyright 2012, American Chemical Society) 
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of Brownian motion drive them to form an ordered two-dimensional superlattice, as 
illustrated in Fig. 8.6b. After the self-assembly event, the superlattice domain can 
continue to grow through the addition of nearby nanoparticles due to the capillary 
force. This multiple-stage assembly mechanism is in good agreement with the lattice 
gas simulation results. 

The fast intrinsic dynamics of the physical motion of nanoparticles in liquid have 
also been revealed. In recent literature [31], two ultrafast laser systems were applied 
to in-situ liquid cell microscope: one was for the generation of ultrafast electron 
pulse, and the other one was used to initiate the motion of particle dimer, leading 
to the imaging of the transient rotation dynamics in the nanosecond scale. When 
the two nanoparticles have similar size, the rotation obeys the traditionally diffusive 
mode, where the mean square angular displacement shows a linear relationship with 
time. If the dimer shape asymmetry slightly increases, the rotation then becomes a 
superdiffusive mode due to the anisotropic random impulsive torques. With further 
increase of the shape asymmetry, the dimer displays a ballistic rotation because of 
the unidirectional random impulsive torques. 

Other studies about the motion of nanomaterials in liquid, which actuated by 
electron beams, surface charges, local environment fluctuations, liquid flow, etc., have 
also been reported. The movement of cobalt oxide nanoparticles and the formation of 
nanoparticle rings driven by the gradient force of the curved surface of nanodroplets 
are observed [32]. The 3D configuration and motion of DNA-Au nanoconjugates in 
an aqueous solution have been revealed through the reconstruction of 2D projected 
images [33]. Under the condition of flowing fluid, different motion types of Au 
nanorods have been captured [34]. 

8.3.2 Nucleation 

Besides physical motion, the chemical reactions of nanomaterials attract more atten-
tion. The typical synthesis pathway of nanomaterials can be roughly divided into three 
distinct stages: nucleation from atoms, evolution of nuclei into seeds, and growth of 
seeds into nanocrystals [35]. However, our study of these processes is still far from 
the understanding in atomic perspective or even structure details. Especially among 
those chemical reactions in liquid, nucleation process is the most difficult one to 
clarify due to the short reaction time and small nuclei size. Recently, liquid cell TEM 
has been demonstrated to provide opportunities for understanding nuclei mechanisms 
by capturing the earliest nucleation stage with high spatial and temporal resolution. 

The debate of whether the final, stable phase can nucleate directly from solution 
or through a multistep, multiphase evolution has been lasting for more than a century. 
Using a dual inlet liquid cell TEM, the careful nucleation pathways of CaCO3 were 
imaged through mixing two precursor salt solutions to create a supersaturated solu-
tion [14]. Although the atomic in-situ observation has not been achieved in this work, 
the morphology evolution combined with diffraction of CaCO3 nuclei during each 
stage provides substantial structural information to make the nature of nucleation
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appear real, as shown in Fig. 8.7a. It is found that the amorphous calcium carbonate 
(ACC) and crystalline phases including vaterite, aragonite, and calcite of CaCO3 

can directly nucleate from the solution and grow to large particles, indicating the 
direct nucleation pathway. The transformation from ACC to the vaterite and arago-
nite phase is also observed, but an anticipated ACC to calcite transformation does not 
exist. In addition, a crystal to crystal transformation of aragonite to calcite is captured 
if these two phases appear in close contact. All these results suggest the existence 
of multiple nucleation pathways during the formation of CaCO3, which contains 
the direct generation from solution and indirect transformation from amorphous or 
anhydrous crystalline phases. 

Fig. 8.7 a Direct nucleation of ACC and vaterite CaCO3 phase from the solution, as well as the 
multistep nucleation from previously nucleated ACC to aragonite phase. Scale bar is 500 nm (repro-
duced with permission from Ref. [14], Copyright 2014, The American Association for the Advance-
ment of Science). b Three-step nucleation pathway for gold nanoclusters in solution (reprinted with 
permission from Ref. [36], Copyright 2016, Springer Nature)
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The complex nucleation process of CaCO3 may be attributed to the ternary compo-
sition, so how about the nucleation of mono-element materials? This question was 
answered in the recent investigation of the in-situ observation of Au and Ag nucle-
ation pathways [36]. Only one kind of nucleation process accomplished in three 
distinct steps has been revealed, as presented in Fig. 8.7b. A spinodal decomposition 
is noticed at the early nucleation stage, where the solution demixes into Au-poor and 
Au-rich phases. The second step is the formation of an amorphous phase from the 
Au-rich region. Eventually, amorphous nanoclusters undergo crystallization to form 
the stable face-centered-cubic (fcc) Au nuclei. This three-step course also applies to 
Ag nucleation, implying the universality for mono-element nobel-metal nanoparti-
cles. The elaborate data processing and ab initio calculation illustrate that the strong 
coupling of Au atoms and metastable Au complexes should be responsible for these 
multi-step nucleation pathways. 

The in-situ probing of nucleation using liquid cell TEM is becoming a hot topic 
for the understanding of some fundamental phase transition questions. By adding 
a matrix of polymer polystyrene sulphonate (PSS) into the reaction solution, it is 
evidenced that the formed Ca-PSS globules play a key role in the generation of 
metastable ACC, which is an important phase in CaCO3 nucleation [37]. Besides 
the solid state materials, the gas nucleation has also been visualized. It has been 
reported that the gas bubbles nucleate inside the iron hydroxide during the phase 
transformation of solids, and then migrate driven by the lattice strain [38]. In spite of 
these progresses, a thorough understanding of the nucleation process remains with 
further efforts along with the assistance of liquid cell TEM techniques. 

8.3.3 Growth 

After nucleation, the nanomaterials grow into different structures, morphologies, 
and sizes depending on the reaction conditions. The growth of the nanomaterials 
is most studied in liquid cell TEM experiments, because this process is easy to 
induce and control as compared to other chemical behaviors. Various stimuli can be 
used to initiate the nanomaterial growth such as electron beam irradiation, heat, and 
electrodeposition. The time scale of growth ranges from seconds to hours and can 
be adjusted by experimental parameters, enabling the real-time record of detailed 
information. In the following part, we mainly discuss the growth trajectories and 
mechanisms of nanomaterials. Many important behaviors and phenomena that have 
not been previously reported are imaged during the in-situ TEM study of nanomaterial 
growth. 

Before the first observation of growth trajectories using liquid cell TEM, the 
nanoparticle growth through monomer attachment or Ostwald Ripening (OR) is the 
classical and most acceptable mechanism. However, the coalescence growth, ques-
tioned for a long time, is considered resulting in the production of nanoparticles 
of various sizes which should be avoided to achieve monodisperse nanoparticles.
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However, the direct imaging of individual Pt nanocrystal growth presents two simul-
taneous growth trajectories: monomer attachment from solution and coalescence of 
two particles [8], as shown in Fig. 8.8a. The Pt nanocrystal grown through monomer 
attachment gradually increases the size and maintains the spherical morphology. In 
comparison, the nanocrystal grown through coalescence shows a different pathway. 
After the coalescence event, the nanocrystal size increases abruptly and reshapes 
from irregular to spherical morphology eventually. The combination of these two 
growth trajectories leads to a spontaneous narrowing of size distribution. It is also 
found that the evolution of mean particle size shows a similar trend of the diffusion-
controlled OR process, in spite of different growth mechanisms. This work confirms 
coalescence as an alternative growth pathway, which should also play an important 
role in a wide range of nanocrystal synthesis. Later, more experiments reveal the 
existence of multiple mechanisms co-existed during the nanoparticle growth and 
their role in different growth stages [39, 40]. 

Considering that the shape of nanocrystals strongly influences the performance 
applications, the morphology evolution during monomer attachment growing this is 
critical for the shape engineering of nanocrystals. According to the Wulff construc-
tion, the high energy facets grow faster than the low energy facets, eventually leading 
to an equilibrium shape with low energy facets exposed. However, recent liquid cell

Fig. 8.8 a The growth of Pt nanocrystals through monomer attachment and coalescence (repro-
duced with permission from Ref. [8], Copyright 2009, The American Association for the Advance-
ment of Science). b The facet-dependent growth of single Pt nanocube (reprinted with permission 
from Ref. [9], Copyright 2014, The American Association for the Advancement of Science). c The 
OA growth trajectories of Au nanoparticles (reprinted with permission from Ref. [11], Copyright 
2018, Springer Nature) 
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observations of Pt nanocube growth showed a different perspective [9]. Initially, a 
truncated octahedron nanocrystal grows in all three main facets, i.e. {100}, {110}, 
and {111}, and these facets have a similar growth rate until the {100} facets stop 
growth at a constant size. Afterword, the {110} and {111} facets continue to grow 
for a while with the same growth rate. Then the growth of {110} facets stops before 
that of {111} facets because they reach the edge limitation of the cube. Finally, 
only the {111} facets grow to fill the corners of the cube (Fig. 8.8b). This obser-
vation contradicts the Wuff rule about the surface energy minimization. To address 
this question, the theoretical calculation is performed and reveals that the selective 
facet arrested shape evolution should be the consequence of the different mobility of 
surface ligands on different facets. 

If the coalescence of nanoparticles occurs at a specific facet, this process is an 
oriented attachment (OA) growth. OA growth has attracted much attention since it 
is found to be responsible for the anisotropic development of nanomaterials. Never-
theless, the kinetics and driving force of OA growth are still under debate. Through 
tracking the OA trajectories of Au nanoparticles, it was demonstrated that the capping 
ligands play a key role in controlling OA growth [11]. As shown in Fig. 8.8c, when 
separate at a long distance, particle pairs rotate randomly in liquid, suggesting their 
free motion. As the particles get closer to about 1.3 nm, their surface ligands interact 
with each other and result in a directional rotation until they share the same {111} 
orientation. At this moment, the distance between the particle pair decreases to 
0.7 nm, exactly the same as the single layer thickness of surface ligands. The simul-
taneous expulsion of the ligands then occurs to make their surface jump to contact. 
The first principle calculations confirm that the weak ligand binding ability on {111} 
surfaces is the dominant reason for the preferential attachment growth. This ligand 
driving mechanism should also be applied to other solution based growth systems 
even when there are no organic ligands, cause the water molecules can also adsorb 
on particle surfaces to create a hydration force [41]. 

The growth of nanostructures with complex shapes or different compositions has 
also been studied. For example, the Au–Pd core–shell nanoparticles, considered as 
the promising hetero-structure for enhanced catalytic activity, were chosen as a case 
to demonstrate the seed mediated growth [42].  As  shown in Fig.  8.9a, the morphology 
of the core–shell nanoparticle is very sensitive to the size of Au cores. A uniform 
deposition of Pd shell is observed on small spherical Au seed particles (5 nm), and 
this shell can extend to a large thickness. The shell growth on larger Au particles 
(10 nm, 30 nm) goes in a different way, where Pd preferentially deposits on low-
coordination sites like corners and asperities. This non-uniform deposition turns the 
core–shell particles into a flower-like or dendritic chain morphology. A diffusion 
limited mechanism of hydrated electrons is then proposed to interpret the related 
growth process.

Hollow nanoparticles are another attractive structure due to the special void space, 
which potentially enables drug delivery, energy storage, gas sensing, and so on. The 
investigation of Bi2O3 hollow nanoparticle formation through Kirkendall effect was 
carried out by using liquid cell TEM [43]. A typical Kirkendall process is shown in 
Fig. 8.9b. Firstly, a thin Bi2O3 layer forms on the Bi nanoparticle surface, resulting
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Fig. 8.9 a The growth of Au–Pd core–shell nanoparticles with different morphologies (reprinted 
with permission from Ref. [42], Copyright 2013, American Chemical Society). b The formation 
process of a hollow Bi2O3 nanoparticle by Kirkendall effect. Scale bar is 20 nm (reprinted with 
permission from Ref. [43], Copyright 2013, American Chemical Society). c The statistics of the 
growth dynamics of CdSe/CdS octapod based linear chains. Scale bar is 200 nm (reprinted with 
permission from Ref. [44], Copyright 2016, Springer Nature)

in a core–shell structure. Subsequently, voids appear at the core/shell interface and 
become larger by the continuous cost of Bi. At the same time, the Bi2O3 shell 
grew thicker and thicker due to the oxidation of the Bi core. Eventually, a hollow 
nanoparticle s formed with a non-uniform Bi2O3 shell. It is also observed that Bi 
can also directly diffuse through the shell and get oxidized to form a hollow particle, 
indicating the rich diffusion pathways during Kirkendall hollowing process. 

Construction of functional materials via self-assembled growth of nanocrystals 
into hierarchical structures is a widespread strategy, but its dynamics with respect 
to various driving factors remain a question. Using CdSe/CdS octapods as the basic 
units, the growth mechanism of linear chain superstructures was elucidated [44]. 
During the growth, octapods orderly interlock with each other to form a stable 1D 
chain, probably guided by the dynamic fluctuations and the incorporation of organics. 
As presented in Fig. 8.9c, a statistical mechanics model is then established to describe
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the role of van der Waals interactions and entropic forces, from which the strength 
of inter-particle interaction can be determined. 

Nanomaterials growth from liquid environment is a quite complicated process, 
involving only not the solid state products but also the surrounding chemical solution. 
So far, the most efficient experimental method to uncover this process is the liquid cell 
TEM, which offers direct insight into the evolution of morphologies and structures, 
as well as their relations with external stimuli. Besides the growth trajectories and 
dynamics mentioned above, many other growth pathways of nanomaterials have also 
been reported, such as the growth of metal–organic nanotubes [45], nanorods [46], 2D 
dendritic nanostructures [47], spinel ferrite [48], bonding growth [49], aggregative 
growth [40], and so on. 

8.3.4 Etching 

Oxidative etching or corrosion is a common phenomenon no matter in nature, lab, or 
industry. It refers to the oxidation of zero-valent atoms into an ionic state by oxidizing 
species in water or solutions. In some cases, etching has a negative influence on the 
stability of structure and composition of materials, which should be prevented. While 
in other cases, etching is a valid method to realize materials design and construction. 
Therefore, a full understanding of the etching mechanism is very essential for the 
application of materials, especial on a small scale. Recent research efforts mainly 
focus on metals, metallic oxides, and alloys because these corrosion-sensitive mate-
rials exhibit excellent properties in many fields. In this part, we will introduce the 
progress and challenges in the chemical etching of nanostructures using liquid cell 
TEM. 

In a liquid cell, the electron beam can be used to directly cause growth and 
motion of samples, as discussed above. Besides these effects, the electron irradiation 
can indirectly participate in the chemical etching reaction through the generation of 
oxidizing species in water. It has been reported that these produced oxidizing agents, 
for example, OH•, HO2 

•, O, and H2O2, facilitate the etching of Pd nanocrystals [50]. 
It is found that halogen ions Br− also play an important role in this oxidative etching, 
where Pd atoms on the nanocrystal surface are captured by Br− and transferred into 
solution in the form of [PdBr4]2− (Fig. 8.10a). Moreover, a cubic to round shape 
transformation is observed during etching, suggesting the preferential etching of 
edge atoms with more dangling bonds. In spite of these phenomena, the electron 
beam induced chemical etching is actually very complicated due to the plentiful 
generated species and limited ion diffusion space.

The etching kinetics are not only dependent on the reaction solution, but also 
on the structure of nanoparticles. Different corrosion pathways were revealed in 
core–shell Pd@Pt nanoparticles in the same solution environment [51]. As for the 
perfect nanoparticles, the etching starts at the corner of internal Pd cores, and then 
extends to the central part, eventually forming a hollow Pt cage, as illustrated in 
Fig. 8.10b. When the Pd@Pt cubes have defects, the etching initiates at the defect
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Fig. 8.10 a The oxidative etching of Pd nanocrystals with the assistance of Br− ions (reprinted 
with permission from Ref. [50], Copyright 2014, American Chemical Society). b The asymmetrical 
corrosion of core–shell Pd@Pt nanoparticles. Scale bar is 5 nm (reprinted with permission from 
Ref. [51], Copyright 2018, Springer Nature). c The observation of nonequilibrium Au nanocrystals 
during etching process (reprinted with permission from Ref. [52], Copyright 2016, The American 
Association for the Advancement of Science)

areas regardless of their locations, finally leading to a large void. These two cases 
arise from different etching kinetics: the former is a galvanic process and the latter 
is a halogen-induced process, which is confirmed from the etching rates and ex-situ 
characterizations. 

In order to create a controllable system for in-situ TEM study of etching dynamics, 
some etchants are utilized to ensure a uniform solution environment. In such an 
environment, the nonequilibrium Au nanocrystal state was imaged and quantita-
tively analyzed during the etching course in FeCl3 solution [52]. When the FeCl3 
concentration is low, the nanocrystal maintains an equilibrium state with the shape 
obeying the Wulff construction. In contrast at a high concentration, the competi-
tive etching and restructuring rates lead to a short-lived nonequilibrium state. This 
metastable state can be clearly recognized through the altering of facet dissolution 
rates and the formation of the tetrahexahedron intermediate, as shown in Fig. 8.10c. 
The Monte Carlo simulations also confirm that the tetrahexahedron nanocrystal is 
a general intermediate structure for fcc metals under a wide range of experimental 
environments. 

Besides metal and bimetallic nanoparticles, etching kinetics of metal films, metal 
oxides, metal chalcogenides, semiconductors, and carbon nanotubes are also inves-
tigated [53–56]. Some other methods like electrochemical etching have also been 
used in liquid cell TEM to study the industrial corrosion problems.
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8.3.5 Electrochemistry 

As we discussed in Sect. 8.2, with the introduction of metal electrodes onto the 
chips during the cleanroom fabrication process, external electrical signals can be 
directly applied to the liquid cell for electrochemical experiments. The working 
electrode where dominant reactions usually occur is deposited on the viewing window 
for imaging, and some other electrodes are used for the measurement of feedback 
signals. The advantage of studying electrochemistry reactions in TEM is that it 
allows researchers to monitor the relationship between structure information and 
electrochemical data in real time, which cannot be achieved by other methods. 

In the first demonstration of silicon nitride liquid cell techniques, electrical biasing 
was already incorporated to study the electrochemical deposition of Cu [6], which 
was a successful method adopted in industrial integrated circuits. By applying a 
galvanostatic biasing of 5 and 50 mA/cm2, the nucleation and growth of Cu clusters 
are visualized. The nucleation sites of Cu on Au electrodes do not show a preference, 
but display a homogeneous characteristic instead. After nucleation, the subsequent 
time-resolved growth of Cu clusters is recorded and the size evolution of some 
individual clusters is fitted versus time, as shown in Fig. 8.11a. Within the early 
growth stage (0~2 s), the experimental data of growth kinetics fit well with the 
Faraday’s law, indicating the surface-reaction limited growth mode. However, after 
~2 s, a slower growth rate is noticed because the depletion of ions results in the 
diffusion-limited growth mode at this stage. This work sheds light on the growth 
mechanism of Cu clusters at the solid–liquid interface, and most importantly opens 
a venue for the investigation of electrochemical phenomena at the nanoscale or 
even atomic level. From then on, more and more electrochemical systems have been 
studied by using liquid cell microscopy techniques.

Electrochemical experiments usually come with electroanalytical techniques to 
elucidate the scientific issues such as the performance and charge transport mech-
anism. Therefore, quantitative electrochemical measurements are needed in liquid 
cell TEM to establish a reliable relationship between the observed dynamics and the 
corresponding electrochemical data. With the assistance of the improved fabrication 
techniques of chips and optimized geometry of electrodes, the quantitative measure-
ments were first performed in a flow electrochemical cell [57]. Figure 8.11b shows  
cyclic voltammetry and impedance spectroscopy nyquist plots of the redox couple 
[Fe(CN)6]3−/4−-based system. Under the constant electrolyte flow rate of 2 µL/min, 
serial scan rates and potentials are used in cyclic voltammetry and impedance spec-
troscopy to evaluate the redox process and electron/charge/mass transport. respec-
tively. The diffusion coefficients extracted from the measured data well agree with the 
wide-accepted values in other reports, suggesting the validation of this quantitative 
electrochemical application. 

Energy related systems such as lithium ion batteries have also become a hot elec-
trochemical topic by using liquid cell TEM techniques. Through the direct imaging 
of the reaction area during the charge and discharge process, some mechanisms of 
electrochemical events that occur at electrode–electrolyte surface are revealed at the
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Fig. 8.11 a The nucleation and growth of Cu clusters during electrodeposition process. Scale bar is 
500 nm (reprinted with permission from Ref. [6], Copyright 2003, Springer Nature). b Quantitative 
electrochemical measurements (cyclic voltammetry and impedance spectroscopy nyquistplots) of 
[Fe(CN)6]− based electrolyte using liquid cell devices (reprinted with permission from Ref. [57], 
Copyright 2014, Cambridge University Press). c The evolution of Au electrodes during lithiation 
and delithiation courses (reprinted with permission from Ref. [15], Copyright 2014, American 
Chemical Society). d The morphology deformation of a Sn-SnO2 core–shell nanoparticle during 
lithiation under stress. Scale bar is 100 nm (reprinted with permission from Ref. [58], Copyright 
2019, Springer Nature)

nanometer scale. As shown in Fig. 8.11c, the in-situ charge and discharge experiment 
was performed in the commercial LiPF6/EC/DEC electrolyte [15]. Some bubbles 
were generated in the early reaction, followed by the formation of a thin Li-Au 
alloyed layer. With the further increase of the Li-Au layer, drastic decomposition 
of LiPF6/EC/DEC initiates the nucleation and rapid growth of Li dendrites. When 
a reverse sweep voltage is applied, the Li dendrites begin to dissolve and disappear 
eventually, while the Li-Au alloyed layer remains with thickness reduced. In addi-
tion, the formation of the solid–electrolyte interface layer is also observed in this 
experiment, which is critical for the understanding of the battery stability. 

Recently, the stress effect during electrochemical reactions was demonstrated 
by using in-situ graphene liquid cell TEM [58]. It is found that the stress-related 
lithiation behavior of Sn-SnO2 core–shell nanoparticles usually leads to the special 
morphology evolution, as illustrated in Fig. 8.11d. The nanoparticle undergoes a 
volume expansion upon initial lithiation, and then shows an oscillation of its size. The
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continuous lithiation gives rise to the shrinkage of the nanoparticle spontaneously, 
accompanied with Kirkendall voids emerging inside the core area, finally resulting 
in a half-void and half-meniscus structure. This unique evolution of nanoparticle 
morphology is attributed to the induced mechanical stress and the corresponding 
uniformity of Li composition among the core–shell structure, implying a huge 
potential for the stress engineering of Li distribution in lithium ion batteries. 

Liquid cell TEM has shown the significant advantages in the in-situ visualization 
of various electrochemical systems. Some other critical problems about solid–liquid 
interfaces [59], localized corrosion [60] and energy storage techniques [61] have also  
been successfully investigated. In the future, this method will certainly attract more 
and more attention to the research of electrochemical kinetics. 

8.3.6 Photocatalysis 

The observation of photocatalysis reaction at the solution/catalyst interface is of great 
importance to the understanding of the catalyst efficiency and activity. Although 
there have been some literature about the investigation of photocatalysis reaction in 
nanoscale by using scanning tunneling microscopy (STM) and ETEM techniques, 
only very limited liquid could exist and be in contact with the catalyst, which fails to 
reflect the actual reaction environment in the laboratory or industry. Now the liquid 
cell TEM has provided a great opportunity to study the photocatalysis pathway in 
real time. 

The first in-situ photocatalysis demonstration using liquid cell TEM focused on the 
water splitting reaction of the most well-known anatase TiO2 catalyst [17]. Under UV 
(wavelength from 254 to 450 nm) illumination, a 3.2 nm surface shell appears on TiO2 

after 12 h exposure, followed by the generation of gas bubbles after 18 h exposure, 
as shown in Fig. 8.12a. The structure analysis, electron energy loss spectroscopy 
(EELS), and theoretical calculation confirm that the subsurface diffusion of photo-
generated water protons that leads to the formation of the metastable surface shell 
containing Ti3+, which facilitates hydrogen generation due to the effective reduction 
of the energy barrier. When combining anatase TiO2 with Pt as the co-catalyst, the 
self-hydrogenated TiO2 is still observed, indicating that the formation of the shell is 
a universal behavior and plays a vital role in the water splitting process.

In addition to the real photocatalysis reaction, the pseudo-photocatalytic behavior 
stimulated by electron beams instead of the light source has also been studied in 
liquid cells [62]. Figure 8.12b shows the image sequences of the water splitting 
phenomena at rutile TiO2 surface, where the hydrogen evolution occurs preferentially 
on {110} facet rather than other facets. Further investigation reveals that the lower 
work function of electron removing on {110} facet should be responsible for this 
facet-dependent bubble generation behavior. Although the oxygen evolution is not 
observed, this reaction is expected to occur on {111} and {001} facets. 

The utilization of the liquid cell to explore photocatalysis in reactions is a new 
direction among the in-situ TEM techniques, and so far only very limited reports
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Fig. 8.12 a The formation of nanobubble and surface shell during the photocatalytic water splitting 
reaction of anatase TiO2nanoparticles (reprinted with permission from Ref. [17], Copyright 2018, 
Springer Nature). b The facet-dependent production of gas bubble in the pseudo-photocatalytic 
behavior of TiO2 nanorods (reprinted with permission from Ref. [62], Copyright 2019, Elsevier)

have been published. However, this field will definitely receive much attention and 
attract more researchers, because it will provide important insight into the issues of 
clean renewable energy. 

8.3.7 Life Science 

Liquid cell TEM technique achieves great success not only in material science but 
also in life science. It offers several advantages compared to the widely used cryo-
TEM when applied in biological samples and soft materials, such as higher imaging 
contrast and easier sample preparation procedure. Most importantly, the vitrification 
of cryo-samples inevitably results in the altering of the native state, which can be 
largely avoided in liquid cell TEM due to the damage resistance of some viewing 
windows.
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Fig. 8.13 a The direct liquid cell STEM imaging of wild-type S. pombe yeast cells. Scale bar is 2 µm 
(reprinted with permission from Ref. [63], Copyright 2011, Elsevier). b EELS mapping of ferritin 
molecules sealed in graphene liquid cell (reprinted with permission from Ref. [64], Copyright, John 
Wiley and Sons). c The cumulative electron effect on C. metallidurans biological cells inside liquid 
cells (reproduced with permission from Ref. [65], Copyright 2018, The American Association for 
the Advancement of Science) 

The visualization of live cells by using liquid cell STEM was first demonstrated 
on yeast cells [63]. As shown in Fig. 8.13a, a maximal 32 ± 8 nm spatial resolu-
tion can be achieved inside a 4 µm liquid layer, much better than that of the tradi-
tional light microscopy. The cell is still alive at the initial period of STEM imaging, 
allowing the identification of some structural features, such as cell wall, primary 
septum, secondary septum, cell membrane invagination, lipid droplet, peroxisome, 
and unclassified vesicle. 

Besides the imaging, energy spectroscopy analysis is also compatible with biolog-
ical samples. The nanoscale EELS mapping was carried out on ferritin molecules 
[64], as shown in Fig. 8.13b. The protein shell containing N and O, and ferritin core 
containing Fe can be clearly distinguished from the mapping results. The capability 
of combing imaging with spectroscopy enables us to detect both the structure and 
chemical bonding information of biological samples. 

The interaction of electron irradiation and biological samples is a severe side-
effect for the in-situ liquid cell TEM imaging. This effect was studied through the 
accumulation of electrons on biological cells [65], as shown in Fig. 8.13c. It is found 
that the cumulative electron flux of 1 to 4 e−/Å2 is enough to cause the shrinking of 
C. metalliduran cells, implying the structural breaking of the intact organism. This 
investigation provides valuable evidence for the role of electron irradiation history 
in liquid cell TEM when dealing with biological samples. 

Many other biological species including bacteria [66] and viruses [67] have also  
been studied using liquid cell TEM. We expect that, in the future, this technique will 
become an important complement to cryo-TEM for the deeply scientific exploration 
in life science.
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8.4 Conclusions and Outlook 

From the static liquid cell to flow cell and then to multi-field cell, every advance in 
liquid cell techniques has brought with it tremendous possibilities for the exploration 
of new frontiers in material science, chemistry, physics, and life science. More and 
more scientists are using liquid cell TEM to probe the fundamentals in liquid envi-
ronments that are not reachable by previous techniques. The real time imaging at the 
nanoscale or even atomic level allows the interpretation of the connection between 
material structure and external stimuli. Various types of liquid cells can satisfy the 
different needs from many fields. Energy spectroscopy (EDX and EELS) is also 
compatible with the techniques, which provides broader information about compo-
sition and chemical bonding beyond image and structure. Based on the above facts, 
a wide range of physical dynamics, chemical reactions, and biomaterial behaviors 
like motion, nucleation, growth, etching, electrochemistry, photocatalysis, etc. have 
been reported. All these accomplishments indicate an exciting future for liquid cell 
TEM. 

However, liquid cell techniques still need substantial improvement. First of all, 
there is a lot of room to find the best balance among the thickness, flatness and firm-
ness of the viewing window. This may require an optimized design of the liquid cell 
structure and a better choice for membrane composition. Secondly, a sophisticated 
sample preparation method should be established. In the present condition, liquid 
loading is a big problem because the amount of liquid cannot be well controlled and 
the thickness of the liquid layer may dramatically vary for each test, which limits the 
experimental repeatability. Thirdly, more extreme stimuli and external fields should 
be introduced to the liquid. The purpose of in-situ liquid cell observation is to scale 
down the lab reaction into the microscopy, in order to know what happens at the 
nanoscale. But many solution reactions are initiated by electron beams or simple 
mixing inside the liquid cell, quite different from the lab situation, where hot injec-
tion, stirring, and high temperature may be used. Fourthly, the side-effects of the 
electron beam should be well understood and alleviated. When the electron beam 
penetrates the liquid solution, it can easily interact with the liquid molecules to 
generate some species. This process may seriously affect the solution environment 
or materials inside. By solving these problems, the liquid cell techniques are expected 
to achieve further success in future research. 
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Chapter 9 
In-Situ Gas Transmission Electron 
Microscopy 

Ke Fang, Wentao Yuan, Jakob B. Wagner, Ze Zhang, and Yong Wang 

9.1 A History of In Situ Gas TEM 

Since the pioneers of transmission electron microscope (TEM) lied the foundation 
of electron microscopy in 1932 [1, 2], the exploration and development of the TEM 
apparatus itself and various accessories are being constantly carried out. 

In the early stages of development, due to the low magnification and unsatisfying 
resolution of the TEM, high spatial resolution and sensitivity are the main pursuits of 
modifications to the microscope. Among the affecting factors, the degree of vacuum 
is an important and accessible factor to improve the resolution. The scattering of 
electrons by gas molecules on the electron pathway can influence the coherency of the 
electron beam (e-beam), which can further affect (degrade) the intensity, resolution, 
and contrast of imaging. Therefore, the tendency to develop the microscope with 
high vacuum as much as possible prevailed in the early decades. Special attention 
was paid to optimizing the specimen chamber, because changing the specimen each 
time could run the risk of vacuum breaking. 

However, the specimen characterized in such a high vacuum environment may 
not represent the structure or status of it under realistic operating conditions, espe-
cially for some gas-sensitive materials or special atomic structures that only existed 
in a gaseous environment. In addition, the dynamic information of structural and 
compositional evolution of materials in real environment is missing in these vacuum 
characterizations, though it is of great significance to understand many physical 
and chemical processes. This dilemma stimulated the development of environmental
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TEM techniques, which emphasize simulating realistic gaseous conditions during 
real-time observation of the specimen. 

Actually, the thought of introducing gas into the TEM emerged almost as early 
as the birth of TEM. The controllable gaseous environment was firstly proposed by 
Marton in 1935, including two approaches which could accomplish the gas confine-
ment in the close vicinity of the specimen while maintaining the high vacuum in 
other essential parts of TEM. The first approach is realized by modifying the objec-
tive pole pieces, placing pairs of apertures above and below the specimen to confine 
the gas around the specimen chamber in 1942 [3]; the second approach is creating a 
sealed (closed) gas cell with electron-transparent windows placed above and below 
the specimen, which could withstand the pressure difference between the inside and 
the outside of the cell in 1944 [4]. 

These two approaches have been subsequently employed in tremendous designs 
of TEM in the following decades. Both approaches developed well independently 
and established their special structures and own complete systems, with the amount 
of applications, respectively. The first method is generally called “opened type” or 
“aperture”, and another one is named “closed type” or “window”. 

At the early stage of development, several researchers carried out TEM observa-
tion in reactions by using the residual gases in the microscope column [5, 6]. This 
method, obviously, suffered from shortcomings including low maximum pressure 
(~10–3 Torr) and uncontrollable gas composition, so that a variety of chemical reac-
tions may occur. To solve these problems, a means of providing an atmosphere of 
known composition and stable pressure around the specimen is desired. 

In 1958, Ito and Hiziya [7] modified the specimen chamber of an ordinary TEM 
to directly observe the specimen in a chemical reaction at varied temperatures (room 
temperature to 1000 °C) in gas atmospheres. The gas distance that electrons passed 
through in that device was 2 cm, and the gas pressure was limited by suppressing 
the gas diffusion to the column through doubled diaphragms and a separated pump. 
Image quality was not worse in the range (10–4 to 1 mm of Hg) of the gas pressure used 
if the gas of light elements such as air or hydrogen was employed. In 1962, Heide [8, 
9] exhibited another solution of the closed type. The specimen chamber was formed 
by two specimen grids with the flat surfaces facing each other and kept apart at the 
desired distance by pieces of thin metal foil. Meanwhile, the grids were covered with 
a supporting film of low contrast, which had to withstand the gas pressure difference 
from vacuum (10–6 Torr) to 760 Torr. 

The available gas pressure in aperture mode was lifted in the following years. In 
1968 [10], Hashimoto attained the gas pressure of 300 Torr through modification of 
TEM, based on the design in which the heating capability up to 1000 °C was achieved 
[7, 11]. The phrase “controlled atmosphere electron microscopy” (CAEM) was put 
forward by Baker et al. in the 1970s [12], to describe the technique which enables one 
to study reactions between gases and solids at very high magnifications, while they 
were taking place under realistic conditions of temperature, gas, and pressure. The 
key design idea of CAEM was to create a high-pressure environment in the specimen 
region while maintaining very low pressure in the rest of the microscope [12]. The 
pressure in a sealed cell, which was designed by Fujita et al. [13], and exceeded one
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atmospheric pressure in 1976. The cell consisted of three films that could be filled 
with gas or liquid on a 3MV-class electron microscope. It could be used for the study 
of both biological and physical subjects at high pressure (close to two atmospheres). 

The importance of differential pumping gradually emerged with the higher desire 
for controllable pressure in aperture mode. In 1972, Baker and Harris [14] incorpo-
rated the gas reaction stage designed by Hashimoto [10, 11] onto a high-resolution 
TEM. The specimen chamber was evacuated by a three-stage diffusion pump which 
was backed by a rotary pump. Differential pumping was exploited in Rodriguez’s 
work [15] in 1990 as well as Lee’s modification [16] in 1991. With five apertures 
and four turbomolecular pumps employed, 0.41 nm of the point-to-point resolution 
was achieved in 9.3 kPa of H2 gas for hours. In 1997, Boyes [17] introduced two 
pairs of apertures above and below the specimen, which were mounted inside the 
bores of the objective pole pieces rather than between them as in previous designs. 
The designed custom set of pole pieces for the first stage of differential pumping 
allowed unrestricted use of regular sample holders in lenses with much lower aberra-
tion coefficients. Meanwhile, the apertures restricted the higher angle of diffraction, 
but useful data can be recorded and provided for convergent beam diffraction pattern 
analysis with a STEM probe. 

In the 2000s, Boyes’ design was adapted by TEM manufacturer Philips Electron 
Optics (acquired by FEI Company in 1997, and FEI was acquired by ThermoFisher 
in 2017), with further development in electron source and different objective pole 
piece gaps. 

The next significant progress was the introduction of microelectromechanical 
systems (MEMS) technology [18–21] in the window approach. A MEMS-based 
nanoreactor was invented for the atomic-resolution ETEM study of nanostructured 
materials under ambient pressures and elevated temperatures. Creemer et al. [18] 
miniaturized the gas volume and heater into a sealed system, which allows the 
observation of nanocrystal growth and mobility on a sub-second time scale with 
a spatial resolution of 0.18 nm, during heating to 500 °C and exposure to 1.2 bar 
of H2. This technique has a more rapid thermal response and smaller specimen drift 
compared with the furnace-based heater. Since then, MEMS becomes the main trend 
in the development of the window approach. Of course, the usage of MEMS already 
expanded to aperture mode spontaneously with the development and maturity of 
technology itself. 

9.2 In Situ Gas TEM Technologies 

Since Marton’s proposal about two approaches which could accomplish the gaseous 
environment in TEM, great efforts have been devoted to studying and developing 
both methods in the following decades.
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9.2.1 Aperture (Opened) Approach 

Aperture approach is modifying the specimen chamber by placing pairs of apertures 
between or inside [17] the objective pole pieces to confine the gas leakage, and 
differentially evacuate individual vacuum stages of the microscope column. The 
position, number, and size of apertures are essential and influential factors which 
balance the conflict between the passage of electrons and the airtightness of the 
specimen chamber. The complete system would incorporate the differential pumping 
system as well, to avoid a gas leak and maintain the high vacuum in the other essential 
segments of the TEM. 

There are no additional membranes, which are made of amorphous material on 
windows to degrade the resolution completely, meaning that the images are only 
derived from the specimen itself and gas molecules (disperse uniformly). Meanwhile, 
the modification of the specimen chamber has little effect on the specimen holder, 
which means that the normal holders used in a regular TEM are also compatible with 
the ETEM. In particular, the use of standard TEM specimen holders supports various 
sample geometries and allows additional (in situ) functionality, such as tomography, 
optical studies (of photocatalysts), and mechanical testing (of metals). Furthermore, 
the specimen preparation of aperture mode is also much easier and more convenient 
than the window mode, given the fact that the completion of a perfectly sealed cell 
requires several critical processes which should be paid enough attention to. The 
disadvantages of aperture mode are also obvious. It can’t be used for liquid–solid 
interactions, and another distinct shortcoming is the maximum gas pressure limited 
to the size of the apertures, the power of the differential pumping system, and a 
much thicker gas layer compared with window mode. Actually, the controllable gas 
pressure in the aperture mode is still lower than the window mode nowadays. 

Owing to its robustness and compatibility with specimen types as well as flexi-
bility in experimental conditions [22], the aperture mode was preferred in the early 
developing period of the gaseous environment. 

The aperture environmental cell was constructed by Ito [7]. In the same year, 
Hashimoto [11, 23] also modified an electron microscope with three lenses to observe 
the metal-oxide crystal growth on the surface of metal filament (tungsten) under 
heating and a gaseous environment. The metallic tungsten wire was heated from 
700 °C to its melting point (nearly 3000 °C) in a vacuum of 10–2 mm Hg (1.33 Pa). 
In 1968, Hashimoto [10] improved the design of the specimen stage and elevated 
the acceptable gas pressure to 300 Torr. The specimen was placed on a film covering 
the hole in the platinum ribbon and heated by an electric current sent through the 
ribbon (Fig. 9.1b). The gas was supplied around the specimen through a pipe and 
overflowed into the vacuum of the microscope column through the two platinum 
apertures on either side of the ribbon. The overflown gas from the specimen chamber 
was pumped out separately from the evacuation system of the main column, and the 
specimen stage can be taken out from the vacuum of electron microscope column 
through an air lock system without breaking down the vacuum. These efforts led to the
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Fig. 9.1 a Cross-section of gas reaction specimen chamber. b Specimen holder. c Cross-section 
of the electron microscope column in which gas reaction chamber is installed (reproduced with 
permission from Ref. [10], Copyright 1968, The Physical Society of Japan and The Japan Society 
of Applied Physics) 

production of a commercial gas reaction stage, and the image resolution achievable 
was 5–10 nm with an air pressure of 40 kPa (300 Torr). 

In the same year, Fryer [24] investigated the oxidation of graphite catalyzed by 
palladium by heating the specimen to 500 °C using a Siemens Elmiskop I elec-
tron microscope with a heating stage in a vacuum of 10–5 Torr, then let in dry air 
passing over the specimen by means of special attachment. The behavior was watched 
and recorded on photographic plates and on videotape by means of closed-circuit 
television. 

Mills and Moodie designed and constructed an electron microscope stage which 
combined operation at high resolution with various facilities including free move-
ment, tilting, heating and cooling, anticontamination, and gas injection in 1968 [25] 
as well. A curved silver capillary whose tip engaged in the sleeve of an injector was 
mounted on the specimen platform and extended inside the capsule to within 5 mm 
of the specimen cup. The column pumps, working through the capillary, satisfy a 
rate adequate for the evacuation of the line between the taps and the valves, and for 
adjustment of the pressure in the fixed volume. 

Although the differential pumping system was not employed in Mill’s experiment, 
the importance and necessity of it displayed gradually, especially catering to the 
higher gas pressure demand during research. 

In 1972, Baker and Harris incorporated a modified gas reaction stage (JEOLCO 
JEM AGI attachment, commercially available, designed by Hashimoto [10, 11]) onto 
a JEM 7A “high-resolution” electron microscope. The specimen chamber was evac-
uated by a three-stage diffusion pump backed by a rotary pump. The attachment
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omitted the second aperture used in Hashimoto’s design in order to retain the diffrac-
tion facility, but with some sacrifice to the maximum attainable gas pressure (up to 
30 kPa instead of 40 kPa). Of course, the maximum operating pressure in the cell was 
dependent upon the area of the aperture, the pumping speed of the auxiliary pump, 
and the molecular diameter of the gas. 

Lee and coworkers [16] employed the aperture-limited, differential pump type in 
their experiment as well in 1991. A pole piece was designed for a JEOL 4000 that 
has a gap of 14 mm compared to 4–6 mm in the high-resolution pole pieces. Five 
apertures were used, with two primary apertures of them located in the body of the 
cell, two secondary apertures located in the pole piece, and a final aperture located 
in the lower section of the condenser lens stack. The gap between the principal 
apertures was reduced to 4.3 mm and a tilt of ±30° can still be obtained from 
two perpendicular observing directions using this scheme. Another spotlight of the 
design was the release of restrictions on high-angle diffraction. For an accelerating 
voltage of 400 keV, the maximum diffraction angle that can be observed corresponds 
to 1.4°. Four Seiko-Seiki turbomolecular pumps were employed to accomplish the 
differential pumping (1) between the principal and secondary apertures, (2) in the 
volume surrounding the pole piece, (3) between the upper secondary aperture and the 
condenser stack aperture. With this arrangement, the environmental cell can support 
20 kPa (150 Torr) of H2 for short periods of time (minutes) or 9.3 kPa (70 Torr) of 
H2 gas for several hours. 

In 1997, Boyes and Gai [17] made a breakthrough in the position of apertures on a 
Philips CM30T TEM/STEM (scanning TEM) system. They introduced two pairs of 
apertures above and below the specimen, which were mounted inside the bores of the 
objective pole pieces rather than between them as in previous designs (Fig. 9.2). This 
approach allowed unrestricted use of regular sample holders in a relatively narrow 
gap lens (S = 9 mm) with much lower aberration coefficients (Cs = Cc = 2 mm) 
than have been possible with previous environmental cell designs. Such design is 
dedicated to the environmental cell (ECELL, or gas reaction cell), and the controlled 
environment ECELL volume is the regular sample chamber of the microscope. It was 
separated from the rest of the column by the apertures in each pole piece and by the 
addition of a gate valve, which was normally kept closed, in the line to the regular ion 
getter pump (IGP) at the rear of the column. Pumping ports have been added to the 
column between the ECELL apertures located in upper objective lens (OL) polepiece 
and lower OL polepiece, respectively, for the first stage of differential pumping. Then 
a second stage of pumping between the condenser aperture and upper OL polepiece, 
and between lower OL polepiece and selected area apertures was accomplished in the 
modified column liner tubes. The maximum allowable pressure of this apparatus was 
50 mbar. In addition, due to the desire for maximum gas pressure attainable, the aper-
tures were normally small enough to restrain gas leakage, which block the high-angle 
scattered electrons simultaneously, limiting annular dark-field STEM (ADF-STEM) 
imaging. Here, the relatively large apertures in the cell provided useful angles of 
diffraction in TEM mode, and for convergent beam diffraction pattern analysis with 
a STEM probe. The design of the ECELL is outstanding and developed continuously 
in the following years with the improving capability and expanding research fields
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Fig. 9.2 Schematic of the basic geometry of the aperture system from Boyes and Gai (reproduced 
from Ref. [26], copyright 2014, Elsevier Masson SAS) 

[26–30]. And in 2013 [28], they introduced the modification of double aberration-
corrected (2AC) JEOL 2200 FS FEG TEM/STEM to provide both ETEM, and for the 
first time environmental STEM (ESTEM), with full functionalities. These include 
introducing controlled conditions of the gas environment and high temperature with 
uncompromised high angle annular dark field (HAADF) Z-contrast ESTEM imaging, 
low background ESTEM EDS (energy-dispersive X-ray spectroscopy) microanal-
ysis, AC ESTEM EELS (electron energy-loss spectroscopy), and wide-angle electron 
diffraction analyses of nanoparticle structures and wider crystallography. 

An inventive gas-providing method with a specialized holder was proposed by 
Kamino et al. [31] in 2005. The side-entry specimen holder consisting of a heating 
element and a gas injection nozzle could be attached to a conventional TEM without 
any modification. A spirally wound fine wire of tungsten with a diameter of 25 mm 
was used as a heating element (Fig. 9.3a), which was heated by a direct electric 
current via a power supply unit equipped with batteries. Since a firewire of tungsten 
was used as the heating element, the application is limited to particles with a diameter 
of several micrometer or smaller. Definitely, the design provided the capability of 
high-resolution TEM imaging at very high temperatures. A gas injection nozzle 
with an inner diameter of 0.5 mm was built near the heating element at a distance
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Fig. 9.3 Schematic diagram (a) and an external view (b) of the gas injection/specimen heating 
holder (reprinted with permission from Ref. [31], Copyright 2006, Oxford University Press) 

of ~1 mm. The experiment was manipulated in a Hitachi H-9500 and a Hitachi-
9000NAR, which were ETEM actually (the microscopes have fixed apertures with 
a diameter of 0.3 mm between the first and second condenser lenses, without any 
added aperture between the specimen chamber and the electron gun chamber). The 
pressure of the electron gun chamber was kept in the middle of 10–5 Pa even after 
the pressure of the specimen chamber reached the middle of 10–2 Pa at the gas-flow 
rate of ~7 ml · min–1. This pressure in the electron gun chamber was sufficient for 
working with the LaB6 cathode. In other words, the observation of chemical reactions 
in a gaseous atmosphere in the range of 10–2 Pa can be carried out in a conventional 
TEM equipped with a LaB6 cathode without any modifications of the column and/or 
the pumping systems. In fact, the holder allowed observation of TEM images of 
the gas-reacted specimen at temperatures of 1300 K in the ~2 × 10–2 Pa gaseous 
environment at atomic resolution. 

In the 2000s, the design of Boyes and his coworkers was adapted by TEM manu-
facturer Philips Electron Optics, with further development in electron source and 
different objective pole piece gaps. Later versions of the in situ ETEM instrument, 
(which include the CM 200–300 series, and Titan) have been installed in laboratories 
around the world. 

The ETEM installed at the Center for Electron Nanoscopy in the Technical Univer-
sity of Denmark (DTU Cen) [32] is a typical example based on the collaboration 
of Boys, Gai and Philips. Multilevel turbomolecular and ion getter pumps were 
equipped successively to sustain high vacuum around the electron source. As shown 
in Fig. 9.4a, each pumping stage is separated by additional apertures that result in 
pressure drops, approximately three orders of magnitude lower per aperture, from 
a pressure of ~1500 Pa in the sample region to below 10–6 Pa in the field emis-
sion gun region. The microscope can be operated in two primary modes, including 
conventional operation (low pressure) which is pumped using the standard ion getter 
pumps, and ETEM mode whose pumping pathway is through three turbomolecular 
pump valves. Furthermore, an image CS corrector and a monochromated electron 
source are both employed to improve the spatial resolution and energy resolution, 
respectively. When the microscope is operated at an acceleration voltage of 300 kV, 
the measured energy spread could be better than 200 meV (in high vacuum) with the 
monochromator, and the point resolution could be brought down to below 0.1 nm 
with the CS corrector.
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Fig. 9.4 a Schematic diagram of differentially pumped TEM column (FEG, field emission gun; 
IGP, ion getter pump; TMP, turbomolecular pump; RGA, residual gas analyzer; PC, plasma cleaner; 
C1, first condenser aperture; SA, selected area aperture) (reproduced with permission from Ref. 
[32], Copyright 2010, Taylor and Francis). b A schematic diagram of differential pumping system 
suitable for environmental (S)TEM imaging (reproduced with permission from Ref. [33], Copyright 
2019, Cambridge University Press). c A schematic diagram of gas injection system suitable for 
environmental (S)TEM imaging (reproduced with permission from Ref. [34], Copyright 2019, 
Cambridge University Press) 

The ETEM series in FEI developed in the following years, and the up-to-date 
model is called “Themis ETEM”, which can be combined with optional image Cs 

corrector, Thermo Scientific™ X-FEG module, and monochromator technology to 
further extend it to meet the high standards in atomic-resolution STEM imaging and 
spectroscopy expected from Themis TEM technology. The Themis ETEM features 
an innovative differentially pumped objective lens, uniquely designed for the ETEM 
platform. This lens design enables all the same features from a standard Themis 
S/TEM, such as window-free imaging and compatibility with Themis TEM heating 
holders for easy sample insertion, while also allowing ample chamber space for a 
full double-tilt capability to support 3D tomography. Gas inlets allow safely adding
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of inert and reactive gases to the chamber. Gas pressures in ETEM experiments can 
be accurately preset from 10–3 Pa up to 2,000 Pa (for N2). Furthermore, The Themis 
ETEM is equipped with a mass spectrometer to determine the gas composition in 
either the gas inlet system or the specimen area. A built-in plasma cleaner allows for 
the cleaning of the specimen area after using a gas. 

In 2018, the analytical 200 kV cold field emission TEM (HF5000, Hitachi 
High-Technologies) equipped with an in house designed probe-forming aberration 
corrector was introduced and the imaging performance of the environmental real-time 
STEM was reported by Hitachi Company [33, 34]. Figure 9.4b shows the schematic 
diagram of the differential pumping system of HF5000 suitable for environmental 
(S)TEM imaging. An orifice is added between the gun valve and specimen chamber 
for enhancement of the differential pumping system. The HF5000 can have two 
gas injection nozzles, one is attached to the specimen chamber and the other is in 
a filament-heating holder. The gas can be chosen independently (Fig. 9.4c). Gas 
flow is limited to one nozzle at a time and can be controlled. Maximum allowable 
flow rate is 3.5 sccm and the calibrated local pressure around the specimen is 10 Pa 
at the maximum flow. At an accelerating voltage of 200 kV, the TEM resolution 
(lattice) is 0.102 nm, while the STEM resolution is 78 pm. In addition to retaining 
key features of previous instruments, such as the automatic correction function and 
the symmetry-dual Silicon Drift Detector, the HF5000 could simultaneously obtain a 
secondary electron image with rich high-resolution surface morphology information 
at the atomic scale besides DF/BF live images. The HF5000 key feature of in situ 
STEM is a live scanning acquisition (25 frames/s) that allows real-time observa-
tion and video recording of dynamic atomic-scale reactions (structure change and 
elemental diffusion). Meanwhile, the chip-based sample holder is developed using 
MEMS technology by Norcada and Hitachi High-Technologies Canada. Maximum 
heating temperature of this holder is 1100 °C and the minimum controllable temper-
ature increment is 1 °C. Heating up speed from room temperature (RT) to 1000 °C 
is as fast as a few seconds. In other words, HF5000 almost aggregates and fuses core 
technologies perfected in the development of Hitachi’s HF series of TEMs. 

9.2.2 Window (Closed) Approach 

The window approach is creating a sealed cell which contains the specimen, 
with electron-transparent windows which could withstand the atmospheric pressure 
between the inside and the outside of the cell. 

The feature of this mode is the airtightness of the cell, which enjoys conspic-
uous advantages. Firstly, the whole volume and the specimen itself are confined 
by the electron-transparent windows, which could sustain higher gas pressure with 
the development of window material. The length of gas–electron interaction is much 
shorter compared with the aperture mode (normally several microns), so as to improve 
the acceptable gas pressure. The atomic resolution can be achieved under one atmo-
sphere or higher (~4.5 bar) [18–20, 35–37] nowadays. Secondly, a window-friendly
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cell specimen holder is compatible with different TEMs without any modification to 
the microscope itself. And the cost of purchasing or modifying a specimen holder is 
much smaller compared with a differential pumped ETEM. Furthermore, the sealed 
cell could contain liquid or wet samples, which is the unique advantage of the window 
mode. Finally, due to the lack of additional apertures which restrict the leakage and 
diffusion of gases, wide-angle electron diffraction and HAADF imaging could be 
operated (definitely, HAADF could be implemented in the aperture mode at present). 

Unavoidable drawbacks are obvious as well. The unique airtightness is a supe-
riority and a risk simultaneously. The possibility of the fracture of the windows or 
leakage of the gas during experiments would deteriorate the high vacuum of the 
column and electron source. Meanwhile, the airtightness results in the complexity 
and difficulty of the sample loading operation, especially under the demand of main-
taining the centering and coupling of top and bottom cell windows. Thirdly, even 
though the window materials were selected carefully and fabricated finely to sustain 
the amorphism and homogeneity, the electron-transparent windows still interact with 
the electrons, resulting in the scattering information superimposed on the image 
obtained. Furthermore, the scattering effect that results from the amorphous windows 
is not neglectable, especially since the thickness would influence the quality of 
imaging immensely. Another easily neglected problem is the contamination from 
the specimen, which will evaporate/sublimate and condensate on the top window, 
hindering the observation. Finally, the existence of windows hindered the acquisition 
of EDS signals as well (it is realizable using specifically designed cells nowadays 
and is already commercialized, e.g. DENSsolution and Protochips), and local sample 
loading area and windows confined the observation view, normally much smaller than 
conventional TEM. Generally, samples could only tilt in one direction with the limi-
tation of the geometrical shape of nanoreactors, which influenced the observation of 
specific directions. 

The materials of the electron-transparent window are essential in the develop-
ment of the window mode, and they must satisfy the following requirements: (1) be 
electron-transparent, which is the vital factor; (2) have sufficient strength to resist the 
pressure difference inside and outside the cell; (3) scatter weakly and non-oriented 
to preserve the diffraction information of the specimen. The atomic number of the 
element contained in the window is usually small since a larger atomic mass exacer-
bates the scattered effect. Initially, the windowed cells were constructed from metal 
(e.g. Cu/Ni) grids, O-rings, and thin films [8, 38, 39]. Gradually the amorphous mate-
rial (carbon, polyimide, silicon nitride, silicon dioxide, and alumina) have been used 
as windows [39]. 

An enclosed cell to protect the specimen from the high vacuum and electron 
bombardment was devised by Abrams and McBain in 1944 [4]. The plastic windows 
scarcely interacted with electrons, and they were liquid-tight and vapor-tight and 
easily withstand a difference of one atmosphere pressure between the inside of the 
cell and the remainder of the electron microscope. 

In 1962, Heide’s experiment [8, 9] exhibited a successful sealed cell of variable 
gas pressure. The specimen chamber was formed by two specimen grids with the 
flat surfaces facing each other and kept apart at the desired distance by pieces of thin
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metal foil. Both grids were covered with a supporting film of low contrast, which has 
to withstand the air or gas pressure (760 Torr) over the central openings, meanwhile 
one of them served as a supporting film for the specimen. The gas was injected 
through a tube placed in the opening of the column. 

So far, the specimen supporting method was placing the specimen on the grid or 
the supporting film served as the window, which resulted in the difficulty in heating, 
and the gaseous environment was confined by the single gas line which is incapable 
of continuous flowing gas. 

Escaig and Sella made an important integration of the heater and gas support 
system in 1969. Twin gas lines in their holder supported the continuous circulation 
of gas while the temperature of the specimen varied. The windowed cell consisted 
of triple layers of carbon, nitrocellulose, and silica (facing the specimen), and main-
tained a gap of approximately 1 mm between window and specimen, which was 
successfully employed for in situ oxidation of copper, tungsten, and titanium. 

In the late 1960s and 1970s, the development of high-voltage (1 meV) electron 
microscopes with the stronger penetrating power of electrons led to enclosed gas 
reaction cells with thicker, stronger windows. Fujita [13] designed a new sealed cell 
with a twin gas line for a 3 MV-class electron microscope. Metal meshes which 
supported the cell films were chosen from vapor-deposited aluminum, SiOx, and 
carbon film depending on the purpose. The sealed gas cell can be pressurized up to 
195 kPa (1471 Torr) by circulating gas or liquid into the capsule. Meanwhile, the 
specimen can be heated to 1000 °C or even higher through direct electrization of 
Ni-mesh or the specimen itself, and cooled with a liquid nitrogen tank. 

Images of the crystal lattice of ceria were recorded under flowing nitrogen gas at 
20 Torr in 1989 by Parkinson [38]. The key features were that the gas was contained 
between very thin (ca 5–10 nm), evaporated carbon windows, and the path length 
of the beam was kept small (10–50 μm). The cell was able to support a pressure 
difference of circa one atmosphere with a high flow rate (up to 50 ml/min). This was 
the first time that such high resolution had been achieved under conditions not far 
from those typical of in situ use (medium voltage, 400 kV). From then on, structural 
information contains chemical significance became discernible, while the technique 
began to offer real hope of carrying out fundamental dynamic studies of the activation, 
reaction, and passivation of gas/solid systems close to the atomic level. 

In the following two decades, similar techniques [36, 37, 40–42] were developed 
in the area of film material and simplification of structure. In 2005, Komatsu [40] used  
a window whose base is a commercially available copper mesh grid with double-
layer polyvinyl-formvar/carbon thin films formed by vapor deposition (Fig. 9.5a). 
Onto this base, additional layers of nylon and amorphous carbon were evaporated 
to improve both mechanical strength and heat resistance, and the cell pressure could 
be increased to ~1.3 × 104 Pa. In Giorgio’s experiment [41], the cell was closed 
by two copper disks where seven holes have been drilled, which were pre-covered 
by ~10 nm amorphous carbon films, located inside the cell (Fig. 9.5b). The sample 
(powder) was deposited on the heating wire made of W–Re, which was isolated 
from the grids by an insulator ceramic. The electrical connections for the heating 
wire and both tubes for gas circulation were included in the sample holder. The Viton
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O-rings provided the sealing of the cell toward the vacuum of the TEM column. In 
2009, Kawasaki et al. [42] developed a simplified E-cell, thanks to the successful 
development of remarkably tough thin carbon films as the window material. These 
films, with a thickness of <10 nm, were found to withstand pressure difference >2 atm. 
The E-cell at the tip of the specimen holder connected two stainless pipes from the 
other side of the holder, allowing gases to pass in and out (Fig. 9.5c). In 2010, de 
Jonge [37] constructed a cell to record the STEM images of gold NPs at atmospheric 
pressure through a 0.36 mm thick mixture of CO, O2, and He. A sample compartment 
filled with gas at atmospheric pressure was enclosed between two silicon microchips 
supported by electron-transparent SiN windows. The microchips were separated by 
a spacer and sealed with epoxy. Images are obtained by scanning a focused e-beam 
over NPs attached to the top window and detecting elastically scattered transmitted 
electrons. In this drawing, gas entry and exit were not shown, and the dimensions and 
angles were not to scale (Fig. 9.5d). In 2011, Yaguchi [36] developed a new windowed 
environmental cell holder based on his work 6 years ago, which allows ETEM study 
of nanomaterials at a maximum temperature of 1500 °C in the gaseous environment 
at the atmospheric pressure. Figure 9.5e shows the external views of the equipment, 
and the schematic (Fig. 9.5f) exhibits positions of windows, heating element, gas 
tubes, and a micropressure gauge. The side-entry type was employed as well with 
a built-in specimen-heating element of a spiral-shaped fine tungsten wire, which 
allows heating of specimens up to 1500 °C. Gas pressure inside the environmental 
cell can be continuously varied from 10–5 Pa to atmospheric pressure while TEM 
image observation of the specimen is carried out. This design was commercialized 
by Hitachi in the following years.

Besides the pressure, the heating process was also another challenge impeding 
the high-quality TEM images. For conventional windowed gas cells based on metal 
grids, the two metal grids form a metal “furnace”, into which a ceramic encasing 
a heating filament is placed [43]. The disadvantages, as followings, of this design 
are obvious, and greatly affected the observation of the specimen: (1) The grids not 
only sealed the cell, but also served as the heating device for the specimen, and 
easily expand and retract during the heating and cooling process. It’s one of the 
major reasons for sample drift, which will typically be several tens of micrometers. 
Actually, the sample drift during heating/cooling has been a major challenge that 
disturbed the researchers for a long time; (2) The metal wires, which played the role 
of heating, always couldn’t sustain the high and stable heating rate, and sometimes 
it’s still difficult to find and maintain the balance of a stable temperature between the 
metal wire heating and flowing of the gases. 

Until the end of the 2010s, a microelectromechanical system based on closed 
cells emerged [18–21, 39, 44–46], which utilized the MEMS technology to produce 
the chips used as cell windows. The MEMS-based nanoreactor employed in the 
TEM was proposed by Creemer et al. [18]. The nanoreactor (Fig. 9.6a) consists 
of two facing dies made with thin film technology on a silicon substrate. Each die 
has a central hole of 1 mm2 that is covered by a 1.2 mm thick membrane of SiNx 

while the small ovaloids are only carpeted by a 10 nm thin film (Fig. 9.6c). The 
opposing membranes form the top and bottom of a shallow gas-flow channel. The
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Fig. 9.5 a Newly improved multi-layer amorphous film window (reproduced with permission 
from Ref. [40], Copyright 2005, Oxford University Press). b E-cell heating holder in profile view 
(reproduced with permission from Ref. [41], Copyright 2006, Elsevier). c Schematic drawing and 
photograph of the E-cell specimen holder (reproduced with permission from Ref. [42], Copyright 
2009, AIP Publishing). d Schematic of the flow system for atmospheric pressure scanning transmis-
sion electron microscopy (STEM) (reproduced with permission from Ref. [37], Copyright 2010, 
American Chemical Society). e External view of the windowed environmental cell holder. f Position 
of windows, heating element, gas tubes, and a micropressure gauge (1. gas outlet tube; 2. gas inlet 
tube; 3. micropressure gauge; 4. windows; 5. heating element) (reproduced with permission from 
Ref. [36], Copyright 2011, Oxford University Press)

minimum height of the channel is 4 mm, determined by disk-shaped spacers (SiO2) 
integrated into one of the membranes. This height corresponds to an atomic density 
along the beam direction of only 0.2 × 103 atoms/nm2 at 1 bar and RT. The lateral 
dimensional size (10 μm) and geometric shape (ellipsoid) of ultrathin windows were 
also carefully selected to satisfy the demanding of pressure difference. In the areas 
between the windows, the heater is embedded in the form of a spiraled Pt wire 
(Fig. 9.6c). The MEMS-based technique enabled the integration of the heater into 
the window membrane, effectively limiting the thermal expansion of the system 
components and consequently the specimen drift. In the end, the direct observation 
of samples on a sub-second time scale could reach a spatial resolution of 0.18 nm, 
during heating to 500 °C and exposure to 1.2 bar of H2.
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Fig. 9.6 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. Their alignment creates a highly electron-transparent (bright) square through 
which high-resolution TEM imaging can be performed (reproduced with permission from Ref. [18], 
Copyright 2008, Elsevier) 

In 2009, Allard [44] undertook a project with Protochips Inc. (Raleigh, NC) 
to develop a new MEMS-based device (Aduro™) for in situ heating experiments 
that provide sub-Å resolution with rapid specimen heating and cooling. The key 
component of the MEMS devices is a 150 nm thick, 500 μm square, freestanding 
membrane made from a conductive ceramic that is suspended on a 3-mm Si chip 
(Fig. 9.7a). In 2012, Allard [20] incorporated the Aduro heating device into a “closed-
cell” configuration, and is capable of exposing specimens to gases at pressures up to 
1 atm. The atomic resolution performance of the microscope in high-angle annular 
dark-field and bright-field imaging modes was demonstrated at elevated temperatures 
and at 1 atm pressure.

In 2011, Creemer et al. [45] improved their MEMS nanoreactor to enable atomic-
scale imaging of nanostructured materials under high pressures (14 × 105 Pa, 14 bar) 
and temperatures (660 °C). They integrated the reactor entirely on a single die, 
with the use of surface micromachining techniques (Fig. 9.7b), which increased the 
strength and rigidity of pillars holding together the membranes. The employment of 
a wafer stepper, resulted in a much better alignment of opposite windows (0.1 μm 
instead of 2 μm), and improved robustness obviously. In the same year, Yokosawa
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Fig. 9.7 a Top and cross-section view schematic of Protochips heater chip, showing composition 
of the various elements (reproduced with permission from Ref. [44], Copyright 2009, John Wiley 
and Sons). b 3D sketch of the all-in-one nanoreactor (reproduced with permission from Ref. [45], 
Copyright 2011, IEEE). c Schematic diagram of the nanoreactor inserted in the sample holder 
(reproduced with permission from Ref. [19], Copyright 2012, Elsevier). d Light optical micrograph 
of the nanoreactor with the gas channel and the reaction zone including the heater spiral and electron-
transparent windows (reproduced with permission from Ref. [47], Copyright 2014, Springer Nature)

et al. [19] used a modified MEMS-based nanoreactor on the basis of Creemer to 
observe the (de)hydrogenation of Pd at pressures up to 4.5 bar. Two Si chips with 
square-shaped 1 μm-thick low stress (silicon-rich) silicon nitride (SiN) membranes, 
which contain very thin SiN windows (about 20 nm thick), were integrated, and one of 
the chips (bottom chip) contains a Pt heater and has an inlet and an outlet for the gas. 
The schematic diagram of the nanoreactor inserted in the sample holder is shown in 
Fig. 9.7c. Further improvement based on the work of Creemer was exhibited in 2014 
[47]. The nanoreactor employed included a unidirectional gas-flow channel (280 
μm-wide and 4.5 μm-high), enclosed between two 1 μm-thick SiNx membranes. 
At the nanoreactor center (Fig. 9.7d), a Mo thin film resistor enabling heating and 
temperature measurement of a reaction zone at 1 bar pressure, and 18 nm-thick 
electron-transparent windows facilitated TEM observation. The reactor shown in 
Fig.9.7b, d also has intrinsic drawbacks: as a special one-piece holder, the sample 
loading has to be done by flushing the sample into the holder with the risk of plugging. 

The development of the window approach promoted the commercialization of 
integrated MEMS cells. And several companies provide unique holders and chips 
corresponding to TEMs manufactured by different TEM companies nowadays, such 
as DENSsolutions, Hummingbird, and Protochips. And the holders used for the 
window approach with additional functions emerge catering to various requirements 
depending on the experimental purpose. 

The in situ heating and gas reaction cell developed by Protochips is called “atmo-
sphere”. The atomic resolution could reach 1.5 Å with the pressure up to 1 atm, 
and the temperature ranges from RT to 1000 °C. Protochips developed a proprietary 
silicon carbide membrane heater that can quickly and accurately reach the highest 
temperatures without the risk of interacting with the sample or participating in cata-
lyst reactions. The design of the Atmosphere holder enables in situ closed-cell EDS
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elemental analysis in the TEM. The holder design provides a large line-of-sight solid 
angle from the sample to the EDS detector, minimizing tilt angle of holder tip and 
maximizing the count rate. 

DENSsolutions also launched a competitive product named as “Climate” system. 
The atomic resolution could be better than 100 pm (1 Å, depending on microscope 
configuration) with 2000 mbar (~2 atm) pressure (Climate). The temperature ranges 
from RT to 1000 °C as well. 4-point probe heating provides the most accurate 
temperature with 0.01 °C stability even during gas flow, which also allows accu-
rate calorimetry data to be acquired during the experiment. Meanwhile, the Climate 
G+ system allows direct gas mixing with 3 gas input lines. Using a specially designed 
and patented mixing valve allows to change the gas composition on the fly and to vary 
rates with an accuracy of 0.1%. With the defined gas channel and minimal gas volume 
inside the nanoreactor, the gas environment of the sample can be changed within 
seconds. The EDS and EELS compatibility is also satisfying. Furthermore, the inte-
gration with the optional dedicated DENSsolutions gas analyzer allows full dynamic 
correlation of the structural and chemical data. Gas analyzation and calorimetry data 
can also be produced by the Climate system if required, so that it enables to define 
the optimum experiment conditions before going to the TEM. 

No matter which approach (aperture/window) the actual experiment employed, 
or no matter how complicated the system was designed, the interior process reaction 
that happened in the CATEM could be clearly simplified as in Fig. 9.8 [48]. On this 
basis, researchers developed various applications in tremendous fields.

9.3 Research Based on In Situ Gas TEM 

CATEM has been successfully applied in a variety of research fields. The following 
application fields will be discussed in this section: reshaping of nanomaterials; redox 
of nanomaterials; surface reconstruction and segregation; growth of low-dimensional 
nanomaterials; the catalysts (dynamic observation of catalytic reactions; sintering 
and dispersion; photocatalysts). 

These applications expressed the advances and unique characterization adequately 
in TEM capabilities embodying imaging and spectroscopy of materials in gaseous 
environments. 

9.3.1 Reshaping of Nanomaterials 

Generally, many properties (e.g. optical, magnetic, and electronic) of nanomaterials 
mainly depend on their shape, size, composition, and surface structure. In particular, 
the reshaping of the nanomaterial is intuitive and obvious in various gaseous environ-
ments, and could significantly influence the properties. Therefore, to in situ observe
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Fig. 9.8 Schematic of the CATEM technique and analytical methods (reproduced with permission 
from Ref. [48], Copyright 2018, Springer Nature)

and characterize the morphology evolution under operational conditions is of great 
significance to establish the structure–reactivity relationship of nanomaterials. 

In 2002, Hansen and his coworkers [49] observed the copper (Cu) nanocrystals 
underwent reversible shape changes in response to the changes in the gaseous envi-
ronment. Cu nanocrystals (NCs) with diameters of 3–6 nm were dispersed on ZnO 
and Si supports, and the interaction relationship between crystals and surfaces was 
studied. With the environmental change from more oxidizing conditions (mixed gas 
of H2O and H2) to more reducing conditions (CO and H2), the Cu NCs changed 
to a more spherical (Fig. 9.9a) and a disklike structure (Fig. 9.9e), respectively. 
The authors attributed the reason to the different driving forces, respectively, water 
adsorption on the different Cu facets for the former and the change of Cu/ZnO inter-
face energy (not the relative Cu surface energies) caused by the addition of CO for 
the latter. Supplementary experiments testified the conclusion: the shape transfor-
mations (to more spherical) were found to be reversible with the gas changes (H2– 
H2/H2O–H2) for both ZnO-supported (Fig. 9.9g–i) and silica-supported Cu NCs, 
which indicated the influence of H2O, while the transformations (to more disklike, 
H2–H2/CO) were not observed for silica-supported Cu NCs, and the reason focused 
on the interface between NCs and the support.
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Fig. 9.9 In situ TEM images of a Cu/ZnO catalyst in various gas environments together with the 
corresponding Wulff constructions of the Cu nanocrystals. a 1.5 mbar of H2: H2O = 3:1 at 220 °C. 
c 1.5 mbar of H2 at 220 °C. e 5 mbar of H2: CO  = 11:1 at 220 °C. g 1.5 mbar of H2 at 220 °C. 
h 1.5 mbar of H2: H2O = 3:1 at 220 °C. i 1.5 mbar of H2 (reproduced with permission from Ref. 
[49], Copyright 2002, The American Association for the Advancement of Science) 

Reversible shape transformations of faceted Pt NPs during oxidation–reduction 
cycles were in situ observed by Cabié et al. [50] using ETEM in 2010. The sample 
holder employed in the present study was closed by two carbon windows, which 
allows a pressure lower than 10 mbar and a temperature varying between RT and 
350 °C. The Pt NPs were square in vacuum observed along the [001] direction, 
with truncations by (111) facets at the eight corners. Their shape was still close to 
cubes exposed by (100) surfaces mostly and truncated (111) surfaces at the corners 
in 3 mbar of O2. Along with the evacuation of O2 and introduction of H2, the (111)
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surfaces expanded and the (100) surfaces diminished until the shape was close to a 
cuboctahedron. Finally, when it was reverted to O2, the Pt NPs recovered to cubic 
shape mainly exposed by (001) facets. The authors believed that the adsorption of 
gases on different surfaces took effect in the morphological change. 

Uchiyama and coworkers systematically investigated the morphology changes 
of gold NPs (GNP) supported on CeO2 during CO oxidation in 2011 [51]. In CO 
oxidation environment (1 vol% CO, 21 vol% O2, 78 vol%N2) at 1 mbar pressure, the 
GNP appeared to be faceted and enclosed by the {111} and {100} facets. Then the 
GNP became rounded in pure O2 gas and faceted in both inactive N2 gas at 1 mbar 
and in vacuum, while the GNPs supported on crystalline TiC remained polyhedral in 
all of the gas environments including pure O2 gas, which indicated that the Au–CeO2 

interface played an important role in the catalytic activity. This in situ observation 
also suggested that CO molecules stabilized the major {111} and {100} facets of 
GNPs, while oxygen atoms adsorbed on not only the major {111} and {100} facets 
but also the minority {110} facet of GNPs. A morphology diagram was obtained, 
which showed the morphology of GNP in different environments. 

It should be noted that most prior work was limited to low pressure, which 
was significantly different from realistic operating conditions. In this regard, the 
in situ study under conditions that more closer to realistic operating conditions is 
highly desired. The dynamic morphological evolution of palladium–copper (PdCu) 
nanocrystal (NC) with atmospheric pressure hydrogen was studied at the atomic 
scale by Jiang et al. [52] in 2016. The chemically synthesized monodisperse PdCu 
NCs (Pd/Cu ratio is 1:1) were spherical. Then the PdCu NCs on a SiN chip were 
loaded into a sealed gas reactor and exposed to 1 bar H2, as Fig.  9.10a shows (along 
[111] axis). When annealed at 600 K, the spherical PdCu NC started to rotate and 
showed smoother surfaces, as indicated by the blue dashed line in Fig. 9.10b. Subse-
quently, accompanied by roll-over and rotation, the NC exhibited four flat surfaces 
(Fig. 9.10c) and finally became a truncated cube with distinct {001} and {011} 
facets (Fig. 9.10d). The surface energy of PdCu was calculated by density functional 
theory (DFT), which indicated the truncated morphology was induced by the order 
change of the surface energies with hydrogen adsorption. The morphology PdCu was 
obtained based on Wulff construction (Fig. 9.10k, l) considering hydrogen adsorp-
tion, which showed perfect consistency with the experimental images (Fig. 9.10i, j), 
both from the [100] and [111] zone axes. Furthermore, the PdCu NCs retained the 
as-synthesized shape (round) when heating in vacuum (10–7 bar) at 600 K in control 
group, which suggested adsorbed hydrogen-promoting surface diffusion.

Shape evolutions of different metal NPs [53, 54] are commonly believed to happen 
in reducing or oxidizing gas under high pressure. However, in 2018, Zhang et al. 
[55] observed an unexpected refacetting process of Pd NP under N2, which was 
considered as an inert gas, with atmospheric pressure. As shown in Fig. 9.11a, c, the 
initial morphologies of two Pd NPs after annealing in air at 200 °C were rounded 
shapes with curved corners. Surprisingly, the NPs underwent obvious refacetting 
processes after being exposed to 1 bar N2 gas at the same temperature (Fig. 9.11b, 
d), with flat facets and truncated cuboids appearing. The atomic-scale TEM images 
(Fig. 9.11e–h) showed that a notable increase in the fraction of Pd {110} surfaces
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Fig. 9.10 a–d Lattice-resolved TEM images and the corresponding FFT patterns showing the 
morphological evolution of the PdCu NC when exposed to H2 at 1 bar and with heating at 600 K. 
Scale bar: 10 nm. TEM images and Wulff constructions of the PdCu NCs projected from specific 
directions: i and k [100]; j and l [111] (reproduced with permission from Ref. [52], Copyright 2016, 
John Wiley and Sons) 

Fig. 9.11 Time-resolved TEM images of the dynamic refacetting of two Pd NPs under 1 bar N2 
at 200 °C (a–d). The TEM images showed that the NPs changed from rounded shapes to truncated 
cuboids (e–h). The atomic-scale images of the indicated parts of (a–d) (reproduced with permission 
from Ref. [55], Copyright 2018, Royal Society of Chemistry)

occurred in N2 at atmospheric pressure at 200 °C. The remarkable refacetting of 
Pd NPs was ascribed to the stabilization of the {110} facets by N2 adsorption by 
DFT calculations. In comparison, similar experiments under 1 bar Ar pressure were 
performed, and no refacetting phenomenon was observed at any temperature. The 
results suggested that N2 was not always an inert gas in high-level pressure, and it 
should be very careful when using N2 as an inert gas in the pretreatment.
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A minireview was published in 2019 by Zhu et al. [56], which combined the 
in situ environmental transmission electron microscopy experiments and the newly 
developed multiscale structure reconstruction (MSR) model to study the equilibrium 
shapes of metal NPs in various reactive environments at atmospheric pressure. The 
MSR model consists of three parts: the Wulff construction, adsorption isotherms [57], 
and DFT calculation. The authors corrected the surface tension of a clean surface 
γhkl to be the interface tension γ int  hkl  (Eq. (9.1)), where θ (T,  P) is the coverage of the 
gas molecules on the [hkl] surface depending on the temperature and gas pressure, 
Eads refers to the adsorption energy, and Aat is the surface area per atom of the [hkl] 
surface: 

γ int  hkl  = γhkl + 
θ(T , P)Eads 

Aat 
(9.1) 

The equilibrium shape of metal NPs can be constructed at a given temperature 
and pressure using the derived interface tension. The MSR model achieved great 
success in reproducing representative experimental results [58, 59], which could be 
extended to the situations of mixed-gas environments [60]. It was also employed in 
the works mentioned hereinbefore [52–55]: 

γ E c−s = γA − Eadh − 
θ B E B ads 

AB 
at 

(9.2) 

For a supported NP, the contact-surface tension between the metal NP and the support 
should be considered, according to the Wulff–Kaischew theorem [61]. With gas 
adsorption, the contact-surface tension can be evaluated by Eq. (9.2), where γA is the 
surface tension of the metal surface in contact with the substrate, Eadh is the adhesion 
energy between the metal and the support, θ B is the gas coverage on the support, 
E B ads is the adsorption energy of the gas on the support, and A

B 
at is the surface area 

of the support. 
The combination of in situ experiments and theoretical modeling shows that the 

effect of the environment on the shape of NPs can be predicted quantitatively and 
efficiently using the MSR model, which facilitated the relationship understanding 
between the reshaping of the NPs and its catalytic properties in real reaction, further 
offering possibilities to control the reactivity by real-time regulation of the reaction 
conditions. 

9.3.2 Redox of Nanomaterials 

As early as 1958, Ito and Hizaya [7] employed a modified TEM (aperture mode) 
to investigate the oxidation of Aluminum (Al) thin film and the reduction of oxide 
copper film/whisker. They obtained the electron microscopic image and diffraction 
pattern before and after the reaction, which indicated the occurrence of oxidation and



9 In-Situ Gas Transmission Electron Microscopy 273

reduction. In the following decades, similar in situ redox experiments were performed 
on other materials such as graphite [24], metals (Fe, Cu, and Ni) [62], and special 
chemical compound ((NH4)6MO7O24.4H2O) [10]. 

With the employment of a new window material which increased resolution and 
contrast in high-voltage electron microscopy, Komatsu and Mori [40] observed the 
oxidation of copper, reduction of copper oxides, and the growth process of CuO 
whiskers on a thick (50 μm) Cu film. As shown in Fig. 9.12a–e, a small amount of 
copper oxide (Cu2O) was formed in the initial stage. Then oxygen gas was introduced 
into the initially evacuated cell (10–2 Pa) to 1.3 × 103 Pa and the specimen was grad-
ually heated to 470 K. Upon heating in oxygen, Cu2O nucleated on the film surface. 
As the temperature increased, Cu was oxidized to Cu2O and then completely trans-
formed to fine CuO particles (~10 nm in diameter, in 670 K). And the average grain 
size increased at 770 K. The reduction of CuO in hydrogen is shown in Fig. 9.12f– 
h. The same CuO area was reheated after cooling down to RT, and the CuO was 
completely reduced to Cu at 670 K. The growth of CuO whiskers (Fig. 9.12i–n) in 4 
× 103 Pa of oxygen was also recorded using the same apparatus, which is discussed in 
Sect. 9.3.4.2 Semiconductor/Metal-Oxide 1D Nanomaterials. In general, the research 
about the oxidation of Cu started to focus on the microscopic domain. However, due 
to the limitation of the apparatus, the structural evolution at atomic resolution could 
not be acquired still.

.In 2016, with ESTEM, Boyes and Gai [30] observed the nucleation of the Cu2O 
by tracking the oxidation process with real-time HAADF imaging (Fig. 9.13a). The 
oxidation was proved to be a pressure- and temperature-dependent procedure, since 
the reaction occurred more quickly at higher pressures (2, 5, and 10 Pa) or temper-
atures (300–500 °C). The reduction process was also recorded in a similar way 
(Fig. 9.13c). The Cu formed as a protruding island off the NP at first (with a de-
wetting angle, Fig. 9.13b), then the interface length increased and the protrusion 
lessened with increasing temperature, finally the reduction went to completion and 
the NP recovered to a single Cu metal NP. The high-resolution dynamic HAADF-
ESTEM images indicated that the (111) spacing of Cu and the (111) spacing of Cu2O 
were related to each other with parallel epitaxy between two phases, and a 7 × 6 or  
a 6  × 5 lattice matching relationships exsited due to an 18% discrepancy in lattice 
constant.

Besides typical Cu, other metal NPs were also researched. In 2012, Jeangros et al. 
[66, 67] studied the redox of nickel particles in ETEM. Images, diffraction patterns, 
and EELS were acquired to monitor the structural and chemical evolution of the 
system during the reaction. The structural models that describe NiO reduction and 
Ni oxidation were also proposed based on the ETEM observation. 

The redox usually occurred rapidly on the time scale of second to millisecond, 
which promoted the development of time-resolved quantitative characterization tech-
niques. In 2018, an approach has been developed that integrated time-resolved in situ 
electron diffraction and an atmospheric gas cell system, allowing quantitative struc-
tural information characterization under ambient pressure with millisecond time 
resolution. Yu et al. [68] employed this technique in studying the ultrafast oxidation 
kinetics of Ni NPs at 600 °C with a total pressure of 1000 mbar.
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Fig. 9.12 a–e Successive stages of the oxide growth on a 100 nm-thick copper thin film between 
RT and ~770 K under 1.3 × 103 Pa of oxygen; a'–e' the corresponding selected area electron 
diffractions (SAEDs). f–h successive stages of reduction of copper oxide (CuO) between RT and 
~670 K under 1.3 × 103 Pa of hydrogen; f '–h' the corresponding SAEDs. i–n Successive stages of 
growth of a copper oxide layer (Cu2O) and CuO whiskers under 4 × 103 Pa of oxygen (reproduced 
with permission from Ref. [40], Copyright 2005, Oxford University Press)

In contrast to the well accepted Wagner and Mott Cabrera models (diffusion-
dominated), the oxidation of Ni nanoparticles is linear at the initial stage (<0.5 s), and 
follows the Avrami Erofeev model (n=1.12) at the following stage, which indicates 
the oxidation of Ni nanoparticles is a nucleation and growth dominated process. 

The presence of water vapor, intentional or unavoidable, is crucial to many mate-
rials applications. Phenomenologically, water vapor has been noted to accelerate 
the oxidation of metals and alloys. However, the atomistic mechanisms behind such 
oxidation remain elusive. Luo et al. [69] studied the oxidation mechanisms of the 
single crystalline Ni-10at%Cr alloy in water. As shown in Fig. 9.14, during the growth 
of NiO on the surface, there were vacancy clusters (white dashed circles) formed by 
incorporating both Ni and O vacancies, which would migrate, increase in size and 
annihilate. They revealed that protons derived from water dissociation could occupy 
interstitial positions in the oxide lattice, consequently lowering vacancy formation
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Fig. 9.13 a In situ oxidation of Cu carried out at 500 °C in 2 Pa oxygen. The blue arrow indicates 
the direction in which the interface moved. b A schematic of how the interface angles and wetting 
angles were defined and measured, and examples of the different cases taken from oxidation on 
the left and center, and from the reduction on the right (from SI). c In situ reduction of Cu2O in  
2 Pa hydrogen over the course of 335 min. In the lower right-hand corner, the temperature profile 
of the reaction is shown (reproduced with permission from Ref. [30], Copyright 2017, American 
Chemical Society)

energy and decreasing the diffusion barrier of both cations and anions, which led to 
enhanced oxidation in moist environments at elevated temperatures. 

The oxidation of organic materials was also observed in detail. The oxidation 
of carbon nanotubes (CNTs) at the high resolution of an aberration-corrected envi-
ronmental TEM (ETEM) was directly studied by Koh and coworkers [63] in 2013. 
Contrary to the previous thought that CNT oxidation triggered at the end of the tube 
due to high energy at the cap [64, 65], they observed the outer wall was oxidized and 
removed first (Fig. 9.15). The blue arrow in Fig. 9.15b started to “peel” away and
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Fig. 9.14 ETEM images showing the growth of an initial NiO crystal on the surface of Ni–Cr alloy 
in 1 × 10−6 mbar H2O at 350 °C (reproduced with permission from Ref. [69], Copyright 2018, 
Springer Nature) 

Fig. 9.15 Observations at the ending cap of a CNT during oxidation. The inner walls and outer wall 
of the nanotube at 300 °C a were removed after 1.5 mbar oxidation for 15 min at 300 °C (red arrow 
and blue triangle). b More etching was observed after the same nanotube was oxidized for 15 min 
with 1.5 mbar oxygen at 400 °C. c The inset of (c) is shown  in  (d), where one can see the outermost 
wall being removed and dangling (black arrow) after oxidation at 400 °C. Scale bars in (a–c) and  
d represent 5 and 2 nm, respectively (reproduced with permission from Ref. [63], Copyright 2013, 
American Chemical Society)

detached more upon further oxidation at 400 °C, while the wall remained attached 
to the nanotube cap (black arrow in Fig. 9.15d). Furthermore, on occasion, they 
observed that the interior wall was oxidized first (red arrow in Fig. 9.15b–c), which 
was ascribed to oxygen infiltrating into the hollow nanotube through an open end or 
cracks in the tube.
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Besides conventional redox of NPs [70] and alloy, sometimes metal NPs could 
react with gas which is commonly considered inactive, then format protective layer 
restraining possible corrosion. Wang and her coworkers [71] turned a native Mg 
alloy surface into an anti-corrosion coating in excited CO2. As known the native 
surface film on Mg formed in air mainly consists of Mg(OH)2 and MgO, which is 
porous and unprotective. By reacting with excited CO2 (activated by e-beam irradia-
tion), researchers fabricated a smooth, compact MgCO3 protective layer (Fig. 9.16) 
on the Mg alloy surface. A Mg micropillar was fabricated by focused ion beam, 
which was then exposed to air for 30 min to form a native oxide surface film firstly. 
After exposure to air for 30 min, a surface oxide layer with a thickness of about 
8 nm was formed (Fig. 9.16b). Then it was reacted with the e-beam excited CO2*, 
producing a compact MgCO3 protective layer on the pillar’s surface without any 
extra heating. Selected area electron diffraction (SAED) and electron energy loss 
spectroscopy (EELS) analysis were performed to identify the composition of the 
final reaction product (Fig. 9.16f, g), which confirmed the presence of both crys-
talline MgCO3 and MgO. Subsequent immersion tests in an aqueous environment 
were performed to examine the corrosion resistance of the as-grown MgCO3 films. 
The results demonstrated that the MgCO3 was effective in preventing the Mg metal 
from deionized water corrosion.

The observation of nanomaterials with oxidizing, reducing, and inactive atmo-
spheres with the employment of ETEM was an important and extensively studied 
area. With the development of techniques and accessories, detailed information about 
structure and composition which is critically needed but hidden deeply could be 
obtained. 

9.3.3 Surface Reconstruction and Segregation 

The surface structural change of nanomaterials is another important research field, 
which attracted tremendous attention in recent years especially with the breakthrough 
of spatial resolution of ETEM. The surface atoms would occupy a higher proportion 
for NPs with small sizes, and further influence or even decide the character and 
property of materials. 

Yoshida and coworkers [72] examined a catalyst which is composed of GNPs 
supported on CeO2 by a 300 keV aberration-corrected ETEM. Observing along Au 
[110] zone axis at the under-focus condition, a surface reconstruction of the Au/CeO2 

powder catalyst was acquired on the {100} surface in reaction environments. As 
shown in the enlarged images in Fig. 9.17a, the {100} facets remained unrecon-
structed in vacuum, and the distance of 0.20 nm between the topmost and the second 
topmost {100} surface layers was the same as the interplanar distance of the {200} 
planes in crystalline bulk gold. The average distance of the adjoining Au atomic 
columns on the topmost surface layer was the same as the corresponding distance 
in a {100} plane in crystalline bulk gold. Under a typical reaction environment (1 
volume% CO in air at 45 Pa at RT), as shown in Fig. 9.17b, the Au atomic columns on
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Fig. 9.16 a Schematic diagram showing how to transform the native surface to MgCO3. b–e Surface 
evolution of a FIB-fabricated Mg pillar during the exposure in 2 Pa CO2 and e-beam irradiation. 
TEM images showed transformation process of the native oxide layer to the compact nanocrystalline 
MgCO3 and MgO layer. f Diffraction pattern of the as-FIBed Mg pillar with an amorphous MgO 
layer and the EELS spectrum of the surface zone in the yellow circle. g Extra diffraction rings from 
the newly formed film after treatment in CO2 showed the existence of nanocrystalline MgO and 
MgCO3. Obvious C-K edge can be seen in the corresponding EELS spectrum (reproduced with 
permission from Ref. [71], Copyright 2018, Springer Nature)

the topmost and second topmost {100} layers shifted. Both the average distance of the 
adjoining Au atomic columns and the interplanar distance changed to 0.25 nm. The 
reconstructed surface Au atomic columns correspond well to those of the Au{100}-
hex reconstructed surface. In this reconstructed surface, the Au atoms on the topmost 
surface layer formed an undulating hexagonal lattice, whereas those on the second 
layer formed a normal square lattice with slight distortion. The researchers performed 
the ab initio electronic calculations with regard to CO adsorption on the Au{100}-hex 
reconstructed surface, and the simulation image based on an energetically favorable 
model for CO adsorption fit well with the observed image. Therefore, it was deduced 
that the Au atoms on the topmost layer have unusual bonding configurations with the 
second surface layer, which sustained the high-density adsorption of CO molecules 
on the reconstructed surface. The methodology demonstrated in this study has opened 
an experimental route toward the elucidation of GNP catalytic mechanisms by direct 
observations of metal atoms and gas species at the particle-support periphery.



9 In-Situ Gas Transmission Electron Microscopy 279

Fig. 9.17 Au{100}-hex reconstructed surface under catalytic conditions. GNP supported on CeO2 
in a a vacuum and b a reaction environment (1 vol% CO in air gas mixture at 45 Pa at RT). Two 
{100} facets were present in the rectangular regions indicated by I and II in (a) (reproduced with 
permission from Ref. [72], Copyright 2012, The American Association for the Advancement of 
Science) 

Besides NPs, reconstruction often occurred on the exposed cleaved surface of 
the crystal as well, which shows different physical and chemical properties with 
respect to the bulk-truncated ones. A typical instance is the surface reconstruction 
of TiO2 (001) surface. Generally speaking, the intrinsic structure of some specific 
oxides is sensitive to the e-beam and easily destroyed, which precludes direct obser-
vations in TEM. Using ETEM, Yuan et al. [73] acquired real-time information on the 
formation and evolution of the (1 × 4) reconstructed TiO2 (001) surface in oxygen 
which protects the fragile surface reconstruction. Figure 9.18 displayed the forma-
tion process of the reconstruction at 500 °C in an oxygen environment (5 × 10–2 Pa). 
At the beginning, adsorbed layers (mixture of amorphous organics and TiOx species) 
covered the (001) surface (Fig. 9.18a, set as t = 0 s). After a few seconds, amor-
phous layers were gradually removed (Fig. 9.18b, t = 34.9 s) in oxygen with e-beam 
irradiation, and a crystalline layer appeared on the (001) surface, corresponding to 
adsorbed Ti or TiOx species. After 56.2 s (Fig. 9.18c), adsorbed species began to 
exhibit non-uniform contrast; at t = 257.8 s (Fig. 9.18d), adsorbed species finally 
formed the 4 × periodicity, which remained stable during the following reaction. 
This evolution was also reflected in the intensity profiles for the outmost two surface 
layers (Fig. 9.18e–f). These results also confirmed that the (1 × 4) reconstruction
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Fig. 9.18 Tracking the formation process of the (1 × 4) reconstruction, viewed from [010] direc-
tion. a–d Sequential HRTEM images of the anatase TiO2 (001) surface during the reconstruction, 
acquired at 0, 34.9, 56.2, and 257.8 s. The enlarged images of the dotted rectangles are shown in the 
lower panels of (a–d), respectively. e, f Intensity profiles along the dashed lines in the lower panels 
of (a–d) (matching colors). The orange and green lines were acquired from the reconstructed layer 
and top-surface layer, respectively (reproduced with permission from Ref. [73], Copyright 2016, 
American Chemical Society) 

could occur on the nanometer-sized TiO2 crystal surface, which had been an open 
question since it was only observed on the surface of micron-sized single crystals. 

CeO2 is another widely used catalyst and catalyst support both at the laboratory 
scale and in industry, due to its ability to release or store oxygen atoms from the 
environment by altering its valence state (3+/4+) to compensate anionic vacancies in 
the Ce cationic lattice. However, the temporal evolution of reactive surfaces of CeO2 

under a gaseous environment was still ambiguous, which hampered the understanding 
of its catalytic mechanism. Bugnet et al. [74] visualized and quantified the mobility 
of Ce atoms at {100} surfaces in high vacuum (HV), O2, and CO2 atmosphere via 
ETEM. As shown in Fig. 9.19a, the contrast at oxygen atomic positions (indicated by 
arrows) increased from HV to O2 and CO2 environments, and the intensity variation 
of the most external Ce atomic layer decreased accordingly. Especially with the 
introduction of O2 into the TEM chamber, O columns terminated (001) surface 
as a saturated state, because the oxygen supply compensated the e-beam-induced 
oxygen loss. This O-terminated surface in turn limited the mobility of the underlying 
Ce atoms. When CO2 was introduced into the chamber, the surface mobility was 
completely stopped, and dark dots corresponding to the positions of oxygen atoms 
(Fig. 9.19a, bottom) had a greater contrast than that in oxygen (Fig. 9.19a, O2), 
which was attributed to carbonates from adsorbed CO2. Quantitative analysis of 
atomic intensities at {100} surfaces (Fig. 9.19b) demonstrated a high mobility of 
Ce atoms under HV. The mobility was lower under the O2 atmosphere and nearly 
stopped in the CO2 environment.
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Fig. 9.19 a Two-second average of 50 frames from recorded video showing the edge-on (001) 
surface of a nanocube in the [110] orientation under high vacuum at 5 × 10−6 mbar, 5 × 10−2 mbar 
O2, and  5  × 10−2 mbar CO2 (respectively from top to bottom). b Quantitative analysis of Ce 
mobility at {100} surfaces. Variation of the standard deviation of atomic column intensities of 
a ceria nanocube viewed along the [110] direction under high vacuum at 5 × 10−6 mbar, 5 × 
10−2 mbar O2, and 2.6 × 10−2 mbar CO2 (respectively from top to bottom). Each dot images a 
single atomic column position, and its color indicates the variation of intensity over 420 images 
recorded at 25 fps on a normalized scale (Blue, low variation; red, high variation). Missing columns 
correspond to positions where columns fully disappear within the time frame spanned by the 420 
frames (approximately 17 s) (reproduced with permission from Ref. [74], Copyright 2017, American 
Chemical Society) 

Generally, the reconstruction emerged on the surfaces of metal-oxide more easily, 
especially when exposed to the reductive atmosphere, the loss of oxygen atoms would 
influence the surface stoichiometry so as to rearrange the atomic structure and rela-
tionship to some extent. Of course, the intrinsic property of oxide, the environmental 
gas, the temperature, and the e-beam, all take effect on the loss extent of oxygen 
atoms, which result in different surface structures in the end. 

Besides reconstruction, atomic-scale chemical segregation was also observed 
using ETEM. Dai et al. [75, 76] studied the oxygen-driven element segregation 
process in a Pt3Co fuel cell–cathode catalyst under atmospheric pressures. Platinum-
metal (Pt-M,M  = Fe, Co, Ni, etc.) NPs were considered as a promising alternative to 
traditional Pt NPs as the oxygen reduction reaction (ORR) catalyst in polymer elec-
trolyte membrane fuel cells. However, there were still some unsolved crucial ques-
tions, such as the element segregation mechanism during high-temperature annealing 
in pure oxygen. In situ TEM at atmospheric pressure provided valuable data to derive 
the corresponding mechanism. 

The Pt3Co/C powder sample (a commercial ORR catalyst) [75] was pretreated to 
create equilibrium-shaped NPs with a random distribution of Pt and Co. Then the 
sample was heated from RT to 350 °C in 760 Torr of pure oxygen. Figure 9.20a 
showed a twinned Pt3Co NP after oxygen annealing for more than 10 min. One or 
two additional atomic layer(s) with a lower contrast formed on the {111} surfaces 
in the false-colored BF-STEM images. By comparing the marked green and black 
distance as #1 and #6, it is obvious that the segregated layers have a larger lattice 
spacing than the inner part. Meanwhile, the concrete data about the length of the side 
and intersection angle (Fig. 9.20b) are in excellent agreement with the Co sublattice
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unit cell (Fig. 9.20c) in the structure of CoO. By checking more than 20 Pt3Co 
NPs, outermost CoO layers are always found on {111}, but not on {100} surfaces, 
without exception, clearly revealing that facet-dependent oxidation is taking place 
on the Pt3Co NPs. In comparison, additional atoms were attached on the top {100} 
surface (yellow arrow in Fig. 9.20f), until a new layer (#14) formed completely at 
the time t = 32 s (Fig. 9.20g). Because the contrast of the newly formed top layer 
(#14) is similar to the previous outermost layer #13, it indicated that the atoms 
newly attached on the {100} surface are closer to pure Pt. Therefore, the authors 
presumed that Pt atoms possess higher mobility in an oxygen environment, which 
tend to take place on the {100} Pt3Co surfaces to result in structural fluctuations. In 
contrast, the CoO layers on the {111} surfaces blocked exposure of underlying Pt to 
the oxygen environment, and stopped the possible diffusion and reconstruction. The 
contrast difference of the additional atoms and high spatial resolution of the STEM 
images played an important role in distinguishing the attached atoms on different 
surfaces. The outstanding capability in characterizing structure and composition at 
microscopic domain of ETEM is obviously proved. 

Recently, Zhang et al. [77] reported reversible segregation and alloy of Ni–Au 
bimetallic NPs during CO2 hydrogenation. An ETEM was employed for the in situ 
observation in the reaction atmosphere (9 ± 0.1 mbar, 25% CO2/75% H2). As shown 
in Fig. 9.21, the core–shell nanoparticle was maintained with a darker Au–rich shell 
at 450 °C. When the temperature reached 600 °C, the catalysts showed the highest 
catalytic activity and the Au shell dissolved into the Ni matrix and vanished, forming 
a mixed NiAu alloy. When the catalysts cooled to 400 °C, the Au shell reappeared, 
recovering the Ni@Au core–shell structure. The phase evolution was further revealed 
via in situ electron diffraction seen in Fig. 9.21d that a broadened diffraction peak 
which corresponded to the NiAu alloy phase emerged between the Au(220) and

Fig. 9.20 In situ observation on the {111} and {100} surfaces of Pt3Co NPs in an oxidizing 
environment. a–b False-colored BF-STEM images illustrating the periodical unit cell of the oxide 
layer on {111} Pt3Co surfaces. c Projection of a CoO model along the <110> zone axis. Blue 
and red spheres represent Co and O atoms, respectively. d–g Sequential STEM images showing 
the additional Pt layer growth on the {100} surface of the oxidized Pt3Co NP (reproduced with 
permission from Ref. [75], Copyright 2017, American Chemical Society)
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Fig. 9.21 The reversible structural transition of NiAu NPs during the CO2 hydrogenation reaction. 
a In situ TEM images showing the alloying and dealloying evolution of an individual NiAu particle 
in the reaction atmosphere (9 ± 0.1 mbar, 25% CO2/75% H2). b, c Surface atom arrangement of a 
NiAu nanoparticle reconstructed from the full alloy (600 °C) (b) to the Ni@Au core–shell (400 °C) 
(c); the four parts from left to right in b show the high-resolution TEM (HRTEM) image (with 
a Thon ring inset), the corresponding enlargement of the surface area, schematic structure, and 
point analysis of the EELS (with a HAADF inset); the three parts from left to right in c show the 
HRTEM image (with a Thon ring inset), the corresponding enlargement of the surface area, and 
phase contrast profile. d Intensity profiles from the integration of diffraction rings of SAED patterns 
during the reaction. The inset shows 2D profiles stacking along with reaction temperature. e In situ 
EXAFS of the Au L3 edge and coordination number changes (inset) of the Au–Au, Au–Ni, and 
Ni–Ni pairs at room temperature, 400 and 550 °C. a.u., arbitrary units (reproduced with permission 
from Ref. [77], Copyright 2020, Springer Nature)
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Ni(220) peaks above 400 °C. If we just investigate the catalysts before and after the 
catalytic reaction, the Au shell could be thought to be the active site since the NiAu 
alloy only appeared during the reaction. Combining with other in situ spectroscopies 
and DFT calculations, the authors thought that the surface Ni atoms offered the 
active sites for the hydrogenation of CO2 and the surface Au atoms contributed to 
the selective production of CO. This result gave a universal insight into designing a 
polynary metal catalyst with reversible structure responding to the environment and 
reminded us again that the importance of in situ observing the dynamic evolution of 
catalysts as the ex situ results may lead to a confusing conclusion. 

Besides the compositional variations, segregation is usually accompanied by 
misfit strain and the formation of dislocations in the subsurface region via a surface 
diffusion and trapping process. Actually, two decades ago, it has been shown that the 
presence of hydrogen in solution enhanced the dislocation velocity in face-centered 
cubic, body-centered cubic, and hexagonal close-packed materials. Ferreira [78] 
proposed that solute hydrogen reduced the elastic interactions between dislocations 
and elastic centers which act as barriers. Using dynamic, atomic-scale resolution 
in situ HRTEM and theory modeling, Zhou et al. [79] demonstrated the Au surface 
segregation in the Cu(Au) solid solution, and focused on the misfit dislocations 
and its migration and climb facilitated by the segregation. This observed coupling 
between segregation and dislocation formation has wide relevance, as the partitioning 
of alloying elements (or impurities) occurs in most multi-component materials under 
a suitable environmental. 

9.3.4 Growth of Low-Dimensional Nanomaterials 

The introduction of gas into the TEM facilitated the development of another area 
which focused on the nucleation and growth of low-dimensional nanomaterials, espe-
cially 1D nanowires and nanotubes, which usually enjoy unique and unexpected 
properties due to quantum confinement effects and the absence of defects. Besides 
their high surface-to-volume ratios, morphology and crystallography also play impor-
tant roles in manipulating properties. Therefore, the technique of synthesis of ideal 
or satisfactory 1D nanomaterials is the basis of further research in extraordinary 
properties and various applications. 

There is no doubt that the traditional ex situ information obtained after the 
synthesis couldn’t reflect the real-time structural change information during the 
growing process, which is critical to optimize the synthesis process. ETEM enables 
the in situ observation during synthesis, and thus direct atomic resolution images in 
growing processes and kinetic change (morphology, crystallography, defect struc-
ture, and chemical composition) could be obtained. It lays the foundation for the 
understanding of mechanism and improvement of synthesis technology. 

For chemical vapor deposition (CVD), there exist three commonly accepted 
growth mechanisms of low-dimensional nanomaterials as vapor-liquid-solid (VLS), 
vapor-solid-solid (VSS) and catalyst-free growth [48], and all of them have been
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observed directly in ETEM [80]. As an ideal cold-wall nanoreactor for CVD, the 
energy needed to decompose the precursor molecules can be provided either by the 
e-beam or by thermally heating the substrate. 

9.3.4.1 Nanostructure (Island/Dot) 

The effect of e-beam on the nucleation and growth of nanostructures is nonnegli-
gible, especially when the temperature was taken into account in synthesis. Electron-
beam-induced decomposition (EBID) techniques were extensively used to fabri-
cate periodic arrays of metal/semiconductors. The process involves introducing 
organometallic source vapor (precursor vapor) into the microscope column and 
irradiating the target area of the substrate with a focused e-beam. 

In 2001, Jiang and coworkers [81] investigated the detailed parameters, such 
as deposition temperature, source compound, organometallic partial pressure, and 
electron dose, of EBID to fabricate periodic and aperiodic nanostructures and 
nanodevices. Metallocene compound, nickelocene (Ni(C2H5)2), was used as an 
organometallic source and the deposits with edge sharpness under 4 nm had been 
fabricated, despite the quantity of the deposited material being too small for XPS to 
detect. 

Mitsuishi [82] employed a 200 kV TEM equipped with a gas introduction system 
satisfying a gaseous flux of 2 × 10–4 Pa L s−1 to fabricate nanometer-sized W dots 
with a diameter of less than 5 nm in 2003. The precursor employed for the W depo-
sition was tungsten hexacarbonyl [W(CO)6], and the depositions were performed at 
RT. As shown in Fig. 9.22a, c and b, d, the bright-field TEM and HAADF-STEM 
images showed the W nanodots deposited on the Si substrate, and the time periods 
for the large and small dots were about 1.5 and 0.5 s. The depositions were made 
for 10 s at two regions with different substrate thicknesses. The result showed that 
the deposition size at the thicker substrate region was only slightly larger, which 
indicated that the method can also be applied to the bulk substrate used in practical 
applications.

The deposition of GaN quantum dot arrays with uniform size onto a SiOx substrate 
was done using a nanolithography technique in 2004 by Crozier [83] as well. The 
nanolithography technique is based on a combination of sub-nanometer electron-
beam-induced chemical vapor deposition and single-source molecular hydride 
chemistries. A completely inorganic and highly reactive gaseous perdeuterated 
gallium azide (D2GaN3) was utilized as a hydride source, dissociated exothermi-
cally under electron irradiation, resulting in the formation of stochiometric GaN, 
with byproducts of volatile D2 and N2. The nanolithography and characterization 
were conducted in a Tecnai ETEM, which is fitted with an environmental cell and 
essentially operates as a cold-wall CVD reactor. Figure 9.22e, f showed a periodic 
array of uniform GaN dots grown by exposing the substrate to a precursor pressure 
of ~30 × 10–5 Torr, evacuating the microscope for 5 min and then depositing a series 
of dots (the deposition time per dot was 0.5 s). The dots were highly uniform, and 
displayed an average full width at half-maximum (FWHM) of ~4 nm and a base
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Fig. 9.22 a TEM bright-field and b HAADF–STEM image of W nanodots deposited on Si. The 
bright contrast indicates a concentration of the heavy element, W. c The BF and d HAADF–STEM 
images, in which well-defined nanodots are clearly seen, and are magnifications of the upper right 
corner of (a) and  (b), respectively (reproduced with permission from Ref. [82], Copyright 2003, 
AIP Publishing). e Z-contrast image of 2D periodic array of GaN dots. Inset shows line profiles 
through the Z-contrast images, showing a FWHM of 4 nm. f Surface plot of array of dots showing 
the height of dots derived from the ADF image intensity. Average dot height is 5 nm (reproduced 
with permission from Ref. [83], Copyright 2004, AIP Publishing)

width of ~9 nm. The diameter of dots was considerably larger than the used e-beam, 
indicating that the dot size was controlled by the spatial distribution of secondary 
electrons leaving the substrate surface. In 2005, employing the same device, van Dorp 
et al. [84] wrote dots with an average FWHM of 1.0 nm, in an array with a spacing of 
4.0 nm, further improving the resolution limit of the EBID approach. These experi-
ments demonstrated that EBID is a promising technique for high-resolution resistless 
lithography, and the ETEM allowed the entire growth process to be observed and 
controlled in real time as the container and reactor. 

9.3.4.2 Semiconductor/Metal-Oxide 1D Nanomaterials 

Semiconductor nanowires have important applications in electronic devices, informa-
tion storage, microelectromechanical systems, and photovoltaics. For many applica-
tions, it is essential to control the structure, orientation, and location of the nanowires, 
and the factors that determine the growth rate, orientation, and epitaxial relationship 
with the substrate are therefore of key importance [85]. 

Since the VLS mechanism was proposed by Wagner et al. [86] in 1964, it was 
extensively studied and verified in the following decades. The characteristic feature 
of this mechanism is the liquid eutectic mediating the mass transport from the 
vapor to the solid interface. In 2000, the first real-time observation of semiconductor
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nanowire growth in an in situ high-temperature TEM unambiguously confirmed the 
VLS crystal growth mechanism at the nanoscale. Yang and Wu dispersed a small 
amount of micrometer-sized Ge particles on TEM grids together with solution-made 
monodispersed Au nanoclusters. In their experiments, they used a conventional TEM 
without environmental equipment. Therefore, the nucleation and growth were depen-
dent on the Ge evaporation at 900 °C, from a solid Ge source (a thin layer of Ge/C 
coating). Three well-defined stages have been clearly identified during the process: 
(I) metal alloying (Ge and Au), (II) crystal nucleation, and (III) axial growth, as 
shown in Fig. 9.23a [87]. 

Employed a UHV-TEM equipped with facilities for introducing the reactive gas 
disilane (Si2H6), Kim et al. systematically studied the first and second stages of Si 
nanowires growth in the Si–Au system, including the size effect [88] during the 
phase transition and kinetics of individual nucleation [89]. Figure 9.23b–g showed 
the images of the transition from two-phase Au + AuSi to single-phase AuSi. The

Fig. 9.23 a Schematic illustration of VLS nanowire growth mechanism including three stages 
(I) alloying, (II) nucleation, and (III) axial growth (reproduced with permission from Ref. [48], 
Copyright 2017, Springer Nature). b–e Dark-field images in side view during the solid-to-liquid 
transformation. f Bright-field image showing the droplet after the transformation is complete. g 
Idealized schematic of the inferred geometry (reproduced with permission from Ref. [88], Copyright 
2009, American Physical Society). h–j Bright-field images extracted from a video obtained during 
nucleation of Si from polycrystalline Au clusters. h Image acquired before opening the leak valve, 
showing polycrystalline Au particles, as indicated by their faceted shapes and by the interparticle 
variations in their brightfield contrast. i Image acquired after 65 s, showing the formation of the liquid 
AuSi alloy as reflected by the rounded shapes in projection and the disappearance of crystalline 
contrast. j Image acquired after 84 s, showing the appearance of a Si nucleus with lighter contrast 
at the edge of one AuSi droplet. (k-m) Enlarged images of the boxed regions of (h–j), respectively. 
Arrows in (m) indicate the interface between liquid AuSi and solid Si (reproduced with permission 
from Ref. [89], Copyright 2008, The American Association for the Advancement of Science) 
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first four frames were recorded at an orientation where the crystalline Au provides 
bright contrast, and the Au particle appeared to consist of a single crystal with 
multiple twins (visible as dark bands). Figure 9.23f shows the liquid droplet that 
remained after the crystal had disappeared (bright field), and the idealized schematic 
of the inferred geometry is illustrated in (g). Similarly, a series of images obtained 
when introducing the reactive gas disilane to a heated sample illustrated the initial 
transformation of polycrystalline Au islands (Fig. 9.23h) into eutectic droplets of 
AuSi (i), followed by the appearance of Si nuclei (j). The Si nucleation occurred at 
the edge of the droplet, which suggests that this is the energetically favorable location 
that minimizes the nucleation barrier. 

Ross and coworkers further systematically [90–93] studied steady-state growth 
of Si and Ge nanowires, considering growth kinetics, sidewall structure, and the 
phase (liquid or solid) and stability of the catalyst at the nanowire tip. In Si nanowire 
growth (Fig. 9.24a), the VLS mechanism has a characteristic appearance in the TEM. 
The droplet, with an amorphous structure and curved surface, rests on the tip of 
the nanowire. Meanwhile, the droplet/nanowire interface is generally planar, and 
appears to be composed of Si(111) planes, whatever the growth direction of the 
nanowire. The dependence of growth rate on pressure, temperature, and particularly 
nanowire diameter was also observed and recorded in this system, to deduce the 
growth kinetics of Si nanowires. They suggested that the rate-limiting step was 
the thermally activated, Au-catalyzed dissociative adsorption of disilane, and that 
dissociation takes place directly on the catalyst droplet, with no contribution due to 
adsorption and diffusion from elsewhere. This result was fully consistent with the 
VLS model, in which the droplet surface was taken to be a preferential site for the 
adsorption of the growth species [91].

Besides classical Si and Ge nanowires, the VLS mechanism was also verified in 
other materials, such as GaN [96] and InAs [97]. Growing III–V GaP nanowires in 
an ETEM, Chou et al. [98] measured the local kinetics in situ as each atomic plane 
was added at the catalyst–nanowire growth interface by the VLS process. They 
found that the growth rate was very sensitive to perturbations using a high V/III 
ratio, and such sensitivity was absent when growing at a low V/III ratio, creating a 
highly regular regime that may be optimal for the growth of complex materials. The 
relationship between local growth kinetics and atomic structure provides insights 
into understanding the growth mechanism and the requirements for the most precise 
control over growth. 

In the case of Ge nanowires are catalyzed by Au, in situ studies found that 
nanowires can grow below the eutectic temperature with either liquid or solid 
catalysts, and the state of the catalyst only depends on the thermal history. The 
second pathway was called the VSS mechanism. Kodambaka et al. [94] unveiled the 
phenomenon clearly in 2007. As illustrated in Fig. 9.24b–c, (b) shows a Ge wire 
at three successive times during VLS growth and the catalyst persisted liquid state 
(smooth round shape). After cooling the specimen to solidify the catalysts and then 
reheating to the original temperature, the nanowire growth continued with solid cata-
lyst (Fig. 9.24c, faceted surface). Measurements made on several wires showed that 
VSS growth was 10–100 times slower than VLS growth even at the same gaseous
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Fig. 9.24 a Sequence of images recorded during the growth of a 26 nm diameter Si nanowire, 
with the time shown in seconds since the first image. Bright-field imaging conditions were used 
so that Si appears medium gray and the droplet (AuAuSi) is a dark semicircle (reproduced with 
permission from Ref. [91], Copyright 2010, IOP Publishing). b Ge nanowire growth from an AuGe 
liquid droplet. c Ge nanowire growth from solid Au prepared as follows: at constant pressure, the 
specimen was cooled to solidify the droplets and then returned to the same temperature as (b), 
where the catalysts remained solid due to hysteresis (reproduced with permission from Ref. [94], 
Copyright 2007, The American Association for the Advancement of Science). d Si nanowire growth 
in the VSS modes (AgAu2 at 556 °C and 1 × 10–5 Torr disilane) (reproduced with permission from 
Ref. [95], Copyright 2012, American Chemical Society)
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pressure and temperature, presumably as a result of weaker surface reactivity and/or 
lower diffusivity through the solid. The principal cause of VLS growth below eutectic 
temperature excluded the Gibbs–Thomson effect or any direct effect of small size, 
and finally was identified as the inhibition to nucleation of solid clusters caused 
by high Ge supersaturation in the droplet. VSS mechanism and similar phenomena 
were also demonstrated in Si/Ge nanowires growth catalyzed by other catalysts [95, 
99–101] (Fig. 9.24d). 

Besides the common and extensively accepted VLS and VSS growth mechanism, 
there existed some research [40, 102–106] focused on the catalyst-free pathway, 
especially for metal-oxide nanowire growth in the presence of oxygen. No external 
catalysts or solvents were directly used during the growth process, and the nanowires 
were directly grown on the metal surface through a reaction with oxygen, which was 
named as vapor–solid (VS) mechanism. 

Actually, as early as 1955 [102], Sears’s experiment demonstrated the vapor–solid 
process in the growth of mercury whiskers. In 2001, Pan et al. [103] deemed that their 
nanobelts of semiconducting oxides were also governed by VS mechanism because 
the only source material used was pure oxide powders. 

Another possible mechanism explained nanowire growth is accomplished via the 
incorporation of O from vapor and metal ions through diffusion along the defects, 
such as twin boundaries, stacking faults, and surfaces, from the substrate to the 
nanowire tip [40, 48]. As Fig. 9.12i–n shows, the successive stages of growth of 
copper oxide whiskers in 4 × 103 Pa of oxygen were recorded. At the beginning 
of the heating (estimated to ~670 K), an oxide film with non-uniform thickness 
was formed on the copper surface, and consequently the shape of the edge became 
jagged (Fig. 9.12i–j). After about 40 s, the oxide layer stabilized and the edge 
became smoother (Fig. 9.12k). Gradually, whiskers started to grow on the oxide 
layer (Fig. 9.12l–n), and two kinds of whiskers were identified in these micrographs: 
(i) thick and short and (ii) thin and long. The analysis of grown whiskers suggested 
that copper atoms easily diffuse along the lattice defects in CuO, and upon reaching 
the whisker tip, react with the ambient oxygen there. Tokunaga et al. [105] also  
studied the growth and structure of tungsten oxide nanorods using ETEM. They 
concluded that it was dominated by the solid diffusion mechanism: cracks occurred 
in the surface of the natural tungsten oxide layer when the tungsten was heated, after 
which tungsten diffused through the cracks of natural tungsten oxide layer from the 
tungsten wire to form a highly crystalline prominence. In 2015, Zhang et al. [104] 
demonstrated the layer-by-layer growth kinetics statistics in the growth of tungsten 
oxide nanowires with ETEM. 

In 2014, Rackauskas et al. [106] observed the synthesized CuO nanowires in an 
ETEM by oxidation of pure metallic Cu in the presence of 3.2–7 mbar of O2 in the 
temperature range of 350–475 °C. They also confirmed the occurrence of the copper 
diffusion (along the grain boundaries of the oxide layers and to the nanowire tip). 
Meanwhile, collecting kinetics of the growth, they concluded that nanowire growth 
should be described as the layer-by-layer formation process, in which nucleation of 
a new layer is the growth limiting stage, rather than the copper diffusion (along the 
grain boundaries of the oxide layers and to the nanowire tip).
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Based on the growth of semiconductor nanowires, simple nanoscale devices were 
fabricated and observed over their complete lifecycle from creation to failure with 
additional electrical measurements. Kallesøe et al. [107] used the VLS method to 
grow Si nanowires as devices bridged between Si cantilevers. They characterized 
the formation of the contact between the nanowire and the cantilever, measured the 
electrical properties and high current failure characteristics of the resulting bridge 
devices, and related these to the structure. Probably the growth of nanowires in ETEM 
could be controlled more accurately so as to fabricate more complex structures or 
special devices in the future. 

9.3.4.3 Carbon 1D Nanomaterials 

As early as 1971, Baker and Harris [108] had already used the modified controlled 
atmosphere electron microscope to observe gas reaction, including the investiga-
tion of filamentous carbon formation from acetylene, catalyzed by nickel, iron, and 
cobalt. In spite of the resolution limit, early studies already focused on morpholog-
ical changes and growing rates, from which kinetic parameters and activation energy 
could be obtained, so as to help put forward the growth mechanism. 

Since carbon nanotubes (CNTs) were discovered in 1991 by Iijima [109], various 
applications, especially in displays or in X-ray tubes for medical applications, were 
developed in the following years. These applications require strict control of the 
diameter, length, and number of walls (such as multi-wall CNTs for field emit-
ters, and single-walled CNTs for transistors) and the chirality. However, it’s diffi-
cult to monitor and control the nucleation and growth of CNTs during traditional 
high-temperature arc-discharge and laser ablation processes. By contrast, CVD is 
an increasingly important and steady method, especially when ETEM was used as 
a cold-wall nanoreactor. With the development of accessories and techniques, the 
ETEM offers an excellent opportunity to satisfy the demand for in situ observation 
of CNTs growth. 

In 2004, there were two groups [110, 111] that completed direct imaging of 
CNT nucleation and growth process at reaction temperature using ETEM. Helveg 
et al. [110] presented in situ TEM observations of the formation of carbon nanofibers 
(including nanotubes) from methane decomposition over supported nickel nanocrys-
tals. The consecutive TEM images of the main equilibrium shape transformed into 
a highly elongated shape were demonstrated in Fig. 9.25. The formation of more 
graphene sheets whose basal (002) planes were parallel to the Ni surface was 
attributed to the elongation of the Ni particle, and it could be concluded that the 
reshaping of the Ni nanocluster assisted in the alignment of graphene layers into a 
tubular structure. Specifically, the nucleation and growth of graphene layers were 
found to be assisted by a dynamic formation and restructuring of mono-atomic step 
edges at the nickel surface (in Fig. 9.25b–g).

Sharma and Iqbal [111] reported the in situ observation of carbon filaments 
and CNTs as well with the employment of ETEM. They used two different cata-
lyst systems (Ni–SiO2 and Co, Mo–MgO) in two flowing precursors, propylene
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Fig. 9.25 Image sequence of a growing carbon nanofiber. Images a–h illustrated the elonga-
tion/contraction process. Drawings were included to guide the eye in locating the positions of 
mono-atomic Ni step edges at the C–Ni interface. The images were acquired in situ with CH4:H2 
= 1:1 at a total pressure of 2.1 mbar with the sample heated to 536 °C (reproduced with permission 
from Ref. [110], Copyright 2004, Springer Nature)

(99.9999%) and welder’s grade acetylene, respectively. Filamentous growth was 
observed when propylene was leaked over Ni–SiO2 at 400 °C while acetylene, on 
the other hand, provided the growth of a well-defined nanotube structure. Further-
more, the growth of multi-wall nanotubes (MWNTs) favored at 450 °C, and compared 
with single- and double-walled CNTs were observed to form predominantly at higher 
temperatures (700–800 °C). 

In the following years, Sharma and coworkers continuously studied the CNTs’ 
growth under diverse reaction conditions, and they concluded that the growth rate 
and morphology of the formed nanotubes depended on the synthesis conditions 
(i.e. temperature and pressure) [80, 101, 112, 113]. For example, catalyzed by Ni– 
SiO2 with narrow particle size distributions (1.5–3.0 nm), at an average rate of 35– 
40 nm s−1 under 20–100 mTorr of gas pressures at 480 °C, serpentine-shaped or 
zigzag multi-wall carbon nanotubes grew, while at an average growth rate of 6– 
9 nm s−1 at pressure <10 mTorr at the same temperature, straight single-wall carbon 
nanotubes with nearly uniform diameters (~3.5 nm) formed [112]. Furthermore, the 
plausible growth mechanism for small-diameter CNTs was also put forward, and 
shown in Fig. 9.26a–e. The model assumed that nanotubes grow preferentially along 
<111> direction on certain crystallographic Ni planes (the most active {110}, in 
(a)), then the particle rotated, or melted and re-crystallized (b), which would stop 
the growth of the tube momentarily until a new set of active {110} surfaces resume 
the growth. Epitaxial lattice-matching of the Ni {110} plane to the graphene lattice 
of the nanotube could induce the Ni particle to re-orient itself so that the Ni {111} 
aligns with the nanotube axis. The new growth direction would be controlled by the 
angle between two sets of 110 surfaces (i.e. 110 and 101, 60°). By incorporating 
5-ring/7-ring pairs into the graphene lattice, the particle could continue to grow as 
a fully 3-coordinated seamless tube (c). If the 5-ring/7-ring defect pairs were at low
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Fig. 9.26 a–e Sketches showing a plausible growth mechanism for small-diameter CNTs. f A hypo-
thetical bend in a SWCNT model induced by three 5-ring/7-ring pairs (reproduced with permission 
from Ref. [112], Copyright 2005, Oxford University Press) 

densities, the nanotube segments were straight, punctuated by 60° and 120° bends 
(d), while they could appear to be continuously curved and of irregular diameter 
with high densities of defects (e). Figure 9.26f showed a model of such a bend in 
a SWCNT in detail. The two nanotubes can be merged seamlessly, with fully 3-
coordinated carbon atoms, by introducing equal number of 5-rings and 7-rings so 
that the overall polyhedral curvature of the nanotube does not change. In this model, 
3 such 5-ring/7-ring pairs were introduced. The distribution shown here was not 
unique; many different variants that supported such a bend were possible. 

In another article [113], Sharma and coworkers concluded that straight, single-
wall, carbon nanotubes tend to form at high temperatures and low pressures while 
bent, zigzag, multi-wall carbon nanotubes form at lower temperatures and higher 
pressures. It’s also perceived that high nucleation and growth rates would reduce the 
time/or energy required for annealing 5- and 7-ring defects. Furthermore, the overall 
activity of Ni catalyst particles, i.e. the number of particles active for tube formation, 
was improved by the addition of a small amount (below 0.2 mol fraction) of Au 
[114]. 

Yoshida and Takeda also made intensive and detailed studies on the growth of 
CNTs. In 2005, they outlined a theory of image information in an ETEM and applied 
the theory to simulating HRTEM images of SWNT in source gases of ethanol at the 
actual growth condition [115]. The ETEM observation of the swinging and rotational 
growth of CNTs in 2007 provided an explanation of the suspended growth mechanism 
[116]. In 2008, the nucleation and growth process of CNTs catalyzed by NP catalysts 
of fluctuating crystalline Fe carbide in CVD with C2H2 was acquired with ETEM 
[117]. 1 nm thick Fe (99.999%) was deposited on the thin SiO2 surface layer of 
silicon substrates by vacuum evaporation. Then the substrates were set in an FEI 
Tecnai F20 equipped with an environmental cell, and heated to 600 °C in a vacuum, 
and subsequently, a mixture of C2H2:H2 = 1:1 was introduced into the ETEM (10 Pa). 
Figure 9.27 shows the root growth process of a SWNT from an Fe carbide NP catalyst 
viewed nearly normal to the growth direction. In NP catalyst, various kinds of lattice 
images appeared and faded out, while all of them were identified as the iron–carbide 
structure (cementite, Fe3C). The lattice image shown in Fig. 9.27a–d continued for 
1–2 s, 1–2 s, 1–2 s, and 7 s, respectively. The phenomenon was accounted for by
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Fig. 9.27 a–d Growth process of a MWNT from an Fe carbide NP catalyst viewed nearly normal to 
the growth direction. Enlarged images and Fourier transforms of the dotted square regions in images 
are shown below, which indicated that phase of catalyst was Fe3C (reproduced with permission from 
Ref. [117], Copyright 2008, American Chemical Society) 

a change in crystal orientation without physically rotating the whole NP since it 
remained at nearly the same position and deformed only slightly. In conclusion, the 
NP catalysts were deemed as fluctuated crystalline cementite, Fe3C. 

Besides CNT, the formation of different allotropes of carbon on the nanoscale 
(e.g. graphene layers [118]) was also studied extensively with the employment of 
ETEM. There is no doubt that the ETEM has the indispensable advantage in observing 
the dynamics of catalyzed nanostructure growth, which provided the possibilities for 
understanding the mechanism and promoting the synthesis technology. Furthermore, 
it’s common that the catalyst would cause some dynamic change during the catalyza-
tion (e.g. in Yoshida’s experiment, the NP catalyst Fe3C already deformed slightly), 
which would be discussed in the next section. 

9.3.5 The Catalyzation 

Heterogeneous catalysis plays an essential role in modern industrial manufacturing. 
Over 85% of commercial chemicals in the industry are catalytically produced, mostly 
via gas-involved processes [48]. Traditional heterogeneous catalysts consist of metal 
NPs, which are supported on specific oxide substrates (even specific crystallographic 
planes). Since the catalytic activity varied with the atomic arrangement on the surface
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of metal NPs, the interfaces between particles and substrate, the surfacial status of the 
substrate (oxidation/reduction/doping), it’s of great importance to study the structure 
and composition of catalyst at the atomic scale. Meanwhile, the catalytic reactions 
usually occur in an atmospheric environment, which means that the catalysts are 
likely demonstrating different characteristics and properties in traditional TEM under 
high vacuum. Therefore, the emergence of ETEM could satisfy the requirement of 
observation in detail at the atomic scale by maintaining the catalyst under active 
status in the reaction atmosphere [119]. 

9.3.5.1 Dynamic Observation of Catalytic Reactions 

The catalytic performance of metal catalysts is determined by their structures [120], 
e.g. size, morphology, composition, crystal structure, metal–support interactions, 
and so on, while recent studies suggested that the structure of metal catalysts would 
dynamically change during reaction conditions [121], and their statuses in reac-
tion could be dramatically different from the original/final ones [122, 123]. There-
fore, real-time studying the metal catalysts is well expected to give insight into the 
underlying mechanism and to help further improve the properties of metal catalysts. 

The nucleation and growth of CNT is a typical catalytic process, and the catalyst 
would undergo some dynamic changes in both morphology and composition during 
the whole growth. For example, the Fe3C catalyst deformed during the reaction 
(Fig. 9.27). Similarly, in the work of Hofmann et al. [124], the catalyst particle 
showed a periodical morphology change, from its initial equilibrium shape into a 
highly elongated shape during carbon nanofibers nucleation. As shown in Fig. 9.28, 
the Ni particle elongated and then suddenly contracted into a rounder. Typically, the 
substrate anchorage was overcome during the first contraction and the catalyst crystal 
lifted off the substrate, resulting in a tip growth mode. 

The composition change of the catalyst was also reported. Mazzucco et al. [125] 
observed and recorded the whole deactivation process of Fe catalyst NP in ETEM, and 
found that the Fe catalyst transformed into two distinct carbide phases, cementite

Fig. 9.28 a–d ETEM image sequence showing a growing CNT in 3:1 NH3:C2H2 at 1.3 mbar and 
480 °C. The Ni particle elongated and then suddenly contracted into a rounder shape (reproduced 
with permission from Ref. [124], Copyright 2007, American Chemical Society) 
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(Fe3C) and Hägg (Fe5C2) under CNT growth conditions. Moreover, the carbon-
rich Hägg carbide was inactive for the competitive process in contrast to the less 
carbon-rich cementite phase. 

As a classical catalyst which is highly active for low-temperature CO oxidation 
and water–gas shift reaction, Au/CeO2 is studied at the atomic scale to improve and 
stabilize the catalytic property. Since the interfacial perimeters between metal NPs 
and oxide substrate probably tip the scale for the catalysis, the structural collapse and 
reconstruction of the gold–ceria interfacial perimeters under various reaction condi-
tions attracted extensive attention. Using ETEM, Ta et al. [127] directly observed 
the structural changes of the Au NPs and the interfacial structure (Au/CeO2) under 
oxidizing and reducing (reactive) atmospheres at 573 K. As shown in Fig. 9.29a, a 
truncated octahedral Au particle (size: ~3 nm) directly contacted to ceria without 
any transition layers (Au{111}–CeO2{111}), and the Au–CeO2 interfaces retained 
their original configuration without appreciable variation in shape and size under an 
oxidizing gas environment (10 vol%O2/N2). When the same particle was exposed to a 
reducing and reactive environment (42 vol% CO/6 vol% O2/N2,), the Au–CeO2 inter-
faces reconstructed with the appearance of disordered CeO2 layers adjacent to the 
gold particle as shown in Fig. 9.29b, which even increased in thickness over time. The 
chemical nature of the newly formed ceria layers was identified as CeO1.714, which 
was partially reduced and probably resulted in the electronic state change of the gold 
atoms at the perimeter of the gold–ceria interface. Therefore, the authors proposed 
an anchoring mechanism as Fig. 9.29d shows, the faceted Au NP was constructed of 
four different domains with different functions.

Based on the observation of reversible changes in NPs, the oscillatory CO oxida-
tion behaviors catalyzed by Pt NPs were reported with the employment of a nanore-
actor, time-resolved HRTEM, mass spectrometry, and calorimetry in 2014 [47]. The 
technologies of MEMS and a unidirectional gas-flow channel with a reaction zone 
satisfied the in situ time-resolved observations of the periodic refacetting of the Pt 
NPs at 1 bar pressure and elevated temperatures. As shown in Fig. 9.30a, mass spec-
trometry demonstrated periodic oscillations of O2 and CO pressures in anti-phase, 
and similar variations are shown in the CO2 pressure. Meanwhile, to keep the nanore-
actor temperature constant, the heater power would be reduced (Fig. 9.30b), which 
was at least 3 orders of magnitude faster than the time scale of reaction oscillations, to 
compensate the exothermic reaction heat. Finally, the Pt NPs near the reaction zone 
exit switched between a more spherical and a more facetted morphology (Fig. 9.30c, 
d). Specifically, as the CO conversion increased rapidly, Pt NPs immediately started 
a gradual transformation from a more spherical shape toward a more facetted shape 
(Fig. 9.30d I–III). On the decrease in the CO conversion, the NP transformed back 
to the more spherical shape (Fig. 9.30d IV) and retained that shape until the CO 
conversion rose steeply again. Thus, the individual NPs near the exit from the reac-
tion zone could undergo oscillatory and reversible shape changes with a temporal 
frequency matching the oscillations in reaction power, indicating that the oscillatory 
CO conversion and the dynamic shape change of the Pt NPs were coupled.

Besides the dynamic observation of the catalyst, the oxide substrate was also 
studied because it usually interacts with the NPs under specific environments. The
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Fig. 9.29 ETEM images of the Au-673 catalyst (the selected Au NP) under oxidizing and reducing 
atmospheres at 573 K. a, b A truncated octahedral Au particle of ∼3 nm size under a 10 vol% O2/N2 
environment (a) and a 42 vol% CO/6 vol% O2/N2 atmosphere (b). c Schematic depicting a typical 
gold NP enclosed by {111} and {100} planes. d Atomic scheme of a gold NP anchoring onto a 
CeO2 nanorod, illustrating the functions of different domains (reproduced with permission from 
Ref. [127], Copyright 2012, American Chemical Society)

reconstruction of gold–ceria interfaces in Fig. 9.29b was one manifestation, and 
another typical and obvious phenomenon was strong metal–support interactions 
(SMSI) (More details referred to SMSI could be found in [194]). As early as 1978, 
Tauster [128] had already explored the possibility of strong interactions between 
group VIII metals and supports containing titanium cations, and proposed the SMSI 
which was associated with the formation of bonds between the metal and titanium 
cations or titanium atoms. The definition of SMSI [129, 130] was later extended to 
include interactions between an active metallic component and any support materials 
that exhibit similar phenomena to that observed by Tauster. Generally speaking, the 
phrase was used for catalyst systems consisting of active metal particles on reducible
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Fig. 9.30 Correlation of oscillatory CO oxidation reaction data with the projected morphology of 
a Pt NP (Supplementary Movie 1). The gas entering the reaction zone is 1.0 bar of CO:O2:He at 
3%:42%:55% and nanoreactor temperature is 659 K. a–c Mass spectrometry of the CO, O2, and  
CO2 pressures (a), reaction power (b), and shape factor (c) for the Pt NP in d as a function of 
time. The shape factor corresponds to the relative difference in the area from the best elliptical fit 
in image I in d (Ref. [4]). The morphology factor is zero for the more spherical shape and deviates 
for more facetted particles. Part of the reaction oscillation data is highlighted by the red rectangle. 
d Time-resolved TEM images of a Pt NP at the gas exit of the reaction zone (reproduced with 
permission from Ref. [47], Copyright 2014, Springer Nature)

support [131], because the interaction under reducing conditions can induce an elec-
tronic effect (charge transfer between support and metal particles), changing the 
chemisorption capacity of the active phase, and/or preventing the interaction between 
the gas molecules and the metal surface due to newly formed surface layer. 

In 1997, Boyes and Gai [17] had observed the phenomena of catalyst deactivation 
caused by SMSI in an environmental high-resolution electron microscope (EHREM) 
at the atomic scale. Owing to the modification of apertures mounted inside the bores of 
the objective pole pieces rather than between them, the aberration coefficients could 
low down to 2 mm. Multi-directional resolution of atomic lattice planes with spacings 
in the range 0.34 (graphitic carbon)-0.23 nm (gold islands with (111) lattice) was 
routine. Figure 9.31a shows EHREM of finely dispersed Pt/TiO2. In situ dynamic 
catalyst activation in hydrogen at 300 °C is shown in Fig. 9.31b. Growth of an 
amorphous Ti–rich overlayer or coating, with a composition close to slightly anion-
deficient TiO2 was observed (indicated at C, determined by EDX) on the surface 
of the same particle at 450 °C in Fig. 9.31c. In addition, there emerged some nm-
scale single crystal clusters of Pt metal (arrowed) near the observed particle, and 
they were not in an epitaxial relationship with the substrate and not encapsulated by 
titania overlayers during the early development.
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Fig. 9.31 a EHREM of finely dispersed Pt/TiO2 prepared by impregnation of TiO2 with Pt solution. 
b In situ dynamic catalyst activation in hydrogen imaged at 300 °C. The 0.23 nm (111) lattice 
spacings were clearly resolved in the Pt metal particle (P). c The same particle of Pt (P) imaged at 
450  °C, also in H2 (reproduced with permission from Ref. [17], Copyright 1997, Elsevier) 

In 2016, Zhang et al. [132] described the atomic migration of a palladium/titania 
(Pd/TiO2) system, by combining ESTEM and DFT calculations, which visualized the 
formation of the overlayers at the atomic scale under atmospheric pressure and high 
temperature. As Fig. 9.32a shows, an amorphous layer started to form on the particles 
under reducing conditions (H2(5 vol%)/Ar at 1 atm) at 250 °C, arguably through the 
diffusion of reduced TiOx species from the support to the particle surface, starting 
from the metal–support boundary (arrow). When the temperature was increased to 
500 °C under the same conditions, the amorphous layer crystallized to form a bilayer 
that was almost epitaxial with the Pd(111) plane (Fig. 9.32b and higher magnification 
images in C, D). The lattice spacing was ∼2.9 Å for the lower layer and 3.0 Å 
for the top layer, and the overlayer followed ABCABC stacking of the underneath 
Pd along [111] direction. The comparison between ABF (Fig. 9.32c) and HAADF 
(Fig. 9.32d), where the image contrast is the opposite and brightness in the latter case 
is proportional to atomic number, confirmed that the surface layer was composed of 
a material with lower atomic number than Pd.

Generally speaking, common SMSI overlayers as mentioned before are crys-
talline, while there exists special case in which environmental gas participated in 
the formation of end product, and resulted in amorphous overlayer. Matsubu et al. 
[133] proposed adsorbate-mediated SMSI (A-SMSI) encapsulation state that formed 
with the treatment of TiO2-supported Rh NPs in CO2–H2 (CO2-rich) environments 
at temperatures of 150–300 °C. According to the conditions known to form the 
traditional SMSI state, a crystalline bilayer of TiOx quickly formed as a conformal 
coating on large crystalline Rh particles, with Ti exclusively in the Ti3+oxidation 
state (Fig. 9.33a). In contrast, after 20CO2: 2H2 treatment for three hours at 250 °C, 
an amorphous overlayer on Rh was observed to form (Fig. 9.33b). In situ electron 
energy-loss spectroscopy (EELS) measurements with a 1.0–1.5 Å spot size focused 
at various locations on the overlayer directly proved that Ti existing in a combina-
tion of Ti3+ (∼30%) and Ti4+ (∼70%) oxidation states in the amorphous overlayer.
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Fig. 9.32 Formation of the 
TiOx overlayer on Pd 
nanocrystal in Pd/TiO2. 
Sequential in situ 
observations, under reducing 
conditions (H2(5 vol%)/Ar at 
1 atm) of the Pd/TiO2 
sample at 250 °C (a), then 
500 °C for 10 min (b); c, d 
are higher magnification 
ABF and HAADF images, 
respectively, of a section of 
part (b) showing the TiOx 
double layer (reproduced 
with permission from Ref. 
[132], Copyright 2016, 
American Chemical Society) 

Fig. 9.33 In situ STEM images of Rh/TiO2 after treatment in 5% H2 and 95% N2 at 550 °C for 
10 min (a), which induced the formation of a TiOx SMSI crystalline bilayer, containing exclusively 
Ti3+, and after treatment in 20CO2:2H2 at 250 °C for 3 h (b), which caused the formation of an 
amorphous A-SMSI overlayer, containing a mixture of Ti3+ and Ti4+ (reproduced with permission 
from Ref. [133], Copyright 2017, Springer Nature)

Differences in Ti oxidation state for the traditional SMSI and A-SMSI overlayers 
were hypothesized to result from the presence of HCOx in the A-SMSI overlayer
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and to be related to the unique reactivity and stability of the A-SMSI overlayer in 
humid CO2-reduction conditions. 

Besides the common surface structure fluctuation and reshaping of nanomate-
rials in catalyzation, there exist some extremely subtle structural changes during the 
real-time catalytic process. To reveal the structure–activity relationship, the most 
direct method is to directly observe the catalytic reaction occurring on the catalyst 
surface at the atomic level. In 2020, Yuan et al. [134] visualized the gas molecules 
that adsorb and react dynamically at the specific structure with the employment of 
spherical aberration-corrected ETEM. Normally, the spatial distribution of active 
sites on the catalyst surface is disordered, and the molecules adsorbed on the sites 
do not offer sufficient contrast for TEM identification. To solve this issue, they came 
up with a strategy to construct a highly ordered active row to enhance the image 
contrast. They took advantage of the highly ordered four-coordinated Ti(Ti4c) rows  
on the anatase TiO2 (1 × 4)-(001) surface to facilitate enhanced contrast of adsorbing 
molecules along the row direction and allow real-time monitoring of H2O species 
dissociating. As shown in Fig. 9.34a, the reconstructed TiO2 (1 × 4)-(001) surface 
was obtained after heating in O2, in which the protruding black dots represent the 
Ti4c rows. Then O2 gas was evacuated and H2O vapor was introduced (Fig. 9.34b). 
With the raising H2O pressure, two additional small protrusions were observed at 
the top of the Ti4c rows, and became clearly visible (in Fig. 9.34d). Combined with 
in situ Fourier transform infrared spectroscopy (FTIR) and density functional theory 
(DFT), the researchers attributed the twin protrusions to the adsorbed water species, 
which was composed of two different hydroxyl species. Since TiO2 can catalyze 
the water gas shift reaction (H2O + CO → H2 + CO2) at elevated temperatures, the 
researchers introduced CO into the ETEM column after the formation of twin protru-
sions. They found that the twin-protrusion structure changed dynamically between 
blur and clearness (Fig. 9.34e, f), which indicated that the adsorbed hydroxyls were 
reacting with CO molecules, and the Ti4c sites are the reaction sites.

Another challenging and unexpected interface structure change was explored 
in 2021 by Yuan et al. as well [135]. Supported nanoparticles are widely used as 
catalysts for heterogeneous reactions, and the active sites in many reactions are 
located at the perimeter interface (PI), which is generally considered to be rigid. 
However, by employing the aberration-corrected ETEM (same as the former appa-
ratus), they found that Au nanoparticles could rotate reversibly on the TiO2 (001) 
surface in different gas environments. Furthermore, by controlling the external oxida-
tive/reductive gaseous environments and temperature, the researchers realized the 
in situ manipulation of the atomic configuration of the active Au–TiO2 interface. In 
brief, a perfect epitaxial relationship was found at the interface between the Au NP 
and the TiO2 (001) interface at high oxygen pressure (Fig. 9.34g, i), while the Au NP 
rotated by a small angle along the axis perpendicular to the TiO2 (001) surface with 
the introduction of CO (VO2 : VCO  = 1:2) (Fig. 9.34h, j). The rotation was so subtle 
that the whole process couldn’t be observed and monitored without the possibility 
and convenience provided by the ETEM. This result suggests that real-time design 
of the catalytic interface in operating conditions may be possible.
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Fig. 9.34 a–d Aberration-corrected in situ ETEM images show the same area of TiO2 (001) surface 
at 700 °C under oxygen [a 0.001 mbar] and water vapor [b 0.01 mbar; c 1 mbar;  d 2.5 mbar] 
conditions, scale bar, 1 nm; e Sequential ETEM images acquired in the mixed gas environment 
(1:1 ratio of CO and H2O vapor; gas pressure:5 mbar; temperature: 700 °C), viewed from the [010] 
direction. Scale bar, 2 nm. f Enlarged ETEM images show the dynamic structural evolution of the 
Ti row outlined by the dotted rectangle in (e). Scale bar, 0.5 nm (reproduced with permission from 
Ref. [134], Copyright 2020, The American Association for the Advancement of Science). g and h 
Aberration-corrected in situ ETEM images of a Au NP supported on a TiO2 (001) surface in g a 
high-pressure oxygen (6.5 mbar) environment, and h a CO oxidation (total pressure: 4.4 mbar, VO2 : 
VCO  = 1:2) environment, scale bar, 2 nm; i and j Aberration-corrected in situ ETEM images show 
the structural evolution of the Au–TiO2 (001) nanocatalyst from an oxygen environment [i 5 mbar]  
to a reactive environment [j 500 °C, 5 mbar, VO2 : VCO  = 1:2)], scale bar, 2 nm (reproduced with 
permission from Ref. [135], Copyright 2021, The American Association for the Advancement of 
Science)

9.3.5.2 Sintering and Dispersion 

Catalyst deactivation was a major concern in many industrial processes, besides SMSI 
in a specific gaseous environment; sintering was another typical reason which could 
account for it. The active sites are usually related to the surface area or the specific 
size, while sintering always result in the decrease of the surface area and changing 
the size of the catalyst particles. Furthermore, the sintering of supported NP catalysts 
occurs in various applications, ranging from high-temperature automotive exhaust 
emission controls to low-temperature fuel cells, made it an urgent demand to stabilize 
the catalyst distribution, lifting the commercial value. ETEM could provide direct
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evidence about size/distribution/morphology of NPs, further the dynamic evolution 
of these information under gaseous environment. 

There are two widely accepted sintering mechanisms [130, 136–138]: (a) Ostwald 
ripening (OR) [139], in which the larger particles grow at the expense of small ones, 
by the diffusion of atoms/clusters due to a difference in chemical potential depending 
on NP size/surface curvature; (b) Particle migration and coalescence (PMC) [140], 
in which the independent particles migrated on the substrate surface in a Brownian-
like motion and coalesce to other encountered particles. Both mechanisms may co-
exist during a real catalytic reaction, and the dominant one is determined by reaction 
conditions and catalyst characteristics, e.g. loading amount, and weak metal–support 
interaction (MSI) facilitate the PMC process while strong MSI avails the OR process. 

As early as 1974, Baker et al. [141] has observed particle mobility on a graphite 
surface in a gaseous environment with their modified TEM. In 2004, Liu et al. 
[142, 143] studied the sintering of palladium NPs on Al2O3 during the catalyst 
regeneration process. Fresh Pd particle catalyst was located on the Al2O3 surface and 
sintering occurred in 500 mTorr of steam at 700 °C, via traditional ripening (OR) 
and coalescence (PMC) mechanisms. As shown in Fig. 9.35a–c, particles marked 1 
gradually shrunk in size and finally disappeared, while particles marked 2 coalesced 
into one. As for the used catalyst, which deactivated apparently due to the coverage 
of a complex mixture of unsaturated aliphatic hydrocarbons (HC in Fig. 9.35d), Pd 
particles moved through the hydrocarbon, leaving light contrast tracks in their wake 
(black arrow in Fig. 9.35e) in 500 mTorr of steam at 350 °C. In this process, the Pd 
particles catalyzed the gasification of green oil residue, meanwhile the exothermic 
nature of the reaction raised the temperature and facilitated the coalescence of Pd 
particles even at much lower temperatures.

In 2012, Hansen et al. [138] proposed that the sintering process could be divided 
into three phases via reviewing and analyzing recent in situ observations (Fig. 9.36). 
Phase I involved rapid loss in catalyst activity (or surface area), phase II was where 
sintering slows down, and phase III was where the catalyst may reach a stable 
performance. The experimental data suggested that, in phase I, very little PMC was 
observed while the disappearance of the smallest particles (OR) was probably respon-
sible for the obvious declining activity. In phase II, sintering slowed down since the 
small particles already disappeared, and during this stage both OR and PMC could 
be observed. In phase III, the particles had grown large and been very stable. In 
this phase, particle migration slowed down, and some other parasitic phenomena, 
such as support restructuring, turned out to be important or influential, especially at 
high temperatures. Considering several technical and chemical improvements related 
to changes in the composition of the NPs or changes in support surface structure, 
morphology, and chemistry, they endorsed the viewpoint proposed by Moulijn et al. 
[144], which the movement of atoms holds more weight accounting for the sintering 
mechanism.

As a model system for automotive exhaust abatement, Pt NPs dispersed on a 
planar, amorphous Al2O3 support were monitored during the exposure to 10 mbar 
air at 650 °C under in situ TEM by Simonsen et al. in 2010 [145]. Time-resolved 
image series unequivocally revealed that the sintering of Pt NPs was mediated by
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Fig. 9.35 a–c Fresh Pd/Al2O3 catalyst a in the as-received condition (RT); after heating in 500 
mTorr steam at 700 °C for b 1 h;  c 3 h.  d–f Used Pd/Al2O3 catalyst heating in 500 mTorr steam 
at 350 °C for d 0 h,  e 1 h,  f 2 h (reproduced with permission from Ref. [142], Copyright 2005, 
Elsevier)

Fig. 9.36 The sintering process could be divided into three phases according to the change of the 
catalyst activity, and OR could happen during all three phases while PMC mainly occurred during 
phases II and III (reproduced with permission from Ref. [138], Copyright 2013, American Chemical 
Society)
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an Ostwald ripening process. Benavidez and coworkers [146] performed an ETEM 
study of Pd/carbon and Pt/SiO2 under high temperatures as well. Anomalous growth 
patterns were detected wherein some particles grew much larger than others, and they 
were not caused by random migration and coalescence of particles. The dominant 
process leading to particle growth was OR, the same as the former research. 

Impressive advances had been realized by in situ TEM in several supported catalyst 
systems, while most of them still focused on determining the dominating sintering 
mechanism by statistical analysis of particle size evolution from the top view, whose 
dynamics would respond to environmental and support change. Yuan et al. [147] 
obtained the atomic-scale information of the interface between metal and support 
from a side view with the combination of AC-STEM and ETEM. The researchers 
loaded Au NPs on two typical anatase supports, well-defined Au–TiO2 (101) and 
Au–TiO2 (001), through impregnation and in situ annealing methods. As shown in 
Fig. 9.37a, the typical HAADF-STEM image viewed along TiO2 [010] direction 
exhibited a round-shape Au NP with a small contacting interface, and an incoherent 
relationship between the NP and support. In contrast, a preferential contacting rela-
tionship that Au–TiO2 (001) interface shared the plane with Au (111) was observed 
in Fig. 9.37b, with a relatively larger interface. Then the samples were heated to 
500 °C in an oxygen environment (5 × 10−2 Pa). The Au NPs on the Au–TiO2 (001) 
surfaces were stable, which was confirmed from both the top view (Fig. 9.37c, d) 
and the side view (Fig. 9.37e, f) even after several thousand seconds. Though the 
minimum distance of two particles was less than 0.46 nm, almost all of the particles 
were firmly attached to the support and kept unchanged. Strong interaction between 
Au NPs and TiO2 (001) surfaces was obvious. During the sintering of Au–TiO2 

(101) catalysts, both PMC and OR processes were observed, as Fig. 9.37g–j shows. 
The seven particles were labeled from 1 to 7, respectively, then with time going 
by, initially connected particles 4 and 5 started to coalesce with the diminution of 
adjacent particle 6. The tendency developed steadily until one large particle was left 
at the cost of the disappearance of particle 6. It should be noted that the contacting 
area is still small, indicating a weak interfacial interaction. This work emphasized 
the facet-dependent sintering behaviors, proposing a feasible method of choosing a 
suitable support to prevent sintering.

In 2009, Amama et al. [148] demonstrated that the Ostwald ripening behavior 
of Fe catalyst films deposited on thin alumina supporting layers was a function of 
thermal annealing in H2 and H2/H2O. The introduction of H2O to the catalysis of 
CNT was proposed by Iijima’s group as long ago as 2004 [149], as a prospective 
agent against amorphous carbon coating, to enhance the activity and lifetime of the 
catalysts. Amama considered that the addition of H2O inhibited OR through the 
ability of oxygen and hydroxyl species to reduce diffusion or migration rates of 
catalyst atoms from one catalyst to another across the sample substrate, on the basis 
of the ex situ experiment. 

Besides the sintering behaviors of tiny clusters (<1 nm) and NPs (<3 nm), the 
dispersion of a single atom was also recorded using TEM/ETEM/ESTEM. Atom-
ically dispersed catalyst species was reported by Iwasawa et al. [150] as early as 
1999 with the usage of EXAFS. In 2011, Zhang et al. [151] proposed the concept,
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Fig. 9.37 a The HAADF-STEM image shows the typical interface between Au NP and TiO2 (101) 
surface. b The TEM image shows the typical interface between Au NP and TiO2 (001) surface. c–f 
The serial TEM images show the sintering behavior of Au NPs on the TiO2 (001) surface, both 
from top view (c and d) and side view (e and f). The red dashed circles show the initial states of the 
Au NPs. g–j The serial ETEM images show the sintering behavior of Au NPs on the TiO2 (101) 
surface. The red and blue dashed circles show the initial and changed states of the Au NPs. The 
green arrows show the moving direction of the Au NPs (reproduced with permission from Ref. 
[147], Copyright 2018, John Wiley and Sons)

a single-atom catalyst (SAC) that consists of only isolated single atoms anchored to 
the surface. Normally, the isolated single atoms still possess chemical bonds with 
surfaces or exist charge transfer. Actually, the SAC inspires an approach to optimize 
the thermal stability of the catalysts and attracted extensive attention in just a few 
years [152–155]. In 2012, Yoshida et al. [156] studied dynamic behaviors of Pt single 
atoms on amorphous carbon without gaseous introduction. And then they character-
ized Pt/amorphous carbon (Pt/a-carbon) electrode catalysts in different atmospheres 
[157], such as hydrogen and air, and a conventional high vacuum of 10–5 Pa. The real-
time visualization of atomic behaviors during crystal growth, such as coalescence 
and surface reconstruction, were acquired with AC-ETEM. Boyes et al. [28] focused 
on the same area. They demonstrated the dynamic ESTEM imaging of single atoms 
detected “loose” on the carbon support in 0.02 mbar hydrogen gas at 25, 400, and 
500 °C. With the advanced in situ ETEM techniques, the SACs and their dynamics 
during catalysis could be captured [158, 159]. 

In most experiments, SACs were stabilized by diverse defects, which limited the 
fabrication and development of high-metal-loading and thermally stable SACs. In 
2019, Lang et al. [160] developed the method that isolated Pt atoms can be stabilized 
through a strong covalent metal–support interaction, which utilizes the crucial oxide 
reducibility of support. Firstly, a 1.8 wt% Pt/FeOx catalyst was prepared (denoted as
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Pt1/FeOx), and subsequently calcined at 800 °C in air for 5 h (denoted as Pt1/FeOx-
C800). AC-HAADF-STEM was used to compare the nature of Pt species between 
two materials. As Fig. 9.38a, b and c, d shows, there only existed isolated Pt atoms 
dispersed on the support, and there were no Pt nanoclusters or NPs observed even 
though the sample had experienced 800 °C calcination. Following is the designed 
in situ ETEM experiment. Colloidal Pt NPs were supported on Fe2O3 at a 1 wt% 
loading (denoted as 1Pt/Fe2O3-NP). Prior to calcination, about 300 Pt particles with 
an average particle size of about 3 nm were visible across a randomly picked Fe2O3 

support (Fig. 9.38e, f). After heating to 800 °C under a flow of 1 bar O2 for 20 min, 
the total number of Pt NPs decreased to ~200, since many of the 2–3 nm Pt NPs 
shrank/or disappeared entirely (Fig. 9.38g, h). Therefore, the researchers proposed 
that the Fe2O3 support could facilitate the dispersion of Pt NPs and transform into 
isolated Pt atoms by high-temperature calcination. Three factors which played crucial 
roles in the dispersion were concluded as high temperature to promote Pt mobility; 
the presence of molecular O2 to partially oxidize the surface of Pt NPs, thereby 
enabling vaporization of (mobile) PtO2; and a strong interaction between support 
and surface Pt atoms. 

The isolated atoms sometimes could coalesce under a specific gaseous environ-
ment, or even possess cycles of coalescing to NPs and dissolving back to single 
atoms. Dai et al. [161] demonstrated the cyclical precipitation–dissolution of Rh 
NPs in response to redox cycling of the ambient gas. These dynamic evolutions must 
be studied with the employment of in situ ETEM or gas-cell system to monitor the 
whole process, or else we could only obtain the ex situ information of the catalyst

Fig. 9.38 a, b AC-HAADF-STEM images of Pt1/FeOx and c, d Pt1/FeOx-C800, highlighting 
atomically dispersed Pt (circled in b). 5 nm scale bar for panel a, 2 nm scale bars for b, d, and  
100 nm scale bar for c. e–f HAADF-STEM images of 1Pt/Fe2O3-NP before, and g–h after in situ 
calcination at 800 °C under 1 bar flowing O2 for 20 min: the yellow squares in panels e and g show 
the same sample area. A 50 nm scale bars in e and g and 10 nm scale bars in f and h (reproduced 
with permission from Ref. [160], Copyright 2018, Springer Nature) 
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which easily caused a misunderstanding due to the change of gaseous environment 
and temperature, and the real catalytic factors or components could not be revealed 
anymore. 

9.3.5.3 Photocatalysis 

As an important catalytic process widely used in sustainable energy development, 
photocatalysis attracted tremendous attention. Considering the outstanding ability of 
ETEM for real-time observation, introducing light in the ETEM would facilitate the 
understanding of the photocatalytic mechanism at the atomic scale. 

Two mainstream methods allow the introduction of light irradiation into the ETEM 
nowadays, modifying the specimen holder or the TEM column. 

Generally, the modifications of the TEM column have been done using traditional 
optics [162] (reflective surfaces, lenses, ellipsoidal and/or mirrors, etc.) or optical 
fibers [163–167]. Actually, as early as 1984, Suzuki et al. [163] had used optical fiber 
to direct 514.5 nm light from a 4 W Ar-ion laser into the specimen chamber to study 
dislocation motion in II–VI compounds. In 2004, Yoshida et al. [164] employed 
the same design to study the photodecomposition process of poly-hydrocarbons on 
TiO2 catalyst films. The intensity of the light was measured to be 10 mW/cm2 (λ = 
360 nm) on the sample plane. This system enabled researchers to change wavelength 
and intensity by changing the light source easily. With UV light, they observed the 
decomposition phenomenon of the organic materials, which was considered to be a 
distinct photocatalytic process catalyzed by TiO2 thin films. 

Miller and Crozier [165–167] devised a system for in situ illuminating a sample 
with visible and UV light inside a TEM with the employment of optical fiber as well. 
The fiber enters the ETEM in a direction perpendicular to the sample rod, and has 
no physical contact with the sample holder. This configuration allows for movement, 
tilting, heating, and cooling of the sample with little impact on the optical fiber. 
They balanced various considerations and showed no notable detrimental effect on 
the microscope performance while illuminating the sample with over 1 W/cm2 of 
broadband UV and visible light. Zhang [168] employed the system in the same year 
to investigate the surface structure of anatase nanocrystals under the conditions of 
photocatalytic splitting of water (Fig. 9.39a). When the titania was exposed to light 
and water vapor, the initially crystalline surface converted to an amorphous phase 
with 1–2 monolayers thick (Fig. 9.39b, c).

The method based on traditional optics evolved slightly slower. In 1995, Ohno and 
Takeda [162] developed an apparatus of the side-entry type that enabled laser beam 
introduction using a reflection mirror, optical window, and lens with the modification 
of a JEOL 2000EX TEM. Thus, the specimen could be illuminated simultaneously 
by both electron and laser beams. 

Picher et al. [169] proposed another approach which used a parabolic mirror 
to focus the light from an external source and simultaneously collect the sample 
response in 2014. A free-space, broadband (wavelength λ > 200 nm), high-efficiency 
(1.5 sr) light delivery and collection system is employed, which is independent of
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Fig. 9.39 a Schematic diagram on in situ TEM showing gases flowing into the sample chamber 
from an external mixing tank, and exiting through differential pumping apertures in objective lens 
pole pieces. The temperature is controlled with a heating holder. Light illumination is provided by 
an optical fiber which is supported by a brass tube perpendicular to the sample rod; the fiber tip is 
cut at an angle to direct the light onto the sample. b Fresh anatase  particles after  40 h in H2O gas at 
150 °C, light exposure 12 h; c magnified images of the (101) and (002) surfaces after illumination. 
The image was taken in 20 s including adjusting the focus (reproduced with permission from Ref. 
[168], Copyright 2013, American Chemical Society)

the TEM sample holder. The insertion of a parabolic mirror between the sample 
holder and the lower objective pole piece of the ESTEM satisfied the delivery and 
collection of light. Light reaches the parabolic mirror along a free-space beam path 
through a viewport on a hollow rod into the vacuum system, then be focused on the 
sample. At the same time, due to the collection of light information of the parabola 
itself, multiple types of spectroscopy analyses could be integrated into the system, 
such as Raman spectroscopy. Therefore, it allows the simultaneous collection of 
microscale spectroscopy data and nanoscale ESTEM images to complement atomic-
scale information with a large-scale picture of the structure and kinetics, mitigating 
the need for two separate in situ measurements. This rod-mirror assembly replaces 
the objective aperture holder, and both of them are easily interchangeable.
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In general, the introduction of light by both optical fiber through a separate 
port in TEM and employing various mirrors based on traditional optics involves 
the modification of the microscope, which limited the use of the current system to 
a single specific microscope while maintaining holder flexibility. Oppositely, the 
holder-based designs could be used in different microscopes. 

Shindo et al. [170] modified double-probe piezo-driving specimen holder by intro-
ducing a laser irradiation port in one of two arms. As a result, the new specimen holder 
consists of a piezo-driving probe and a laser irradiation port, both of which can be 
3-dimensionally controlled by using piezoelectric elements and micrometers. While 
the piezo-driving probe interacts with the specimen set in the holder in several ways, 
the laser beam causes photo-induced phenomena to occur. 

Cavalca [171, 172] followed the same modifying idea of the specimen holder, 
and developed two novel types of holders that enable in situ illumination: lens-
based holder design and fiber-based holder design. The former design comprises a 
standard TEM specimen holder with a customized tip, whose custom parts can be 
adapted easily to other holder shafts. The fiber-based design was constructed using 
a feed-through equipped with single or multiple multi-mode optical fibers, which 
might be highly desirable for a study of the optical properties of nanomaterials in the 
future. Cavalca performed the photo-induced degradation of cuprous oxide (Cu2O) 
experiment using both TEM holder designs, and yielded the same result. Water vapor 
was leaked into the specimen chamber to a steady-state pressure of ~3 mbar and the 
sample was exposed to light with λ = 405 nm and a power density of 6 W cm−2 

for various time periods. The column was then evacuated to 10−6 mbar for 5 h in 
order to reduce the water vapor before the specimen was exposed to the e-beam. 
This procedure excluded the influences induced by e-beam. The morphology of 
particles evoluted considerably, with change in lattice spacing (electron diffraction 
patterns) and oxidation state (electron energy loss spectroscopy). A more detailed 
and complete analysis of the reduction reaction was finished in 2013 [172]. 

9.4 Conclusions and Outlook 

Over the past decades, the introduction of gases in the TEM truly changed the tradi-
tional post mortem characterization limited to the vacuum environment. With the 
developing accessory technologies (such as aberration corrector and microelectrome-
chanical system) and continuously updated design of the TEM, the research boundary 
expanded gradually and steadily, ranging from structural characterization to atomic-
scale activity and property of materials. Accordingly, the various, demanding and 
stricter restrictions in different exploring fields promoted the improvements in 
accessory technologies and design. 

There is no doubt that there exist universal and concurrent pursuits in almost all 
TEM research areas, while specific and unique requirements emerged during special 
experiments. In general, the requirements could be classified as follows.
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9.4.1 Spatial and Temporal Resolution 

With the incorporation of a monochromator and aberration corrector (probe/image), 
the spatial and energy resolution in commercially available ETEM already reached 
the criterion that satisfied many applications. For example, the Themis ETEM (Ther-
moFisher), which is combined with image Cs corrector, Thermo Scientific X-FEG 
module, and monochromator technology, could reach the TEM point resolution of 
0.12 nm, while the system energy resolution could minimize to 0.25 eV, with the N2 

pressure <0.5 mbar. As for the window approach, advancing processing technology 
for the generation of ultrathin windows could minimize the scattering of electrons, 
further improving the spatial resolution. Among ultrathin graphene, graphene oxide, 
and boron nitride membrane as specimen supports for TEM developed in recent 
years, graphene membrane stands out with an atomic thickness of only one carbon 
atom used in a liquid cell. 

However, the spatial resolution would decline to some extent on account of the 
scattering of gas molecules doubtless, which is influenced by the pressure and variety 
of gas as well. Meanwhile, the maximum pressure reported in the literature published 
is 5 bar (window mode), which is still far below some real reaction conditions. 
Therefore, the balance between gas pressure and spatial resolution still should be 
paid enough attention to keep, no matter what kind of methods are employed, e.g. 
improvement of aperture design. 

Another more serious obstacle laid on the temporal resolution due to the demand 
for the observation across a range of time scale, especially for ultrafast time scale. 
The employment of ETEM in in situ experiments is usually prepared for monitoring 
and recording the whole dynamic reaction process, which probably happened in 
several milliseconds or even nanoseconds. The vital emphasis is the data collection or 
recording media, which is confined to the electron dose, detection quantum efficiency 
(DQE) of the camera, and information processability of the computer. 

At present, in terms of recording attachment, the temporal and spatial resolution 
are contradictory performances. Available technologies usually satisfied one of them 
to sacrifice another one, for example, image acquisition systems allow high spatial 
resolution (<0.1 nm) images with low temporal resolution (0.033–0.2 s range) or 
low resolution (a few nanometers in single shot mode) with high temporal resolu-
tion [173]. The compromise between them restricts the applications in observing 
numerous quick chemical reactions. 

One of the solutions to the dilemma is the direct electron camera, which is based 
on complementary metal-oxide semiconductor (CMOS) technology. As the indirect 
electron detection method, conventional charge-coupled device (CCD) cameras with 
a capability of 20 frames per second (fps) [174] would have to convert high-energy 
electrons to photons firstly, which encumbered the response speed. The direct elec-
tron camera omits the essential fluorescent coating in CCD, improving the electron 
collection efficiency a lot. The fps with correspondingly high DQEs of readout rates 
reached 103 (such as Gatan K3, 1500 frames per second at 5760 × 4092 pixels can 
be achieved) magnitude. The highly improved temporal resolution provided new
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possibilities in in situ experiments, while it’s still inadequate in observing transient 
nucleation events or intermediates during chemical reactions. 

Regardless of the camera, another radical method is ultrafast TEM, in the 
time scale up to femtosecond/nanosecond theoretically. Two principal approaches 
have emerged in recent decades: the stroboscopic ultrafast electron microscope (4-
dimensional ultrafast electron microscope, 4D UEM) [175–177] and the nanosecond-
time-resolved single-shot instrument (Dynamic Transmission Electron Microscope, 
DTEM) [178]. 

4D UEM has expanded the depth and breadth in different application fields, 
including photon-induced near-field EM [179], diffraction patterns [180], EELS 
[181], tomography [182], cryo-EM [183], Lorentz imaging [184], imaging in liquid 
[185], etc. Using this method, temporal, and spatial resolution can be maintained at 
the optimum levels, but the fact that the specimen must be laser-pumped millions of 
times means that the process being studied must be perfectly reversible—the sample 
must recover from the excited state back to the ground state between shots. This 
limitation allows 4D UEM to study the perfectly reversible chemical and materials 
processes, but is unavailable to many of the structural phase transformations and the 
nucleation, growth and mobility of dislocations, voids, and even complex nanostruc-
tures [178]. In this regard, 4D UEM may not be appropriate for investigating catalytic 
reactions. 

As for DTEM, since all the information is obtained in a single specimen drive 
event, this technique is able to measure irreversible and unique material events that 
could not be studied by the stroboscopic approach. However, the limitation of this 
method is that space-charge effects in the beam can lead to degradation in resolution, 
and the essential high current will limit the overall temporal and spatial resolution 
of the instrument as well [186–189]. 

The stroboscopic and single-shot approaches to high-time-resolution in situ TEM 
are complementary, based on similar physical principles but in different regimes, and 
occupy specific superiorities, respectively. Limited to the electron–electron interac-
tions and the brightness of the electron source, the spatial and temporal resolutions of 
the single-shot technique are in the nanometer and nanosecond scale, compared with 
the sub-picosecond time scale of the stroboscopic approach [189]. The stroboscopic 
approach is restricted to highly reversible processes, and limited by the emittance 
which determines the spatial coherence obtainable in a given spot size, which affects 
contrast and resolution. The detailed interpretation could be consulted in Chap. 10, 
4D Ultrafast TEM. 

9.4.2 Multiple Stimuli and Characterization Techniques 

There is no doubt that researchers always endeavor for observation of the most real-
istic status of the specimen under various conditions, simulating the actual perfor-
mance in operating conditions. The ETEM possesses extraordinary prospects in 
the visualization of dynamic changes in morphology, structure, and chemistry of
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materials at the atomic scale, especially when it is employed with external stimuli 
(strain/heating/cooling/electrical biasing/lighting). 

Considering the varying stimuli probably induce different manifestations of the 
specimen, it would naturally take the other common characterization methods into 
the incorporation of ETEM. A combination of in situ ETEM and other characteri-
zation techniques, e.g. gas chromatography, quadrupole mass spectroscopy, in situ 
spectroscopy (infrared/ultraviolet–visible near-infrared/Raman spectroscopy), in situ 
XRD, in situ nuclear magnetic resonance (NMR) spectroscopy, and in situ XPS, 
in situ XAS, would be the fast-growing and fascinating area in the future. 

It is clear that spectroscopy was paid a lot of attention, for its outstanding comple-
mentary ability to ETEM: (1) the ETEM focused on changes in a small area while 
the spectroscopy could give a whole overview of the sample to ensure the local 
effects are representative, or elucidate the specific situation happened actually; (2) 
the ETEM could observe the morphologic and structural changes, but is slightly 
weaker in chemical component analysis (EDS and EELS focus on subtle informa-
tion), which is exactly the superiority of spectroscopy. Definitely, the spatial and 
temporal resolution of the spectroscopy is another challenge for the synchronous 
acquisition of information with the TEM images. 

As for electron-beam-sensitive materials, the solution which could degrade the 
electron beam irradiation damage is the pursuit of researchers all the time. Clearly, 
the diffraction mode is the most common method which satisfies real-time dynamic 
crystallographic characterization of structure with much lower electron dose inter-
acted with a specimen. Nowadays, no matter whether in ETEM or in a gas-cell 
holder, the diffraction capability is reserved well and is employed to characterize the 
beam-sensitive specimen still. 

However, since the diffraction methods provided the average results over mate-
rials, another technique named as integrated differential phase contrast (iDPC) STEM 
[190, 191] emerged and developed well in recent years. The iDPC-STEM enabled 
the linear imaging of the projected electrostatic potential in a lattice, and the resulting 
contrast is nearly proportional to the atomic number Z instead of its square in the high 
angle annular dark field (HAADF) STEM, greatly improving the capacity of light-
element imaging. Intriguingly, the iDPC technique allowed the researchers [192] to  
image the adsorbed molecules with a high resolution and signal-to-noise ratio under 
an ultra-low beam current. The lower damage allows continuous images of the same 
area so that the temporal changes of structures could be investigated, especially in 
studying various porous catalysts [193] and inside hydrocarbon pools. 

Furthermore, the introduction of gas in TEM sometimes could compensate the 
electron irradiation damage for specific materials in continuous characterization, e.g. 
Yuan et al. [73] introduced the protection gas (O2) in the ETEM chamber to compen-
sate the lost oxygen atoms in TiO2, considering the surface structures can be easily 
damaged by the electron beam. By analogy, the specific gas which could facilitate 
the repair of the irradiation damage for electron-sensitive materials, especially the 
oxides, satisfies the requirement of real-time dynamic continuous characterization at
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the atomic scale in TEM. In other words, the introduction of gas weakened the influ-
ence imposed on the specimen by the electron beam to some extent, which provided 
a possible solution for the characterization of electron-beam-sensitive materials. 

9.4.3 Accurate Process Control 

It has been a focused problem for a long time since the TEM was invented and would 
be a continuous problem in the following development: the accurate manipulation of 
the specimen and external stimuli, including sample position (avoidance of sample 
drift), uniformity, temperature (enough high/low temperature, and fast real-time rate 
of temperature change), and gas flux. 

The more complex the system designed and the more equipment involved, it would 
be more difficult to obtain the accurate parameters or control the whole reactor/system 
accurately, especially when they interacted and influenced themselves. The external 
stimuli aggravated the situation, especially when the extreme environment is consid-
ered to realize in the TEM, e.g. corrosive gaseous environment and multi-stimuli 
incorporated holder. Definitely, there are some efforts directed to mitigate the problem 
but a universally available solution is still to be realized. 

The electron beam irradiation is also a vital question for TEM characterization. 
It should be seriously considered, especially for electron-beam-sensitive materials, 
such as zeolites and metal–organic frameworks. The approach, which would entirely 
eliminate the influence of the electron beam, or rational model established to deduce 
and evaluate the influential extent imposed on the specimen by the electron beam, is 
the pursuit of the researchers. 
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Chapter 10 
4D Ultrafast TEM 

Bin Chen, Jianming Cao, and Dongping Zhong 

10.1 A Brief History of 4D Ultrafast TEM 

Material and biological structures transform at different time scales through transi-
tion states on complex energy landscapes. The global shape in nuclear-coordinate 
space reflects the possible conformations (entropy) and interactions (enthalpy) that 
lead to the changes. Though time-averaged structural determination is important, 
the static structures cannot elucidate the nonequilibrium dynamics that may govern 
the functions. In the early days, for example, the visualization of intermediate struc-
tural changes caused by chemical reactions in 3D space was impossible because of 
their transient nature on the time scale of a picosecond or less. These intermediate 
structures are “dark” because they undergo radiationless transitions through reac-
tive/nonreactive channels. Therefore, only ultrafast dynamical studies in 4D space 
and time can resolve the complexity of the pathways and structures that are involved, 
which uncover the true nature of the landscapes. 

Normally the term “ultrashort” refers to pulses with a temporal duration of a 
few tens of femtoseconds, but in a broad sense any pulse lasting less than a few 
picoseconds can be regarded ultrafast. Over a century of developments in science 
and technology (Fig. 10.1), it has become possible in the past three decades to 
observe the dynamics from seconds down to femtoseconds range [1, 2], the scale
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Fig. 10.1 Historical developments in the courses of kinetics and dynamics, from seconds toward 
the femtosecond atomic scale as cited by Nobel prizes (reproduced with permission from Ref. [1], 
Copyright 2006, Annual Reviews, Inc) 

of vibrational periods. The coherent nuclear motions on such time scales describe 
a fundamental transition, from ensemble-rate kinetics to single-molecule-trajectory 
dynamics. In the past 30 years, the field of ultrafast phenomena has moved ahead in 
a breathtaking fashion, which is partly due to the development of new laser-based 
as well as accelerator-based sources of ultrashort pulses of light and electrons. The 
historical development of ultrafast technologies then follows a sequence of ultrafast 
laser spectroscopy, ultrafast electron diffraction and electron microscopy. 

The first laser was obtained by using a synthetic ruby crystal in 1960 (Theodore 
Maiman). Shortly after that, the generation of shorter laser pulses came out: nanosec-
onds by Q-switching (Robert W. Hellwarth 1961) and picoseconds (Anthony J. 
DeMaria 1966) by mode-locking. Sub-picosecond pulses from dye lasers were 
achieved in 1974 [3] by Chuck V. Shank and then a 6 fs pulse was realized in 
1987 [4]. With the discovery of femtosecond pulse generation from solid-state Ti– 
sapphire lasers by Wilson Sibbett in 1991 [5], dye lasers were quickly replaced 
and femtosecond pulse generation became a standard laboratory tool. Thanks to 
the development of such short laser pulses, the studies of ultrafast dynamics were 
achieved by using the “pump–probe” scheme. Generally, a pump pulse excites the 
system to be studied, while a second probe pulse measures the response of the 
system to the excitation. The landmark “pump–probe” experiment was carried out
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by Abraham and Lemoine in 1899 [6], demonstrating the importance of synchroniza-
tion between the pump and probe pulses. They used an electrical pulse to produce 
a spark for activating a Kerr shutter. Light from the spark was collimated through 
the Kerr cell and through a variable path for setting delay times. The rotation of the 
analyzer indicated the presence/disappearance of birefringence in the cell, reflecting 
the electrical/optical response behavior. 

Using the “pump–probe” scheme, ultrafast spectroscopy has been developing 
rapidly and expanding the knowledge base of fundamental chemical and physical 
processes. Some representative works in the late 1960s and 1970s included the photo-
physical rates of internal conversion and biological studies by Peter Rentzep [7, 8], 
the first ps study of chemical reactions (and orientational relaxations) in solutions 
by Ken Eisensthal [9], the direct measurement of the rates of intersystem crossing 
by Robin Hochstrasser [10] and the novel approach for measurement of ps vibra-
tional relaxations (in the ground state of molecules) in liquids by Wolfgang Kaiser 
and colleagues [11]. By using femtosecond spectroscopy, direct observation of the 
elementary bond breakage in ICN and the subsequent transient species I···CN*‡ 

was realized by Zewail and colleagues in 1987 [12]. His group then extended this 
femtosecond technique to the studies of biological systems (e.g., proteins and DNAs) 
[13]. 

The above research activities used ultrashort pulses for optical studies of light– 
matter interaction with the efforts to access events occurring on an elementary time 
scale. The spectral range of ultrashort pulses has been extended to the short wave-
length range such as the soft and hard X-ray domains. The development of X-ray-
based and electron-based diffraction techniques has allowed the determination of 
structural information, delivering an impressive degree of insight into phenomena 
both within atoms and between atoms. Because the electrons scatter off all atoms 
and atom–atom pairs of the samples in electron diffraction, the electron probe is 
sensitive to all species in its path and can thus disclose structures that spectroscopy 
may be blind to (the optical probe in spectroscopy is tuned to specific transitions). In 
addition, the advantages of electron-based techniques are that the cross-section for 
electron scattering is about six orders of magnitude larger than that of X-ray scat-
tering, and electrons can be also focused to obtain images in a microscope. On the 
basis of the above considerations, progress has been extensively made in developing 
and advancing electron-based methodologies. 

One of the common electron-based techniques in ultrafast fields is ultrafast elec-
tron diffraction (UED). The UED technique uses properly timed sequences of ultra-
fast pulses, namely a laser pulse to initiate the dynamic changes and an electron pulse 
to probe the ensuing structural changes in the sample. The resulting electron diffrac-
tion patterns are then recorded on a camera. Each time-resolved diffraction pattern 
is then inverted to reveal the sample structure that gives birth to the pattern at that 
specific time delay. Early in 1982, Mourou and Williamson used a modified streak 
camera to record diffraction from thin Al films in a transmission mode with ~100 ps 
pulses [14]; subsequently in1984, 20 ps electron pulses were produced to investigate 
the melting of Al films before and after the laser irradiation [15]. Elsayed-Ali and 
colleagues succeeded in using 200 ps electron pulses to study surface melting by
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reflection high-energy electron diffraction in 1988 [16]. In 1991, Zewail proposed 
to replace the “spectroscopic probes” of femtochemistry with ultrashort electron 
pulses for studying the nature of transient structures and the trajectories of chem-
ical reactions on the femtosecond time scale [17]. A year later, they succeeded in 
acquiring diffraction patterns with ~10 ps electron pulses [18]. Through technical and 
theoretical advancement, they further developed the UED apparatus from the first 
generation (UED-1) to the fourth generation (UED-4) [19–22], with the temporal 
resolution from the initial picosecond down to the femtosecond range (~300 fs). The 
UED-4, also called ultrafast electron crystallography, has both reflection and trans-
mission modes, allowing to record the temporal evolution of chemical reactions at 
the atomic-scale spatial resolution and the femtosecond time resolution [21, 22]. 

UED, in principle, is the diffraction technique that reveals the transient structural 
information at the atomic length scale in reciprocal space. In the case of biological and 
nanoscopic materials with characteristic length scales ranging from sub-nanometers 
up to micrometers in real space, microscopy techniques possess unique advantages. 
Optical microscopy has allowed us to visualize dynamic events occurring in vitro, 
but its spatial resolution is limited to the optical wavelengths employed, typically 
~200–800 nm. Transmission electron microscopy (TEM) has long been a powerful 
technique in many areas of research, allowing for sub-nanometer spatial resolu-
tion but lacking ultrafast temporal resolution. The ultimate techniques would be the 
effective combination of both the spatial resolution of electron microscopy and the 
temporal resolution capability of optical methods. As known, the first transmission 
electron microscope was invented in 1931, and then the instrumental development 
has tended toward ultimate spatial resolution. In fact, the spatial resolution of TEMs is 
limited not by the wavelength of the incident electrons but rather by the performance 
of the magnetic objective lens. In 1995, Maximilian Haider designed the practical 
spherical aberration correcting lens systems, enabling breakthrough improvements 
in the TEM spatial resolution [23]. Since then, scanning TEM (STEM) systems with 
aberration correcting lenses have achieved sub-Å spatial resolution in real space 
[24, 25]. Recently, the 300 kV STEM with sub-0.5 Å resolution has been reported 
[26], allowing individual single atoms to be routinely imaged by these commercial 
microscopes. 

The other direction of development in TEM systems is pursuing ultrafast temporal 
resolution. In the standard TEM mentioned above, the temporal resolution is gener-
ally in the millisecond range, being limited by the charge-coupled device (CCD) 
detector. In 1999, Bostanjoglo and colleagues modified the standard TEM, and 
achieved the spatiotemporal resolution at ~200 nm and ~10 ns, which was called 
high-speed TEM [27, 28]. They utilized a single giant pulse with ~108 electrons, 
and such electron pulses with several to several tens of nanoseconds duration were 
photoelectrically generated by the Q-switched cathode-driving laser. By applying a 
decreasing staircase voltage across the capacitor, the image-shifting capacitor was 
used to produce successive frames by displacing the image on the detector between 
the illuminating electron pulses. A frame grabber card supplied a clock signal, which 
was fed to a dedicated circuit that produced a synchronized clock with trigger pulses 
for the photocathode driving laser, the specimen-treating laser, the beam blanker
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and the frame-shifting circuit after the required delay times. Note that the electron 
pulses with a large number of electrons, which were used here to study laser-induced 
melting in metals, had a detrimental effect on achieving ultrashort pulse imaging. 
Moreover, because the time window for imaging in the experiments was nanosec-
onds, the uncertainty in spatial resolution due to noise statistics was on the order of 
micrometers. 

With the accumulation of numerous UED works in the 1990s, Zewail pioneered 
the development of 4D ultrafast TEM in 2004 [29, 30], which was different from 
the one used in the work of Bostanjoglo. Determining transient structures on the 
ultrafast time scale requires not only the marriage of ultrafast probing techniques 
with diffraction capability, but also the development of new concepts for reaching 
simultaneously the ultrafast temporal resolution and the atomic spatial resolution. 
The conceptual framework of the approach is that the evolving transient structures 
are determined when properly timed frame referencing is made before and during the 
changes. Upon initiation of the specimen by ultrashort pump laser pulses, a series of 
electron pulses are used to probe the changes with well-defined time delays through 
an optical delay stage or a digital delay generator. A series of images or diffraction 
patterns recorded at a number of delay times provide direct insight into the temporal 
evolution of the structural changes. The progress in 4D ultrafast electron microscopy 
(UEM) studies has been from the integration of the generation of ultrashort coherent 
electron packets with fs laser pulses, the in situ pulse sequencing and clocking, and 
the frame-reference method for data processing—all of which give unprecedented 
levels of sensitivity and spatiotemporal resolution to perform the experiments for 
determining structural dynamics. 

UEM provides the ability to image complex structures with a spatial resolution 
similar to TEM, but as snapshots acquired with ultrafast electron packets derived 
from a train of fs pulses. The temporal resolution is independent of the response of 
the CCD camera, and it is determined by the duration of the pump laser pulses, elec-
tron pulses and the jitter. The space-charge effect in the electron pulses will give rise 
to temporal broadening. In order to reach the fs resolution, the strict requirement for 
proper electron focusing in real-space imaging is challenging. The central concept is 
to use single-electron packets, which excludes the space-charge effect between elec-
trons. The paradigm has been achieved using timed, coherent and space-charge-free 
single-electron packets for imaging material structures and biological cells in the past 
15 years, with the spatiotemporal resolutions of several hundreds of femtoseconds 
and several angstroms. It should be pointed out that increasing the number of elec-
trons in the pulse would allow for single-pulse imaging, which is suited for studying 
irreversible processes that result in permanent changes. With the advancement of 4D 
UEM, the different domains of electron microscopy have been made possible: ultra-
fast real-space imaging, diffraction and electron-energy-loss spectroscopy. During 
the course of such developments, Zewail family members have been continuing their 
efforts in this field [31–36]. In addition, several other groups also built the UEM appa-
ratuses in the past years. LaGrange and colleagues in Lawrence Livermore National 
Laboratory constructed a single-shot dynamic TEM (2006), with a spatial resolu-
tion of ~20 nm and temporal resolution of ~30 ns [37]. Li in Institute of Physics
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(China) designed the 4D UEM (2015) with the capability of achieving ~0.5 nm and 
1 ps spatiotemporal resolution [38]. Recently, more groups have been starting UEM 
projects and/or planning to join this field. 

Last but not the least, after the invention of 4D ultrafast TEM, Zewail and 
colleagues took a step forward to design 4D scanning UEM (SUEM) in 2010 [39, 
40]. Compared to the 4D UEM, SUEM uses secondary electrons for imaging, which 
is suitable to study the morphological, chemical and physical dynamics of surfaces. 
SUEM possesses the following advantages: (1) the specimen preparation is simple 
and thick specimens can be examined, which is an attractive feature in many studies; 
(2) the capabilities of SUEM equipping with low-voltage-imaging and favorable heat 
dissipation due to thick samples significantly reduce the radiation damage by elec-
trons and/or heating laser; (3) SUEM collects the signal from the secondary electrons, 
enabling the unique investigation of ultrafast carrier dynamics. 

On the basis of the above historical perspective, Fig. 10.2 briefly summarizes the 
developments of ultrafast techniques using electron probes [20, 30, 39]. All these are 
accompanied by advancements and improvements in conceptual designs, theoretical 
models and technical methodology, which are indispensable for the fundamental 
understanding of ultrashort phenomena. Armed with these ultrafast techniques, a 
variety of complex systems including the gas and condensed phases, surfaces and 
interfaces have been extensively studied with their temporal evolution dynamics. In 
this chapter, we will focus on the application of 4D ultrafast TEM in the studies of 
material and biological systems. 

Fig. 10.2 Developments of ultrafast electron probes, such as UED, UEM and SUEM. The date 
given is the year for that pioneered development (UED, reproduced with permission from Ref. [20], 
Copyright 2001, The American Association for the Advancement of Science; UEM, reproduced 
with permission from Ref. [30], Copyright 2005, National Academy of Sciences, U. S. A.; SUEM, 
reproduced with permission from Ref. [39], Copyright 2010, National Academy of Sciences, U. S. 
A.)
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10.2 4D Ultrafast Electron Imaging in Space and Time 

The 4D ultrafast electron imaging is realized through the pump–probe scheme. 
The design of 4D UEM is shown in Fig. 10.3, which outlines the interfacing of 
a femtosecond/nanosecond optical system with a standard TEM (top panel). Upon 
the initiation of changes by either heating the specimen or through electronic exci-
tation by the laser pump pulses, an electron pulse generated by the photoelectric 
effect is used to probe the specimen with a well-defined time delay. Generally, green 
laser (pump) pulses at ~520 nm are used to pump the sample, whereas ultraviolet 
laser pulses at around 260 nm are directed to the photocathode to generate electron 
(probe) pulses. The photoelectrons in each pulse for probing are then accelerated. 
A series of time-framed snapshots of the image, the diffraction pattern or the elec-
tron energy loss spectroscopy (EELS) data recorded at a number of delay times 
provides a movie, showing the temporal evolution of the changes. For femtosecond 
or picosecond dynamics, the femtosecond laser system (duration of several tens to 
several hundred femtoseconds) is used, whereas the nanosecond laser system (dura-
tion of ~10 ns) is employed for dynamics occurring on longer time scales. The timing 
between the pump pulse and the probe pulse is controlled by changing the delay time 
between the two through an optical delay stage (for femtosecond system) or a digital 
delay generator (for nanosecond system). In this scheme, the temporal resolution 
is not limited to the response of the CCD camera, but is rather controlled by the 
convolution among the pump pulse duration, the probe pulse duration and the jitter. 
4D UEM can operate in either stroboscopic (for reversible processes) or single-pulse 
mode (for irreversible dynamics). For the stroboscopic experiments, the repetition 
rate is normally set at 1 kHz or higher, ensuring the full recovery of the dynamical 
process. In the case of the single-pulse mode, an entire image is acquired with only 
one incident laser pump pulse followed by one electron probe pulse (contains ~105– 
107 or more electrons). Recently, the single-pulse methodology can be extended to 
the advanced one called “movie mode”, where up to 16 electron pulses probe the 
sequence of changes at 16 different delay times (16 frames at every turn) after the 
excitation of the specimen.

The methodology of 4D UEM involves the use of pulsed beams whose essential 
characteristics are briefly introduced below (bottom panel) [41]. In the UEM column, 
propagation is determined by the initial conditions of the electron wave packet and 
the distributions from pulse to pulse. For the pump–probe scheme, there are two types 
of parameters in a train of single electrons: those describing the single electrons as 
quantum objects, and those associated with the statistics of the many pulses forming 
images or diffraction patterns. The central electron energy E0 determines the de 
Broglie wavelength λ0, essential for atomic-scale resolution, while the central speed 
υ0 determines how much time the pulses spend in free space before the sample. The 
bandwidth ΔE is a consequence of the photoemission process on the femtosecond 
scale, which would cause temporal broadening. Therefore, in the single-electron 
regime a match between the laser’s photon energy and the cathode material’s work
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Fig. 10.3 (Top) Schematic diagram of 4D ultrafast TEM. The green laser pulse enables the sample 
changes to be measured by the delayed electron pulse at a given time delay. The different infor-
mation associated with the changes is obtained through 4D imaging, diffraction or spectroscopy. 
(Bottom) Essential parameters for single-electron pulses (reproduced with permission from Ref. 
[41], Copyright 2013, Elsevier)
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function is important to reduce the electron pulses’ velocity spreads in both longitu-
dinal and transverse directions [42]. For the flat femtosecond cathodes, an effective
ΔE ≈ 0.1–0.3 eV was determined experimentally [42]. After acceleration to typical 
30–300 keV, the degree of monochromaticity, ΔE/E0, is in the range of 10–5 to 10–6, 
which is as good as that of the standard electron microscopes but with femtosecond 
pulses. 

Coherence is the essential concept in 4D UEM, determining the ability to resolve 
complex structures. The transverse coherence ξ⊥ determines the ability of single 
electrons to diffract from atoms that are far apart, which is a decisive factor for the 
spatial resolution of complex materials. In order to obtain a full and direct resolution 
of all atoms and their motion, the molecular nanostructure or unit cell in a crystal 
should be entirely covered by a coherent electron wave so that the important informa-
tion would not be lost. Written in terms of transverse momentum spread, one obtains 
the transverse coherence [41, 42], 

ξ⊥ = h
/

σp⊥ (10.1) 

where the transverse momentum spread σp⊥ and the beam radius σ⊥ originate from 
the limited emittance at the source and are affected by the imaging system. The 
lateral velocity spread of single electrons, σp⊥/me, from flat surfaces could be in the 
range of 6–140 km/s [42, 43]. For multi-electron beams, the transverse coherence 
was estimated at 2–3 nm for beams with σ⊥≈ 150–200 μm [44, 45], and for single 
electrons it was shown to reach 20 nm for a beam with σ⊥< 100 μm [43]. 

The longitudinal coherence time ξt and the coherence length ξ|| describe the ability 
of electron waves to interfere in time and in the propagation direction. While this is 
almost irrelevant for diffraction [46], it becomes important if electron pulses are 
compressed in time or if energies are measured in a time-resolved experiment. 
Applying the uncertainty relation in the time–energy domain, one can obtain the 
following equations [41]: 

ξt ≥ h/σE (10.2) 

ξ|| = υ0ξ t (10.3) 

ξ|| ≥ υ||h/σE (10.4) 

where σE is the energy spread of the beam, and σE ≈ ΔE/ 
√
8ln2. Under good condi-

tions, the single-electron pulses have E0 = 200 keV, ΔE ≈ 0.2 eV, σE≈ 0.085 eV 
and υ|| ≈ 0.7c (speed of light). These values predict a longitudinal coherence length 
of ξ|| ≈ 1.5 μm. 

After acquiring the original UEM data, it is challenging to retrieve the information 
for obtaining the temporal changes in comparison to the procedures conducted in
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the normal TEM. The recorded data normally contain contributions from both inco-
herent and coherent scatterings. A key advance in accessing the very small changes 
embedded in the large background signal has been the application of the frame-
reference method [1, 2]. The method consists of timing the electron pulses before 
or after the laser pulses so as to establish a reference signal (frame). The refer-
ence frame usually refers to the ground-state structure obtained at negative time. 
At different time delays, this methodology then allows obtaining the difference of 
each time-resolved evolving structure (normally at positive time) subtracted from 
the selected reference signal. With this treatment, the frame-reference method has 
the following advantages. On the one hand, the large unwanted background signal is 
a common contribution to all the original data, which can be practically eliminated 
in the difference. On the other hand, any intrinsic systematic error of the detection 
system will effectively be eliminated or greatly reduced by the difference. Therefore, 
the significance of transient structure contribution is dramatically enhanced in the 
frame-reference patterns. 

10.3 Research Based on 4D Ultrafast TEM 

In this section, we review the research reports on the phenomena of material and 
biological systems by using the 4D ultrafast TEM. The potential of UEM has been 
demonstrated by obtaining images, diffraction patterns and electron energy-loss 
spectra of materials and biological cells whose ultrafast dynamics are classified into 
reversible (stroboscopic mode) and irreversible (single-pulse mode) processes. The 
scope of such applications has been introduced with the subjects shown below. 

10.3.1 Phase Transitions 

Phase transition refers to a change from one state to another without a change 
in chemical composition. Generally, phase transitions are classified according to 
the Ehrenfest classification. The order of a phase transition is defined as the 
order of the lowest order derivative, which changes discontinuously at the phase 
boundary. There are many types of phase transitions, e.g., the first-order tran-
sition including the melting, evaporation and crystallization/condensation, and 
the second-order transition containing the paramagnetism–ferromagnetism and 
conducting–superconducting change. 

With the high spatiotemporal resolution of 4D UEM, the studies of imaging and 
diffraction for the metal–insulator phase transition in vanadium dioxide (VO2) are  
demonstrated [47, 48]. The images and diffraction patterns were obtained when the 
VO2 films were driven through the transition by the heating laser pulses, as shown in 
Fig. 10.4. In general, the laser power required to induce phase transitions is a function 
of the light absorption ability (“heating”) and the thermal conductivity (“cooling”) of
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a material. The material VO2 undergoes the phase transition from a low-temperature 
monoclinic (M) phase to a high-temperature tetragonal rutile (R) phase at ~67 °C 
[49]. For the samples with a thickness of ~200 nm, an average laser power of ~1 mW 
was sufficient to induce such phase transition. The UEM micrographs presented 
drastic changes after the phase transition (top left and middle). In the case of the 
diffraction patterns, the M and R phases share most of the diffraction peaks except 
several characteristic peaks of A (101), B (101) and C (301) for the monoclinic M 
phase (top right and bottom left). The occurrence of such distinct peaks was due 
to the broken symmetry upon laser illumination, which was used for probing the 
structural dynamics. The transient response of the diffraction peak amplitude shows 
the increase in the fraction of the monoclinic structure when maintaining the average 
laser power (indicated by the arrow in Inset, bottom right). From the fit, a rise time of 
3.1± 0.1 ps indicates the increase in the contribution from the monoclinic structure at 
the temperature around the middle of the phase change. Optical reflectivity studies of 
the M-R transition in the ~50 nm-thick VO2 have indicated that the transition occurs 
in 100 fs [50]. However, when the sample thickness was increased to ~200 nm, the 
rise time of 2.9 ps was observed, which was in close agreement with the 3.1 ps 
reported in the UEM study.

Figure 10.5 shows the spatiotemporal visualization of the spin transition in the 
spin crossover (SCO) nanoparticles (NPs) of the metal–organic Fe(pyrazine)Pt(CN)4 
[51]. SCO generally occurs in metal complexes wherein the spin state of the complex 
changes. Owing to external stimuli such as light irradiation, a variation of temper-
ature, magnetic field and pressure, the change of the spin state is a transition from 
a low spin (LS) ground-state electron configuration to a high spin (HS) one of the 
metal’s d atomic orbitals, or vice versa. The SCO phenomenon represents a proto-
type example of cooperative phase transition in solids. In the Fe(pyrazine)Pt(CN)4 
system, the SCO process involves a rearrangement of electrons in the t2g and eg 
orbitals of the Fe atom, giving rise to a diamagnetic LS state at low temperatures and 
a paramagnetic HS state at elevated temperatures with the elongated Fe–N bonds 
(top left). The metal–ligand bond distance elongates by 0.2 Å for the Fe–N SCO 
systems due to the population of antibonding transition-metal eg orbitals in the HS 
state [52]. As a result, the flexible 3D molecular structure of the Fe(pyrazine)Pt(CN)4 
accommodates an anisotropic unit-cell volume expansion of 13% [53].

The structural dynamics that accompany the phase transition of the individual 
NPs are visualized in both real and reciprocal space. The specimen in equilibrium 
was kept at 90 K, at which the majority of the SCO centers were in the LS state. 
At −300 ns before the heating laser pulse, the bend contours were observed, which 
might result from the warping of the NP (top right). At positive times after laser 
excitation, dramatic changes in image contrast were seen. The initially localized 
intensity spread until it almost spanned the entire NP at around 50 ns, but at later times, 
e.g., 400 ns, the localized feature partially reformed. The homogenization of the 
image intensity shortly after excitation and the concomitant increase of the diffracted 
intensity indicate that additional lattice planes rotate into the Bragg condition when 
the NP undergoes SCO with a large volume expansion. These dynamics directly map 
the local lattice motion when the strained NP in the LS state releases the stress upon
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Fig. 10.4 (Top) UEM images and diffraction patterns of VO2 before and after the phase transition. 
(Bottom left) The diffraction peaks of the M and R phases. (Bottom right) The temporal evolution of 
the peak amplitude (reproduced with permission from Ref. [47], Copyright 2006, National Academy 
of  Sciences, U. S. A.)

laser excitation into the structurally relaxed HS state, as schematically illustrated 
(bottom left). 

The real-space NP expansion dynamics along the two principal axes of the NP are 
plotted for different time delays, which directly visualizes the difference in molec-
ular size between the two electronic spin states (bottom middle). This shows a clear 
spatiotemporal anisotropy in the a, b plane, namely 0.8% and 1.9% along directions 
1 and 2, respectively, suggesting an appreciable friction force at the interface that 
hinders the motion of the NP parallel to the substrate [54]. The trends are correlated 
with the time-dependent diffraction dynamics (bottom right). From the diffraction 
patterns, the Bragg peak separations and intensities would be obtained by Gaussian 
peak fitting as a function of time delays. Upon laser excitation, the (110) diffraction 
peaks abruptly (<15 ns) moved closer to each other, while at later times they partially 
recovered within 230 ± 26 ns. The maximum contraction appeared at ~50 ns, corre-
sponding to a unit-cell expansion of 1.7% (or 0.12 Å) in the a, b crystal plane. It 
suggests ~75% of LS → HS conversion in the NP when a small (<0.2%) coun-
teracting thermal lattice contraction was considered over the observed temperature 
range.
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Fig. 10.5 (Top left) Induced by a temperature jump, the SCO involves a rearrangement of electrons 
in the orbitals of the Fe atom, resulting in the LS and HS configuration, respectively. (Top right) 
UEM images of the NPs taken at three different delay times. The changes in the image contrasts 
were observed after the laser excitation. (Bottom left) The diffraction pattern of the NP used for 
dynamics studies. The schematics show the morphological dynamics related to the SCO. (Bottom 
middle) The expansion dynamics along the two axes (marked 1 and 2 in the top right figure) of the 
NP. (Bottom right) The temporal evolution of the (110) peak position. (reproduced with permission 
from Ref. [51], Copyright 2013, Springer Nature)

Recently, the charge-density wave (CDW) phase transition has been observed in 
1 T-TaSe2 between a commensurate phase and an incommensurate phase [55]. The 
CDW with inherent modulation of electron density and associated periodic lattice 
distortion is a typical cooperative phenomenon arising from strong coupling between 
electron and phonon in quasi-1D (or 2D) metallic materials, which often competes 
and/or coexists with other ordered states (e.g., superconductivity). In the CDW phase 
transition, the hot electrons were generated by heating laser pulses, inducing the 
CDW melting. The energy was transferred from the electronic system to phonons at 
a time scale of around 300–500 fs. It then relaxed through further electron–phonon 
and phonon–phonon pathways, leading to lattice heating. The results suggest that 
the photo-induced CDW transition in 1 T-TaSe2 is thermally driven, with a recovery 
time of (3 ± 1) ps from the incommensurate phase to the commensurate phase. 

10.3.2 Oscillation Behavior 

With the rapid development of novel nanoscale devices, many investigations of 
nanostructures have emerged due to their unique electrical, optical and mechan-
ical properties that can be used in a wide variety of electronic, optoelectronic and
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electromechanical applications [56, 57]. To realize the integration of nanostructures 
into functional nanodevices, the mechanical behavior (e.g., Young’s modulus) of such 
nanostructures needs to be addressed. 4D UEM has been demonstrated to be a unique 
technique for nondestructively studying the mechanical properties of nanostructures 
[58–61]. Graphite was chosen for the demonstration because of its unique anisotropic 
electromechanical properties of high strength, and electrical/thermal conductivity 
along the 2D graphene sheets, in which the atoms of each sheet are covalently 
bonded in a honeycomb lattice. Figure 10.6 shows the visualization of vibrations 
of mechanical drumming in the single-crystalline graphite film on the nanosecond 
and microsecond time scale [59]. The stress was induced impulsively by a ns heating 
pulse, while the motions of the sample were observed in real space using the stro-
boscopic electron pulses (top left). Visual changes were seen in the contrast fringes 
which change their location in the images as time elapsed. To more clearly display the 
temporal evolution, difference images referencing the −1 μs frame were constructed 
(top right). In the difference images, the regions in white or black indicate locations 
of surface morphology change, while gray regions are areas with no contrast change 
with respect to the reference frame. Note that the image changes here were fully 
reproducible, retracing the identical evolution after each heating pulse. Therefore, 
the reversal of contrast with time directly images the oscillatory behavior of the 
drumming.

The quantitative cross-correlation values between the image at each measured 
time point and the reference image are plotted against the delay times ranging from 
ten ns to hundreds of μs (middle panel). Upon impulsive laser heating in the ∼5 μs 
range (regime I), the image cross-correlation changed considerably in a “chaotic” 
manner. After ~10 μs, however, the cross-correlation changes started to exhibit 
periodicity (regime II), and at a longer time, a well-defined resonance oscillation 
appeared (regime III, bottom left), indicating that the motion of the nanofilm finally 
collapsed into a global resonance. It should be pointed out that the shape of the cross-
correlation dynamics was robust at the laser fluencies ranging from ~2 to 10 mJ/cm2. 
The resonance modes are highlighted by taking the fast Fourier transform (FFT) of 
the image cross-correlation during the time of 0–100 μs (bottom right). The FFT 
presents several peaks at different frequencies. Various local mechanical modes at 
early time damped out and one global mode around 1 MHz survived. After fitting 
to a Lorentzian, the peak yielded a resonant frequency of 1.08 MHz. This dominant 
peak was the fundamental vibration mode of the plate in graphite. Note that the one 
at 2.13 MHz is attributed to the overtone of 1.08 MHz because of the truncated nature 
of the cross-correlation. 

A square mechanical resonator clamped at three edges has a fundamental 
resonance mode of f0 that is given by 

f0 = A 
d 

L2 
[ Y 

(1 − ν2)ρ 
] 
1/2 

+ f (T ) (10.5) 

where Y is Young’s modulus, ρ the mass density, ν Poisson’s ratio, L the dimension 
of a grid square, d the thickness of the graphite. A is a constant of 1.103 and f (T )



10 4D Ultrafast TEM 341

Fig. 10.6 (Top left) UEM images recorded at different delay times, displaying the structural evolu-
tion of the graphite. (Top right) Difference images with respect to the reference image taken at − 
1 μs. (Middle panel) Temporal evolution of the image cross-correlation. It was classified into three 
regimes, from the chaotic to the global resonance behavior. (Bottom left) The zoomed-in image 
cross-correlation at the regime III. (Bottom right) Resonance dynamics and the corresponding FFTs 
(time range of 0–100 μs and 60–100 μs, respectively) of the graphite. (reproduced with permission 
from Ref. [59], Copyright 2008, American Chemical Society)

due to tension is taken to be zero in this case [62]. Substituting the values of d = 
75 nm, ρ = 2260 kg/m3, ν = 0.16 and L = 40 μm into Eq. (10.5), Young’s modulus 
of the graphite obtained from the observed resonance frequency was estimated to be 
1.0 TPa. This value was in good agreement with the in-plane average value of 1.02 
TPa, obtained using the common stress–strain measurements [63]. 

In addition to the mechanical drumming resonance, direct visualization of the 
acoustic-phonon dynamics and acoustic vibrations [64–66], and spatiotemporal 
evolution of coherent elastic strain waves [67] have also been demonstrated using 
4D UEM in recent years. 

10.3.3 Electron–Phonon Coupling 

As introduced in the historical development, UED is a powerful technique for investi-
gating electron–phonon coupling behavior in materials. Equipped with a diffraction
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methodology similar to that in UED, 4D UEM not only provides such capability, 
but also has the flexibility to disclose the coupling mechanisms in the local selected 
area of interest [58, 68]. Figure 10.7 presents an example of using 4D UEM to 
study the electron–phonon coupling in the gold films [58]. The real-space imaging 
(left panel) shows the time-dependent morphology, while the reciprocal diffraction 
(middle panel) provides structural changes on the ultrashort time scale. In the initial 
sample before the clocking pulse, some bend contours were observed in the image 
(−84 ps). After the heating pulse at positive times (e.g., 66 ps), the bend contours 
moved because of the tilting of the local crystal lattice caused by the deformation. 
The insets are the difference images obtained when referencing the −84 ps frame 
for t = 66 ps and 151 ps, respectively. The characteristic features in the difference 
images are on the nanometer scale, which reflect the local dynamics of deformations. 
The transient structural evolutions were supported by the changes in the diffraction 
patterns (middle panel), e.g., the two frames at a negative time and at +50 ns. Addi-
tional Bragg spots were visible in the latter, which were due to the bulging of the 
film upon the laser heating at longer times. Knowing the film surface was normal to 
the [100] zone axis, the diffraction patterns were properly indexed according to the 
face-centered cubic structure of Au. The additional spots were reflections from the 
{113} and {133} planes whose interplanar spacings were measured to be 1.248 and 
0.951 Å, respectively. 

Fig. 10.7 (Left panel) UEM images of the gold film taken at different delay times. The insets are the 
difference images referencing the −84 ps frame. (Middle panel) Time-resolved diffraction patterns. 
(Right panel) The time dependence of the Bragg peak separation and the {042} peak amplitude 
(reproduced with permission from Ref. [58], Copyright 2008, The American Association for the 
Advancement of Science)
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The transient amplitude of {042} diffraction peaks drops significantly with the 
delay times (right panel). The rise time was obtained to be 12.9 ps from the exponen-
tial fitting. The atomic-scale motions caused by the heating pulse lead to structural 
and morphological changes, resulting in the variation of the diffraction intensities. 
In the case of metals, the lattice temperature is generally acquired after a significant 
increase in electron temperature. Because the Au film was nanoscale in thickness, 
the initial temperature was essentially uniform across the atomic layers and the heat 
would dissipate laterally. From the electron and lattice heat capacity constants of C1 

= 70 and C2 = 2.5 × 106 J/(m3·K), and the electron–phonon coupling of g = 2 × 
1016 W/(m3·K), the initial heating time was estimated to be ~10 ps for the electron 
temperature of ~2500 K, in good agreement with the observed rise time of 12.9 ps. 
Owing to the confinement effect that limits the ballistic motion of electrons in the 
specimen, the time scale of heating in the nanoscale material (~10 ps) is longer than 
that in the bulk sample (~1 ps) [69]. The time constant from the recovery transient in 
the inset was determined to be 2.2 μs, which was consistent with the calculations of 
2D lateral heat transport using the thermal conductivity of 3.17 W/(cm·K) at 300 K, 
and laser spot diameter and fluence of 60 μm and 7 mJ/cm2. 

The change in average separation of all diffraction peaks observed in the [100] 
zone axis is delayed by 31 ps with a rise time of 60 ps (right panel). The delay in the 
onset of separation change is similar to the time scale for the amplitude of the 042 
peak to reach its plateau value of 15% reduction. Upon the pump laser heating, the 
lattice was hot up to 30 ps, and the lattice temperature was estimated to be 420 K 
according to the calculated Debye–Waller factor for structural changes. Because of 
the macroscopic lattice constraint, the atomic stress would not lead to changes in 
lateral separations within ~30 ps. As time elapsed, the structural constraint would 
be relieved, which could be disclosed from the morphology warping change being 
correlated with atomic displacements in the structure. Indeed, the time scale of the 
initial image contrast change is comparable to that of plane separations in diffraction 
(60–90 ps). The change of the average peak separation (0.043%) in Au results in 
a lateral lattice constant change of 0.17 pm. When this change was applied to the 
thickness, the stress over an 11-nm sample would give a total expansion of 4.7 pm, 
reaching the maximum bulging of 1–10 nm that was dependent on the lateral scale. 

10.3.4 Crystal Nucleation and Growth 

Nucleation is the initial process that occurs in the formation of a crystal from a vapor, 
a liquid or a solution. In this process, a small number of molecules, atoms or ions are 
arranged in a characteristic pattern of a crystalline solid, forming a site upon which 
additional particles are deposited as the crystal grows. Subsequently, the growth of a 
crystal is the process where a pre-existing crystal (nucleus) becomes larger as more 
molecules or ions add to the positions of the crystal lattice. These elementary steps and 
the involved dynamics occur on different time scales. A fundamental understanding
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of whether crystal formation involves a free-energy surface of one barrier or a two-
step process with an intermediate structural state (amorphous or liquid) is important 
and has been the subject of many studies. 

Figure 10.8 shows the direct visualization of the transformation of amorphous 
TiO2 nanofilm from the liquid state, passing through the nucleation step, and finally 
to the ordered crystal phase [70]. Before the laser excitation (top left), the morphology 
of the film was uniform, and the corresponding diffraction was diffused with char-
acteristics of the amorphous phase. Upon the single-pulsed laser irradiation, clear 
morphological changes were observed in the image, displaying the grain formation 
with well-defined diffraction rings. Such behavior indicates that the initial amor-
phous film was transformed into the liquid state by the laser pulse illumination, and 
the crystallites were then formed at longer times. In order to reveal such an involved 
irreversible process, each time the sample was irradiated with a single laser pulse 
with specific time delays, and the crystallinity was measured from the single-pulse 
diffraction pattern (bottom left). The diffraction rings at the long times (seconds) 
suggest that the formed phase after relaxation was the anatase TiO2. Therefore, at 
shorter times (e.g., 1500 ns), the normalized diffraction to the total electron counts 
would provide the time-dependent ratio of the amorphous-to-anatase phase. The 
transient diffraction profile at 1500 ns was well fitted using a linear combination of 
two profiles, namely one at a negative time (54.7 ± 4.3%) and the other at seconds 
(45.3 ± 4.3%).

By employing the same procedure for each transient diffraction frame, the degree 
of crystallization was plotted with the delay times (right panel). At each given time 
delay, diffraction data from at least three independent experiments (before, during 
and after the laser pulse) were obtained and averaged to represent the change (an 
example shown in the inset). Two robust plateaus for the transformation were seen 
and the rates of the processes involved at each time delay were obtained from the 
analytical fitting over the entire time range of 50 μs. Note that the first plateau 
bridges two distinct rate processes. From the fit, three time constants of 294 ns 
(α−1), 271 ns (β−1) and 6.72 μs (γ −1), together with the degree of crystallization 
(η), were quantitatively determined. The structural crystallinity η is 0.45 at the first 
plateau, and at longer times, reaches its maximum value of 0.9 at the second plateau. 
It is seen that the slope for reaching the first plateau is less steep than that of the 
second plateau. 

The above phenomena were understood by considering the temperature rise in the 
TiO2 film. Knowing the laser fluence and the thermodynamic and optical properties 
of the material, the temperature after the laser heating was estimated to be 2166 ± 
193 K [70], which was consistent with the melting point of TiO2 (~2130 K). Melting 
of film samples normally occurs on the picosecond time scale [22], and consequently, 
the quenching of the melt gives rise to recrystallization during cooling down. The 
crystallization process from the melt may involve a one-step barrier crossing or a two-
step nucleation pathway [71, 72]. The observation of two successive S-shape curves 
for the crystallinity η as a function of time indicates the presence of an intermediate 
structure on the free-energy surface. In the case of two involved plateaus, the existence 
of the intermediate plateau is necessary for the nucleation step when the latent heat
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Fig. 10.8 (Top left) UEM images of the TiO2 film before and after the laser excitation. The diffrac-
tion pattern indicated the formation of the polycrystalline anatase TiO2 after laser heating. (Bottom 
left) Transient diffraction profiles showing three phases at negative, intermediate and end times. 
(Right panel) Time-dependent fraction of the crystalized phase obtained from the diffraction inten-
sities. Single-pulse diffraction patterns represent the typical time points before, during and after 
the process is completed (reproduced with permission from Ref. [70], Copyright 2015, Springer 
Nature)

and entropy decrease. Up to the first plateau, two rates (α and β) control the formation 
of the intermediate step: α−1 (294 ns) is the time for the process that involves the 
hot-liquid TiO2 reaching the isothermal temperature of ~2130 K, while the faster 
β−1 (271 ns) defines the nucleation as the latent heat is lowered by the action of the 
surroundings. The relatively long time (6.72 μs for  γ −1) corresponds to the process 
for crystal formation obtained from the first-to-second plateau. Therefore, single-
pulse transient diffraction studies provide the temporal behavior of crystallinity that 
exhibits the unique two-step dynamics, with the presence of intermediate structure 
reflecting the precursor of the ordered crystal state. 

10.3.5 Reaction Dynamics 

Chemical reaction is a process in which one or more substances (reactants) are 
converted to one or more different substances (products), which plays a central role 
in different industries and even in our daily life. In general, chemical reactions require 
a sufficient amount of energy to cause the substances to collide with enough precision 
and force so that old chemical bonds are broken and new ones are formed. The rates 
of chemical reactions are associated with chemical kinetics. Figure 10.9 shows the
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redox reaction dynamics in the crystalline semiconductor [Cu(TCNQ)] (TCNQ = 
7,7,8,8-tetracyanoquinodimethane, C12H4N4) shocked by the laser pulses [73, 74]. 
Following this shock with 80 MHz repletion rate, the Cu(TCNQ) crystal fractured 
and was separated (formation of nanoscale channel) by ~140 nm (top left, “off” state). 
The fractured crystal was used for the irradiation experiments. When the sample was 
irradiated with laser pulses, the crystal expanded along the long axis and completely 
closed the gap, namely the two faces of the crystal came into full contact (top middle, 
“on” state). The gating (closing and opening) of the nanoscale channel (gap) could 
be repeated by switching between the on and off modes. By measuring the channel 
opening/closing while varying the number of frames recorded, the time scale of the 
channel switching was estimated to be less than 10 μs. 

Fig. 10.9 (Top left) UEM images of channel gating in the Cu(TCNQ) crystal. The “OFF” and 
“ON” correspond to the states without and with pulsed-laser irradiation, respectively. (Top right) 
Typical diffraction pattern of the crystal obtained along the [011] zone axis. (Bottom left) Schematic 
of the Cu(TCNQ) molecular structure. The ball-and-stick diagrams in the top and bottom are the 
structures viewed along the a and b axes, respectively (reproduced with permission from Ref. [73], 
Copyright 2007, John Wiley and Sons). (Bottom right) Single-pulse images of the crystal before, 
at specific time delays (10 μs, 100 μs and 1 ms), and several seconds after exposure to laser pulses. 
(reproduced with permission from Ref. [74], Copyright 2011, American Chemical Society)
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The macroscopic gating process was understood from the microscopic structural 
dynamics. The change in the a axis [100] before the crystal melting obtained from 
the diffraction data was ~0.2 Å (top right). This change in intermolecular planes 
suggests that for a channel width of 40 nm, the macroscopic effective propagation 
length is ~2 μm, which agrees well with the length scale of the crystal. Therefore, the 
gating behavior along the stacking axis [100] indicates the anisotropic characteristics. 
The forward motion was not caused by equilibrium thermal heating because of the 
observed lack of expansion in the direction perpendicular to the stacking (the thermal 
expansion coefficient for α⊥ = 5.8 × 10−5 K−1 is about half of that for αstacking = 12 
× 10–5 [75]). As known, the strong electron acceptor (π acid) TCNQ would undergo 
a redox reaction with metals such as Cu and Ag at room temperature. In the case 
of the resulting Cu(TCNQ) crystal, Cu+ and TCNQ− form discrete columnar stacks 
in a face-to-face configuration with a strong overlap in the π system (bottom left). 
The Cu atoms are bound in a four-coordinate distorted tetrahedral geometry to the 
N atoms on the cyano groups of the TCNQ molecules. The closing or opening of 
the nanoscale channel is a modulation of the π -electron interactions of the stacked 
TCNQ molecules. As shown in Eq. (10.6), the initial crystal is in the (Cu+TCNQ−) 
electronic structure before the incoming laser pulses. During the “on” period, the 
laser excitation creates a mixed-valence structure, which leads to charge transport 
and to a new lattice expanding along the a stacking direction: 

(Cu+TCNQ−)n 
hv−→
heat 

Cu0 x + TCNQ0 
x + (Cu+TCNQ−)n−x (10.6) 

Single-pulse imaging (before, during and after the laser pulses) was used to deter-
mine the time scales required for the structural changes and the formation of Cu0 NPs 
excited at a wavelength of 671 nm (bottom right) [74]. After one-pulse (1P) excita-
tion, the morphological changes were observed, which were complete within ~100 ns. 
Note that no noticeable Cu0 formation was seen, regardless of the time at which the 
redox reaction was probed. When two-pulse excitation was employed, however, the 
crystal initially displayed melting, which was evidenced by the formation of the 
bubbling liquid in less than 10 μs. It was followed by cooling and resolidification. 
The formation of Cu0 NPs (dark dots in the images) occurred only after 100 μs, 
which was complete within 1 ms after the second excitation pulse. 

4D UEM is also capable of studying other kinds of reaction dynamics, for 
example, eutectic reactions. A eutectic reaction is a special chemical/physical reac-
tion involving multiple phases, solid and liquid. A eutectic system refers to a unique 
thermodynamic entity, which forms a lattice structure with a specific atomic ratio 
between the constituents at the eutectic temperature that defines the lowest temper-
ature at which the mixed substances become fully molten. Figure 10.10 shows the 
direct imaging and control of the phase reaction dynamics of a single, as-grown 
freestanding GaAs nanowire (NW) encapped with a gold NP [76, 77]. The eutectic-
related phase reaction processes of the NWs were induced and controlled by a temper-
ature jump triggered by a laser heating pulse, followed by a delayed photo-generated 
electron packet to probe the spatiotemporal evolution of the nanostructures. In the
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stroboscopic approach (top panel), the integrated diffraction intensity was plotted 
against time for determining the time constant of the nonequilibrium thermody-
namics of the NW at a low laser fluence of 3 mJ/cm2. Because of the temperature jump 
initiated by the heating laser pulses, the integrated diffraction intensity displayed a 
quick decrease after time zero and then a relatively slow recovery of the diffraction 
intensity. From the fit, the time constant τ for cooling was estimated to be 123 ± 
12 ns. 

Guided by the extracted time scale, the transient intermediates of the eutectic-
related process of the NWs were imaged by using a single-pulse mode of 4D UEM.

Fig. 10.10 (Top panel) Normalized diffraction intensity as a function of delay time (reproduced 
with permission from Ref. [76], Copyright 2017, National Academy of Sciences). (Bottom left) 
High-resolution TEM images of the ZB and WZ GaAs NWs. (Bottom middle) Schematic diagram 
showing the reaction dynamics studied by single-pulse imaging methodology. (Bottom right) Single-
pulsing imaging of the transient structures of the WZ and ZB NWs before, during and after the 
laser excitation. (reproduced with permission from Ref. [77], Copyright 2019, American Chemical 
Society) 
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Two systems of GaAs polytypes, namely cubic zinc-blende (ZB) and hexagonal 
wurtzite (WZ) structures, were demonstrated here (bottom left). The time sequences 
of the pump − probe experiments are schematically illustrated in Fig. 10.10, bottom 
middle. The snapshot with the notation of “before” (initial state) or “end” (final state) 
was taken when the laser excitation pulse for the sample was blocked, while the image 
labeling “during” denoted the ongoing dynamics that were captured at a specific time 
delay with respect to the laser excitation pulse. Four rows in the single-pulse images 
show the transient states of the NWs after a single optical pulse at different delay 
times (bottom right). For the WZ NW (first row), a length shrinkage as well as a clear 
shape change of the top bead (marked with a circle) was observed between the left 
(“before”) and middle (“20 ns”) images. The bead shape continued its change even 
after the incident laser pulse was removed (“end”). When observed at 100 ns and at 
the state after the process ended, however, the length and shape of the NW almost 
remained unchanged (second row). It indicates that the thermal energy induced by 
the pump pulse was not sufficient to cause an obviously morphological change of 
the NW after ∼100 ns. Further selected-area diffraction studies disclosed that two 
new phases (AuGa and AuGa2) were formed at the bead-NW region, which were 
due to the eutectic reaction, liquid → AuGa + AuGa2. This reaction occurred at 
725 K, which was much lower than the melting points of the individual components 
in the initial materials (Au, 1337 K; GaAs, 1511 K). As a result of such a reaction, 
the length reduction of the NW was observed. 

For the ZB NW (third and fourth rows), there were obvious length reductions of 
the NW after the whole process had ended. Interestingly, however, the NW length 
displayed an intermediate increase of ~45 nm at 20 ns in comparison to that of the 
initial NW (“before”). No such transient increase of the NW length was seen when 
the delay time was longer than ~150 ns, suggesting that the process was complete in 
about 150 ns. This phenomenon was different from that observed in the WZ NWs. The 
difference could be caused by the favorable material transport along the NW surface. 
As the temperature exceeded the phase-reaction point, the liquid phase appeared 
toward a certain distance along the ZB NW as a result of the fast surface transport, 
leading to the expansion and transient length increase of the ZB NW. Combined 
with theoretical modeling, the thermodynamic parameters of the newly formed alloy 
phases, for example, the latent heat and specific heat of AuGa were determined to be 
21 kJ/mol and 41 J/(mol K), respectively. It demonstrates that 4D UEM is powerful 
for quantitatively determining the physical properties of a nanoscale object with a 
small quantity, especially when not available in bulk counterparts. 

10.3.6 Dynamics in Liquids 

Liquid cell electron microscopy has attracted significant interest in recent years. It 
has been possible to image through liquids with nanometer resolution, demonstrating 
promising applications in NPs growth, electrochemical reactions and imaging of 
living biological cells [78–80]. Integrated liquid cells into 4D UEM, the temporal
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resolution of studying dynamics in liquids has extended to the femtosecond domain. 
Figure 10.11 shows the rotational dynamics of gold NPs in an aqueous solution [81, 
82]. The gold NPs (60–90 nm in diameter) were capped by citrate ligands for stabiliza-
tion, which were dispersed in an aqueous solution (top left). The solution (~300 nm 
thick) was sandwiched between two 20-nm-thick, electron/laser-transparent silicon 
nitride membranes (liquid cell). The precisely timed laser excitation pulse and elec-
tron probe pulse arrived at the NPs in the liquid cell through the silicon nitride 
membrane window. Single-shot/pulse images were then recorded at specific delay 
times on the same NP to trace its rotational dynamics in the solution. On the long 
time scale (first row, top right), the rotational motion of the NP dimers (D1, the ratio 
between the NP diameters is 1:1.1) was acquired by using the continuous electron 
beam (e-beam) imaging mode. Upon laser excitation, the dimer presented distinct 
orientations indicated by the red–blue arrow pairs. The direction of the NP rotation 
would reverse at certain times (arc arrows), displaying the manner of a “random 
walk”.

The dimer trajectories at different starting times τ 0 and ending times t were 
extracted to analyze the statistical properties of the rotation angle θ (t), where the 
angular displacements of the trajectories were given by Δθ (t) = θ (t + τ 0) − 
θ (τ 0). The mean square angular displacement (MSAD) of the NP dimer shows a 
linear increase in the log–log scale plot (bottom left), which follows a power law 
of <[Δθ (t)]2> ∝ tα (the exponent α is associated with the angular displacement 
distribution). On the basis of Einstein’s theory and the Langevin equation [83], the 
following equations are described for 2D Brownian rotational motion: 

< [Δθ (t)]2 >= 2Dr t (diffusive regime) (10.7) 

< [Δθ (t)]2 >= ω2 
rmst

2 (ballistic regime) (10.8) 

where Dr is the rotational diffusion coefficient and ωrms the root mean square (RMS) 
angular velocity. For the D1 dimer with the two NPs of similar size (the diameter 
ratio of 1:1.1), its MSAD presents the conventional diffusive behavior (α = 1.11). 
By increasing the morphological asymmetry of the NP dimers, the retrieved value 
of α increases from 1.11 for the D1 dimer to 1.51 for the D2 dimer (the diameter 
ratio of 1:1.3), and further to 1.95 for the D3 dimer (the diameter ratio of 1:1.5). It 
suggests that the D2 dimer shows a super diffusive rotation (1 < α < 2), while the 
highly asymmetric D3 dimer exhibits a ballistic rotation (α ≈ 2). By introducing the 
asymmetry, a full transition from conventional diffusive rotation to superdiffusive 
rotation and further to a ballistic rotation was observed. 

Single-pulse images were used to disclose the time scale and force for the rotation 
of the NP dimers. An example of the state at 26 ns is demonstrated in the second row, 
top right of Fig. 10.11. In comparison to the initial position (“before”), a rotation 
angle of 12° was observed. At different delays, the rotation angles are 0°, 2°, 12°, 
17°, 22° and 29° for 10, 20, 26, 42, 90 and 150 ns, respectively (bottom right). Note 
that the rotation angles are absolute values here regardless of the rotation direction
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Fig. 10.11 (Top left) Schematic diagram of 4D imaging of NP motions in liquids. (Top right) 
Rotation dynamics of the Au dimer at the long (upper) and short (bottom) time scale. (Bottom left) 
The temporal evolution of the MSADs of three kinds of dimers (Inset, scale bar of 100 nm). (Bottom 
right) Time-dependent rotation angles of the Au dimer. The insets show that the dimer rotation was 
triggered by the nanobubbles. (reproduced with permission from Ref. [81], Copyright 2017, The 
American Association for the Advancement of Science)

(clockwise or counterclockwise). The rotation angle only increases to 2° from 10 
to 20 ns, but rapidly to 17° at 42 ns, followed by a slow increase. As known, the 
NPs inside the liquid cell are weakly bound near the substrate surface by the weak 
electrostatic interaction [84]. Because of the strong optical absorption of gold NPs at 
520 nm, the laser pulse heats up the NPs in hundreds of ps, resulting in a nonequilib-
rium temperature of ~900 K at the fluence of 10 mJ/cm2. The high nonequilibrium 
temperature (far above the boiling point ~400 K of water) of the NP is sufficient to 
overcome the latent heat of water and to convert the adjacent water molecules into 
steam nanobubbles, which is visible near the initial position of the dimer (an example 
is marked by a circle in the inset of the bottom right figure). Owing to the nonuniform 
heating caused by the dimer asymmetry, the rapid nucleation, expansion and collapse 
of the steam nanobubbles near the dimer surface would induce an impulsive force 
and torque to actuate the rotation and translation of the dimer.
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Combined model simulations and experimental results indicate that the impulsive 
torque from the photo-induced nanobubbles has a peak value of 4.6 × 103 nN·nm 
and a duration of ~14 ns, respectively (bottom right, inset). Because of the large 
impulsive torques, the rotational diffusion coefficient (4.68 rad2/s) of the dimer is 
nearly four orders of magnitude larger than that of the colloidal nanorods without 
laser pulse excitation [85]. As the asymmetry of the dimer increases, the random 
impulsive torques have a much higher probability in one direction than that in the 
opposite one. Beyond a certain critical point, the impulsive torques are unidirectional 
for the asymmetric D3 dimer, indicating that the photo-induced nanobubbles occur 
at the nearly identical position of the dimer for triggering the ballistic rotation. 

4D UEM also permits to study a wide range of nanofluidic phenomena in indi-
vidual nanotubes. With a temperature jump induced by a single laser pulse, the 
melting of the lead core in a ZnO nanotube is visualized in situ [86]. The core 
reaches a temperature of several hundred degrees above the melting point, then cools 
on a time scale of ~200 ns. The laser-induced pressure jump induces the fission of 
a small lead column, the explosion of a droplet or even the rupture of the tube wall. 
The temporal changes of the expansion dynamics of the lead column would enable 
studies of the viscous friction involved in the flow of liquid within the nanotube. 

10.3.7 4D Electron Tomography 

Electron tomography, as a means to reconstruct 3D objects from a series of 2D 
projections, provides 3D information on material and biological structures including 
those of nanostructures, viruses, bacteria and cells. Historically, the initial advances 
in the reconstruction of 3D biostructures were traced to the 1960s [87, 88]. With the 
recent development of 4D electron tomography by integrating the fourth dimension, 
the different time frames of tomograms constitute a movie of the object in motion. It 
enables the studies of nonequilibrium structures and transient processes, which makes 
use of the full space–time range with the nanometer–femtosecond spatiotemporal 
resolution. Figure 10.12 demonstrates the different modes of motion in a bracelet-like 
carbon nanotube [89]. In the schematic representation of the approach, an arrange-
ment of sample tilt is configured to enable the recording of various 2D projections of 
an object at a given time (top left). Specifically, the frames are taken for each degree 
of tilt with various delay times (top right). The 2D projections at different angles are 
then constructed into a 3D tomogram at a well-defined time, tα 

i , where i denotes a 
given time step and α is the tilt angle. Each 3D tomogram at the given delay time ti 
represents a 4D frame.

The evolutions of 4D tomograms of the carbon nanotube for two representative 
tilt angles were observed at early times (bottom left) and at long times (bottom 
right), respectively. The tomograms were constructed from ~4000 projections for a 
whole series of tilt angles and time steps, displaying the temporal evolution of the 3D 
morphological and mechanical motions. At early times (bottom left), the volumes 
in black show the original state of the nanotube while those in beige display the
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Fig. 10.12 (Top panel) Schematic diagram of 4D electron tomography. (Bottom left) Representa-
tive 3D images of the carbon nanotubes at early time delays. The gray images in the insets describe 
the original configuration of the nanotube. (Bottom right) The time-dependent structures visual-
ized at longer times. (reproduced with permission from Ref. [89], Copyright 2010, The American 
Association for the Advancement of Science)
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new configuration displaced from the original position. As time elapsed, the bracelet 
began to move after the heating pulse. Specifically, at 5 ns, the two ends of the ring 
started to move. The bending motion of the ring was observed at 30 ns, namely the 
two ends moved in the same direction while the middle part of the ring displaced 
oppositely. This bent-ring configuration nearly restored the structure to its original 
volume density of the ring at ~75 ns. At long times (bottom right), the bracelet 
resonated on a slower time scale. As seen from 3D changes in the volume density, 
the bracelet wiggled with displacement in the same direction from 1950 to 2090 ns. 
However, the direction of motion was reversed in the next 140 ns, which indicated 
that the resonance motion was a wiggling of the whole ring around the anchored 
position. 

Similar to the oscillation behavior shown in the 2D case, resonance frequencies 
of motions in the complex structures after laser-driven impulsive heating can be also 
obtained by the FFT analysis. The restoring period of ~70 ns corresponds to a well-
defined resonance frequency 13.5 MHz obtained in the analysis. On the assumption 
of a beam undergoing bending motions in an open ring, Young’s modulus of the 
carbon nanotubes was estimated to be 61 GPa. This value is in the range reported 
for carbon nanotubes, from ~1 TPa for diameters of <10 nm to ~100 GPa for larger 
diameters [90, 91]. 

10.3.8 PINEM 

Over the past years, optical near-field microscopies have enabled spatial resolutions 
beyond the diffraction limit, but would not provide the atomic-scale imaging capa-
bilities of TEM. Given the nature of interactions between electrons and photons 
through nanostructures, it is possible to achieve imaging of evanescent electro-
magnetic fields with a train of electron pulses. Photon-induced near-field electron 
microscopy (PINEM) is such a technique in EELS of 4D UEM to produce and 
then image evanescent electromagnetic fields on the surfaces of nanostructures with 
the spatiotemporal resolution of femtosecond, nanometer and below. Figure 10.13 
shows the PINEM spectra and images of an individual carbon nanotube irradiated 
with the intense femtosecond laser pulse [92]. Two separate spectra are displayed for 
comparison (top left), namely the t = −2 ps spectrum obtained when the electron 
probe pulse arrived before the laser pump pulse, and the t = 0 fs spectrum recorded 
when the electron and photon pulses were configured for maximum overlap. For the 
t = −2 ps one, besides the zero-loss peak (ZLP) only the π and π + σ plasmon 
peaks are observed at 6 and 25 eV, respectively [93]. As known, an electron cannot 
absorb a quantum of electromagnetic energy in free space because of the lack of 
energy–momentum conservation. However, with the presence of a third body, e.g., a 
nanotube here, the t = 0 fs spectrum consists of discrete peaks of decreasing inten-
sity on both the lower- and higher-energy side of the ZLP. A magnified view of the 
spectrum (inset) reveals that these discrete peaks occur at integer multiples of 2.4 eV 
(hω) due to the interaction of the 200 keV ultrafast electron packet with the 2.4 eV
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femtosecond photon pulse. It suggests from the spectra that electrons of the ultrafast 
packets can absorb more than eight photons during the interaction with the carbon 
nanotube. The large influence of the photon-induced near-field effect would cause a 
substantial decrease in the ZLP intensity at the maximum overlap. 

A typical carbon nanotube with a diameter of ~140 nm was used for demonstrating 
the PINEM imaging capability (top right). By energy-filtering the ZLP when selecting 
only the electrons that gained quanta of photon energy (10 eV total width), the

Fig. 10.13 (Top left) Electron energy spectra of the carbon nanotube irradiated with a fs laser pulse 
at two different time delays. (Top right) A typical TEM image of the carbon nanotube used for the 
PINEM imaging. (Bottom panel) PINEM images of the carbon nanotube taken at different delay 
times. Image counts were seen at the local vicinity of the nanotube surface, with the maximum 
observed at time zero. (reproduced with permission from Ref. [92], Copyright 2009, Springer 
Nature) 
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evanescent electric field was visualized in real-space images of the nanostructure by 
varying the arrival time of the electron packet relative to the clocking laser pulse 
(bottom panel). It is seen that the image counts only occur within the local vicinity 
of the nanotube surface. As the temporal overlap increases from negative to positive 
times, the image counts due to the evanescent optical field first increases and then 
reaches a maximum at t = 0 (maximum overlap), which decreases to almost zero at t 
= 600 fs. Temporally, the rise time of the evanescent field is revealed to be less than 
one picosecond, and spatially the sequence of images shows that such a field extends 
at the interface to ~50 nm into vacuum on either side of the nanotube. This length 
scale is consistent with theoretical considerations of optically excited plasmons [94]. 

The spatial distribution of the PINEM images is dependent on the polarization 
of the femtosecond pulse relative to the orientation of the carbon nanotube. As the 
laser pulse encounters the nanostructure (t = 0), it produces near-field excitations, 
causing the surface field to oscillate with the electric field (E-field) of the laser [95]. 
Since the nanotube diameter (~140 nm) is much less than (d < λ) the wavelength 
of the laser used (519 nm), the field is confined by the dimensions of the nanotube, 
which then sets up an oscillating dipole in the structure. The PINEM images obtained 
at t = 0 with the E-field of the femtosecond laser pulse polarized either parallel or 
perpendicular to the long axis of the carbon nanotube display striking changes: for 
the parallel case, a spatial enhancement of the evanescent field is observed on the 
nanotube tips, whereas for the other polarization, the enhancement of two sides of the 
nanotube is seen. The intensity of the evanescent field extends beyond the structure 
of the nanotube and falls off exponentially with distance from the surface [94]. This 
example demonstrates that the evanescent fields effectively mediate the interaction 
between the 200 keV electron in UEM and the 2.4 eV photons in the femtosecond 
excitation pulse within less than 1 ps. 

Using the PINEM technique, it enables the visualization and control of the 
plasmon-related dynamics in materials systems [96–98], and the dynamics of surface 
structural changes in biological cells [99–101]. In addition, on the basis of the PINEM 
concepts, many attempts have been devoted to 4D UEM for improving its energy 
resolution from ~1.2 eV down to ~0.6 eV [102] and even to ~20 meV [103], and 
to increase its temporal resolution to ~30 fs [104, 105]. By this, the potential for 
applications in direct visualization of phenomena related to plasmonics, photonics 
and biosystems with high space–time–energy resolutions would be further explored. 

10.3.9 Ultrafast EELS 

EELS in TEM is a powerful technique for providing a wealth of information including 
chemical composition and bonding, valence state and spin state. When EELS is 
integrated into 4D UEM with high resolution in space–time–energy domains, the 
dynamics of chemical bonding in nanoscale graphite (energy range of 0–300 eV) 
and oxidation state in α-Fe2O3 (energy range of 500–1000 eV) under laser excitation 
have been revealed [106–108]. As known, the cross-section for inelastic scattering
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decays with increasing energy loss in a power-law dependence of AE−r, where A is 
a constant, E the energy loss and r the inverse power law exponent [109]. Therefore, 
it becomes more challenging to effectively detect the core-loss edge because of the 
dramatically weaker signals caused by the high energy loss E. Generally, the 2p → 3d 
transitions in transition metals are located in the core-loss range, which are essential 
in the determination of oxidation state and chemical environment for understanding 
the relevant photocatalytic processes. Figure 10.14 demonstrates the in situ studies of 
the temporal change of the valence state of iron in α-Fe2O3 (bandgap of ∼2.1 eV) by 
ultrafast EELS in the core-loss range [108]. The monocrystalline α-Fe2O3 particles, 
indicated from the diffraction pattern, have a feather-like shape with the thickness 
of ∼40 nm for all the branches (top panel, left and middle). The Fe L-edge core-
loss EELS corresponds to the excitation of an Fe 2p core electron in α-Fe2O3 to an 
unoccupied 3d orbital with an energy loss of over 700 eV (top panel, right). Note that 
the position and shape of the L-edge peak are extremely sensitive to the Fe oxidation 
state.

The temporal evolution of the Fe L-edge EELS in α-Fe2O3 was probed by 
femtosecond electron pulses after optical excitations (λ = 519 nm; fluence of 
12 mJ/cm2). The PINEM-electron unaffected spectrum (negative time at −2.5 ps) is 
relatively sharp and high in intensity (middle panel, left). However, the experimen-
tally observed Fe L3-edge at 0.15 ps shows the broadening effect, which is larger 
than the simulation of the pure PINEM-electron-induced broadening effect (blue 
curve). It implies that the PINEM-electrons cannot take full responsibility for the 
total broadening. The full width at half-maximum (FWHM) of the experimentally 
observed overall Fe L3-edges as a function of time was then compared with that 
of the simulated one (convolution of the intrinsic Fe L3-edge before photoexcita-
tion with the time-varying ZLP). A maximum broadening of ~1.8 eV (from 6.5 to 
8.3 eV) was observed, while no noticeable temporal change of the peak position 
was detected (middle panel, middle). With the PINEM-electron effect removed, the 
inherent dynamics of the FWHM of the Fe L3-edge is illustrated (middle panel, right). 
After the initial fast rise, the FWHM of the Fe L3-edge recovers within ~3 ps. For the 
peak position, the energy of the Fe L3-edge was reported to shift from ∼707.8 eV 
for Fe2+ in FeO to ∼709.5 eV for Fe3+ in Fe2O3 [110]. Therefore, the results of the 
maximum broadening of ~1.8 eV as well as no detectable peak shift did not support 
the idea that the direct ligand to metal (O 2p → Fe 3d) charge transfer transition 
dominated the 519 nm photoexcitation of Fe2O3. It suggests that the Fe 3d to Fe 3d 
charge transfer may dominate, and that the shift of the Fe L3-edge induced by the 
photo-generated Fe2+ is offset by the same amount of Fe4+ created (canceling of the 
peak shift), leading to the broadening of the Fe L3-edge. 

The ultrafast EELS results indicate that two photo-induced electron transfer 
processes might account for the generation of Fe2+−Fe4+ pairs after the 519 nm laser 
excitation (bottom panel). In the case of pair excitation, two magnetically coupled 
Fe3+ cations are simultaneously excited to the 4T1(4G) state from the 6A1 ground 
state by the 519 nm laser pulse. Electron transfers from one Fe3+ cation to the other 
then occur by superexchange or hopping via the bridge oxygen anions. Alternatively, 
the 3d−3d transition would take place only in a single cation of the pair. The energy
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Fig. 10.14 (Top panel) Image, diffraction pattern and EELS of the feather-like α-Fe2O3 crystal. 
(Middle panel) Comparison of the Fe L3-edge with and without PINEM-electron effect (left); Time-
dependent FWHM of the overall Fe L3-edge and the Fe L3-edge before laser excitation (middle); 
The intrinsic FWHM dynamics of the Fe L3-edge (right). (Bottom panel) Schematics of the two 
possible electron transfer processes between a pair of neighboring Fe3+ cations under 519 nm laser 
illumination. (reproduced with permission from Ref. [108], Copyright 2017, American Chemical 
Society)

of the pump photons is high enough to excite electrons from the valence band to 
the conduction band. The excited electrons transfer to the other Fe3+ cation via the 
superexchange or hopping mechanism, resulting in the formation of Fe2+−Fe4+ pairs 
[111]. The dynamical studies reveal that the photo-generated Fe2+−Fe4+ pairs would 
fully recombine in ∼3 ps.
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10.3.10 Biological Dynamics 

Following years of the development and improvement of cryo-electron microscopy 
(Cryo-EM), structural biology is entering a new and exciting age. With the integra-
tion of the fourth dimension, time, into Cryo-EM, a fundamental understanding of 
the relationship among structure, dynamics and function would be established for the 
molecular mechanisms in biological systems. Figure 10.15 presents the direct visu-
alization of the movements of the constituent protein molecules in insulin amyloid 
fibrils, a prototypical biomacromolecule [112]. The fibrils were lying on the lacey 
carbon grids. The images and diffraction patterns of a network of amyloid fibrils 
were taken at room temperature (300 K), cryogenic temperature (118 K, absence 
of vitreous ice) and 118 K with vitreous ice, respectively (left and middle panel). 
Amyloid fibrils have a characteristic “cross-β” structure that is composed of paired 
hydrogen-bonded β-sheets running parallel to the long axis of the fibrils. The regular 
interstrand spacing gives rise to a distinctive 0.48 nm cross-β reflection in electron 
diffraction. Note that two broad rings at 0.37 nm and 0.21 nm were related to the 
presence of vitreous ice except the characteristic 0.48 nm amyloid ring.

The dynamics of the amyloid fibrils under native-like conditions (embedded in 
glassy ice) were initiated by a heating laser pulse, which were then recorded by the 
time series of frames displaying the structural dynamics of the fibrils in the hydrated 
environment (top right). In general, many protein stuff are poor in absorbing visible 
light. To efficiently transfer heat into the fibrils for triggering the dynamics, a small 
amyloidophilic dye molecule (Congo red) was bound to the outer surface of the fibrils 
(the dye did not perturb the cross-β structure). Because of a temperature jump caused 
by the heating laser, the stretching of the β-sheets was determined by calculating the 
change in radius of the 0.48 nm diffraction rings. For the fibrils at room temperature, 
an immediate expansion was observed as the laser pulse illuminated the sample 
(bottom right). The relative expansion is (4.0 ± 0.2) × 10–3, corresponding to 1.9 ± 
0.1 pm. Since the heating is uniform, the expansion along the long axis of the fibril can 
be considered to be a stretching of ~1 pm (≈1.9/2 pm) in opposite directions. When 
the temperature of the fibrils was lowered to 118 K via liquid nitrogen cooling, 
an increased expansion (7.4 ± 0.3) × 10–3 of the hydrogen-bonded β-sheets was 
seen, which corresponded to a total expansion of 3.5 ± 0.1 pm (or 3.5/2 = 1.8 pm 
in opposite directions). This behavior might be caused by an increased absorption 
cross-section of the dye at low temperatures [113]. Another contributing factor may 
be due to a decrease in the heat capacity of the fibrils at low temperatures [114]. 

When the fibrils were embedded in the vitreous ice at 118 K, an increased expan-
sion of the hydrogen-bonded β-sheets was observed upon laser excitation with a 
relative expansion of (11.3 ± 1.2) × 10–3, corresponding to a movement of 5.4 ± 
0.6 pm (or 5.4/2 = 2.7 pm in opposite directions). This increased expansion by 
almost a factor of 2 compared to that measured at 118 K in the absence of glassy 
ice can be rationalized by considering that amyloid fibrils are mainly stabilized by 
a network of inter-backbone hydrogen bonds. From experiment and computation, 
the strength of a hydrogen bond in vacuum is ∼4.8 kcal/mol which is reduced to
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Fig. 10.15 (Left panel) UEM images of the amyloid fibrils taken at 300 K, 118 K and 118 K 
with vitreous ice covering the sample. (Middle panel) The diffraction patterns of the samples 
corresponding to the images shown in the left panel. (Right panel) Schematic diagram of the ultrafast 
studies in the amyloid sample (top); expansion dynamics of the amyloid fibrils at three different 
conditions (bottom). An increased expansion was observed at low temperatures, especially when 
the fibrils were hydrated in vitreous water. (reproduced with permission from Ref. [112], Copyright 
2013, American Chemical Society)

∼1.5 kcal/mol in the presence of water [115, 116]. Therefore, the increased expan-
sion of the β-sheets following the T-jump is due to the weakening of the fibrils’ 
hydrogen-bonding network in the aqueous environment, making the fibrils more 
stretchable. 

4D UEM has been demonstrated to nondestructively determine the mechanical 
Young’s moduli in materials systems. In a similar approach, it has recently been 
extended to the realm of biological structures. Vibrational oscillations of the DNA 
structures [117] and amyloid-like microcrystals [118] are excited through a short 
burst of laser pulses, while the mechanical motions are probed with electron pulses 
to obtain the frequencies and amplitudes of the oscillations so that Young’s moduli of 
the involved biological structures could be determined. This time-resolved approach 
enables in situ visualization of the biomechanics and the nanoscale mechanics studies 
of macromolecules and biological networks.
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10.3.11 Instrumental Development 

High resolution is always one of the key essentials that are pursued in the electron 
microscopy field. Because 4D UEM is modified from the standard TEM, the increase 
of spatial resolution largely relies on the work from main TEM companies, like FEI 
and JEOL. Scientists from various research laboratories then focus on the interfer-
ence parts between the TEM and ultrafast laser systems, devoting to improving the 
temporal resolution. In regard to the temporal resolution, short electron pulses are 
central to time-resolved atomic-scale diffraction and electron microscopy. However, 
the broadening of electron pulse duration usually occurs as a result of dispersion 
during propagation and the space-charge effect. Therefore, electron pulse compres-
sion is indispensable for reaching subphonon or electronic time scales [119]. The 
compression requires deceleration and acceleration of the electron when arriving 
before or after the mean electron arrival time, respectively. The compression tech-
niques include microwave compression [119], beam blanking [120], ponderomotive 
bunching [121], photon-gating [104] and terahertz field compression [34, 122], which 
make the electron pulse duration reach the few-femtosecond regime or even better. 

The commonly used microwave technology generally suffers from appreciable 
phase shift, and laser-microwave synchronization below 10 fs becomes challenging 
[123, 124]. In contrast, pulsed terahertz fields can be generated in a much more 
controlled way from the coherent nonlinear polarization of matter [125]. Terahertz 
control fields derived from a single ultrafast laser via nonlinear optics give rise to near-
perfect (potentially sub-femtosecond) temporal synchronization, which is ideally 
suited for controlling electron pulses. Figure 10.16 shows the conceptual design and 
the results of the electron pulse compression by using the terahertz field approach 
[34, 122]. Femtosecond electron pulses are generated by pulsed-laser photoemission 
(left panel). The electron wave packets are then compressed in time by a terahertz 
field. A magnetic lens widens the beam for passage through the sample with close-
to-zero divergence, while an objective magnetic lens magnifies the structure onto the 
screen for observation. The electron pulse compression is schematically displayed 
in the top right panel. The ~1 ps laser pulses drive two optical rectification stages for 
generating few-cycle terahertz pulses. The electron pulses with about one electron 
per pulse are generated through the excitation of a gold thin-film photocathode by the 
same laser source. The optical rectification stages produce near-single-cycle pulses 
at 0.3 THz with pulse energies up to 40 nJ and field strengths up to ~106 V/m, which 
are then used to control the electron pulse’s momentum, energy and duration.

The butterfly-shaped metal resonators are used to mediate the interaction between 
the electrons and the terahertz fields. The terahertz electric field is enhanced in the 
plane of the resonators and confined to subwavelength dimensions so that energy and 
momentum conservation during the electron–photon interaction is satisfied [126]. 
Electrons passing through the resonators experience a net change in momentum 
which corresponds to the integral of the Lorentz force along their trajectories. The 
change varies sinusoidally as a function of the arrival time of the electron in the 
terahertz field. The first terahertz control stage uses a tilted resonator, providing force
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Fig. 10.16 (Left panel) Conceptual design of the electron pulse compression (reproduced with 
permission from Ref. [34], Copyright 2016, The American Association for the Advancement of 
Science). (Top right) Experimental setup of the compression. The first THz field provides force for 
temporal compression while the second one is used for temporal characterization. (Bottom right) 
Streaking deflectograms showing the comparison before and after the electron pulse compression. 
The pulse duration first decreases and then increases with the compression strength, reaching the 
shortest one at 75 fs. (reproduced with permission from Ref. [122], Copyright 2016, The American 
Association for the Advancement of Science)

components longitudinal to the electron beam for temporal compression. The second 
terahertz control stage (normal to the beam) offers a delay-dependent deflection 
(streaking) for temporal characterization. Since the electron pulse from the source 
(<1 ps) is shorter than the half cycle of the terahertz field, such a field imposes a 
uniform time-dependent force on the electron wave packet in all dimensions. The 
force causes acceleration and/or compression in the first stage and streaking in the 
second stage. Consequently, the pulsed electron beam is entirely under the effective 
control of the laser system and its optical fields. 

The time-dependent fields enable compression of the electron pulse substantially 
below its initial duration. The effective strength of the compression stage is deter-
mined by the energy imposed on the electrons in the forward direction with changing 
delay time, gE, which is proportional to the incoming terahertz peak field strength 
divided by the cycle period. After the compression, the electron pulse becomes shorter
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during its propagation, reaching a minimum duration at a distance [122]: 

fc = me(γβc)3 /gE (10.9) 

where me is the electron mass, c the speed of light, β the ratio of the electron speed 
to the speed of light and γ = 1/

√  
(1 − β2). When the localized terahertz fields reach 

~106 V/m, it is sufficient to yield a gE of 50 eV/ps, offering a convenient temporal 
focus at a distance of tens of centimeters from the compression stage [122]. 

Streaking deflectograms with and without terahertz field compression are shown 
for comparison (bottom right). A pronounced sharpening of the trace is observed in 
the vertical (streaking) direction, suggesting a substantial compression of the electron 
pulses. The evolution of measured electron temporal profile with a varying compres-
sion strength gE shows that the electron pulse first shortens to a minimum duration 
and then lengthens. As the electron pulse was overcompressed by a sinusoidal field, 
a double-peaked shape appeared [127]. The tendency was also seen from the curve of 
the electron pulse durations as a function of the terahertz-field strength and average 
power of the driving laser. The shortest pulse has a FWHM duration of 75 fs (inset), 
which is a factor of 12 shorter than the original one (930 fs). This achieved elec-
tron pulse is shorter than the half period of many fundamental phonon modes and 
molecular vibrations. 

Recently, much shorter pulses, namely isolated attosecond electron pulses, have 
potentially been generated via single-electron wave packet compression [119] or  
ponderomotive effects [121]. It has been demonstrated that attosecond electron pulse 
trains [127] have been realized in an electron microscope [33]. Besides the pursuit 
of a short electron pulse, another direction of development is to achieve high coher-
ence and brightness of the electron beam. Such a UEM has been realized through 
the modification from a field-emission TEM [128, 129], with the capabilities of 
micrometer-scale coherence, sub-picosecond pulse durations and energy widths of 
~0.65 eV. 

10.4 Conclusions and Outlook 

4D UEM, integrating the domains of space, energy and time in structural dynamics, 
has explored the potential for applications in the quantitative determination of the 
transient structures and/or states in material and biological systems. This method-
ology permits high-resolution real-space imaging, reciprocal-space diffraction and 
spectroscopy on the scales of sub-nanometer, sub-picosecond and sub-eV (or even 
meV). In this chapter, after the introduction of the historical development of 4D UEM, 
we described the conceptual framework of the design and the basic principle of the 
methodology. We highlighted prototypical cases of materials dynamics including 
phase transitions, mechanical oscillations, electron–phonon coupling, reaction and 
nucleation dynamics, plasmon-related dynamics and biological dynamics in different 
environments, and the present status of the instrumental developments.
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The multifunctional 4D UEM with the high spatiotemporal resolution has enabled 
the explosion of applications in various systems from nanoscale to mesoscale. Such 
trends will keep moving forward in future research. From a perspective in material 
systems, manipulation and engineering of transient states of matter through external 
fields or environments could be a strategy for further extending the realm of 4D UEM. 
In strongly correlated materials, charge, spin, orbital and lattice degrees of freedom 
result in competing complex interactions. Using terahertz fields, subtle modulation 
of the lattice structure would induce substantial changes in the magnetic and elec-
tronic properties [130]. The normal laser-pump and electron-probe scheme could be 
replaced by the strategy of an electric-field pump [131] with the electron pulses as the 
probe. In multiferroics, this allows recording real-time domain switching processes 
induced by an electric field, leading to the improvement and manipulation of the novel 
electronic/magnetic properties. As known, the systems to be studied are normally 
located inside the UEM chamber with the vacuum condition. Recently, the realization 
of 4D imaging in liquids [81] offers a window for studying dynamics in native envi-
ronments. Such development opens up the exploration of 4D environmental imaging, 
such as in the fields of solution phase synthesis, catalytic reactions in liquid and gas 
environments, microfluidics and NP/drug delivery in liquids. As for the biological 
systems, structural biology has been the leading revolution in this century because of 
the development of cryo-EM. The future direction would be the studies of the dynam-
ical processes of complex biological structures in native environments by using 4D 
imaging and diffraction with cryogenic or liquid-cell configuration. It would allow 
recording of conformational intermediates in action with high spatiotemporal resolu-
tion, for example, protein folding process in native conditions so that the underlying 
mechanisms regulating biological functions could be revealed [132]. 

From the technological point of view, the issues involved in further developing 
UEM include the coherence of the source, electron pulse duration, stability, detection 
sensitivity and the number of electrons per pulse in single-pulse methodology. One 
strategy would be the field-emission-based UEM technology that could increase the 
coherence of the electron beam and also reduce its energy spread. It will foster an 
enhanced energy resolution in the stroboscopic experiments, especially for PINEM-
related studies [128, 129]. To shorten the electron pulse duration, single-electron 
coherent packets can be employed to remove the space-charge problem, while elec-
tron compression technologies further reduce the dispersion effect during propaga-
tion. This would lead to the generation of attosecond electron pulses. The application 
of attosecond electron pulse trains ultimately allows electron microscopy to enter the 
realm of attosecond science, which would record dynamic changes of electron-related 
phenomena in complex systems. Additional strategies would include the extension 
of single-frame acquisition to multi-frame recording (movie mode) at every turn, the 
use of direct detection cameras to increase the signal-to-noise ratio, and the modi-
fications from the cryo-EM or aberration-corrected TEM to the advanced UEMs. 
With those strategies, it is anticipated that new and/or improved functionality of 
4D UEM would become practically accessible for the incoming studies of protein 
conformational dynamics and irreversible chemical reaction dynamics.
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