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In situ Transmission Electron Microscopy of Thermally Activated Processes
Robert Sinclair1, Yi Cui1, Yunzhi Liu1, Roy Kim2 and Ann F Marshall2
1
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In situ observations of materials changes under externally applied stimulation, at the resolution of
the transmission electron microscope (TEM), are now diverse and possible in a fairly
straightforward manner. However in order to establish whether the results are truly representative
of the real material behavior, extremely careful experiments must be carried out. This talk will
emphasize methods to ensure this for thermally activated processes which are used extensively
throughout materials research and development.
While there has been a significant growth of in situ TEM publications, especially in the last decade
[1], many of the approaches have long been developed, as are documented in the classic text by
Butler and Hale [2]. At the time of the latter, most concern was aimed at the possible effects of the
thin nature of TEM specimens, which has now largely been overcome and indeed utilized in the
era of nanotechnology [3]. Of much more significance currently is any adverse influence of the
imaging electron beam, as high brightness field emission gun sources are now quite common [4].
Procedures and precautions to take this into account by using low dose imaging, fast recording
cameras, low specimen temperature etc. are becoming necessary.
We will illustrate our procedures using a number of examples including the first kinetic analysis
of silicon crystallization [5,6], the metal mediated crystallization of semiconductors [7] and the
crystallization behavior of a high-k dielectric oxide thin film [8]. In all these cases the reaction
kinetics were measured and the activation energies were established, in order to compare them
with the bulk behavior. The in situ observations, including at the atomic level, showed directly the
reaction mechanisms, which represent the essence of proper in situ TEM experiments.
Other examples of thermally activated processes, including eutectic melting and crystallization
(Au-Ge in Au-catalyzed Ge nanowires) [9], formation of metastable structures by fast quenching
which is enabled by MEMS-based heating holders (hexagonal close-packed Au) [10], and
magnetic domain wall formation while cooling through the Curie temperature in Ni and SrRuO3
thin films [11] will be presented. Extension to reactions in gaseous environments such as carbon
nanotube oxidation at elevated temperature [12] and hydrogenation of palladium nanoparticles
when cooled [13] is also impressive. For many of these processes, calibrating the temperature of
the sample is both critical and challenging. We will compare different types of holders for thermal
experiments and discuss different approaches to measure the sample temperature in the TEM [e.g.
14, 15].
In summary, in situ TEM is one of the most exciting applications of electron microscopy, and
when performed properly, reveals atomic material mechanisms directly and provides kinetic data
for the processing engineers.
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Recent progress in both in situ and ex situ small-scale mechanical testing methods has greatly
improved our understanding of mechanical size effects in volumes from a few nanometers to a few
microns. Besides the important results related to the effect of size on the strength of individual
nanostructures, the ability to systematically measure the mechanical properties of small volumes
through quantitative mechanical probing allows us to test samples that cannot easily be processed
in bulk form, such as ion-irradiated materials, a specific grain boundary or a single crystal. In the
case of individual nanostructures, the need for robust small-scale testing methods is even more
acute, and in situ TEM in many cases makes this possible. This talk will describe both testing
methodology and results from in situ TEM nanomechanical testing that provide insight into small
scale plasticity.
Selected publications related to in situ TEM nanomechanical testing:
1. Andrew M. Minor and Gerhard Dehm, “Advances in In situ Nanomechanical Testing”,
MRS Bulletin, 44, 6, 438-442 (2019)
2. C. Gammer, C. Ophus, T.C. Pekin, J. Eckert, A.M. Minor "Local nanoscale strain mapping
of a metallic glass during in situ testing" Applied Physics Letters, 112 p.171905 (2018)
3. C. Gammer, J. Kacher, C. Czarnik, O.L. Warren, J. Ciston, A.M. Minor, “Local and
transient nanoscale strain mapping during in situ deformation”, Applied Physics Letters,
109, 8, 081906 (2016)
4. Q. Yu, M. Legros, A.M. Minor, “In situ TEM Nanomechanics”, MRS Bulletin, 40, p. 6268 (2015)
5. E. Tochigi, E. Zepeda-alarcon, H.-R.Wenk, A. M. Minor, “In situ TEM observations of
plastic deformation in quartz crystals”, Physics and Chemistry of Minerals, 41, p. 757-765
(2014)
6. C. Chisholm, H. Bei, M. Lowry, J. Oh, S.A. Syed Asif, O.L. Warren, Z.W. Shan, E.P.
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Applications of Piezo-driven HoldersIn situ Electron Microscopy for Manipulation and Direct Correlation between
Structure and Properties at High Spatial Resolution
Eva Olsson
Department of Physics, Chalmers University of Technology, 412 96 Gothenburg, Sweden
This lecture will address and illustrate the use of in situ electron microscopy with piezo-driven
holders to directly correlate material structure and properties at high spatial resolution. Examples
of important mechanisms that can be studied are those of transport properties of charges, heat and
particles in complex structures and also of effects induced by light, mechanical strain and
temperature changes. The local atomic structure determines the properties on the larger scale and
it is therefore important to extract information directly on the small scale.
The need for high spatial resolution imaging and spectroscopy of both surfaces and internal
structure can in many cases only be met by transmission electron microscopy (TEM) or a
combination of electron microscopy and other techniques. It is not only the resolution but also the
precision in determining the position of atoms and atom columns that is important for
understanding the correlation between atomic structure and properties [1]. TEM holders for in situ
dynamic experiments and manipulation including studies of transport of charges and condensed
matter further expand the dimensions of information that can be extracted.
In situ microscopy can be used to perform electrical conductivity and nanoscale mechanical strain
measurements [2-9]. It is also possible to perform STEM combined with nanobeam electron
diffraction to quantitatively evaluate the nanoscale strain distribution [3, 7]. In addition, dynamic
electric field induced changes on the atomic scale can be studied using in situ microscopy [2].
High resolution annular dark field (ADF) scanning transmission electron microscopy (STEM)
imaging can provide high resolution (better than 1 Å) and high precision (better than 1 pm)
information about the local atomic structure [1]. The precision of the measurement and the
quantitative information enables important and theoretical modelling on the same material systems.
New aspects of material properties and mechanisms, not obvious from measurements on the macro
scale are revealed using in-situ electron microscopy where interfaces, surfaces, geometries and
defects affect the material properties on the macro, micro, nano and atomic scale.
This lecture will address crucial aspects of the different types of in situ stimuli, the information
that can be obtained, aspects of specimen geometries, how to ensure that the experiments provide
representative information and effects of the interaction between the electron beam and specimens.
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Chemistry, and its manifestation as molecular self-assembly, provides an elegant strategy to create
functional, highly complex, and hybrid materials for a myriad of applications. Through evolution,
living systems, have achieved exquisite control over the deposition of both organic and inorganic
building blocks to create hierarchical, composite materials with exceptional properties. Nature
does this under ambient conditions, utilizing compartmentalization and confinement of chemical
environments to control the pathway of formation, realizing structures and shapes that are not
readily achievable in synthetic systems. If materials chemists are ever able to have this level of
control, it will come from a deep understanding of general mechanisms and pathways that govern
the self-assembly of hierarchical and hybrid structures in complex solution environments.1
Self-assembly processes can be described by a complexity continuum. Simple processes consist
of a small number of building blocks and microstates, assemble down a single pathway, evolve
homogeneously (only one microstate is observed at each sampled time point), and form atomically
precise structures that can be described by a few parameters. Complex processes can have multiple
building blocks and microstates, assemble down multiple pathways, evolve heterogeneously, and
form high dispersity structures that require many parameters to be accurately described. The
Transmission Electron Microscope has played a pivotal role in the development molecular selfassembly.2 This is especially true for cryogenic and liquid phase electron microscopy (CryoEM
and LPEM) as they allows structures to be imaged in a solvated state.
However, there are still challenges to address for LPEM and CryoEM. The current focus for LPEM
has been on understanding and controlling electron-beam sample interactions. For CryoEM, there
is a current need to image samples in organic solvents. In conventional and cryoEM, electronsample interactions have been well studied, and for new systems can readily be determined by the
application of a dose series. Here, a series of images is recorded and changes in the structural
features of interest can be measured with each additional image (corresponding to an increase in
total dose). If there are changes to the structural features of interest then ‘low dose’ images should
be recorded in which these changes are negligible. For LPEM, electron-sample interactions present
a unique challenge. Firstly, all liquids will undergo some degradation when exposed to an electron
beam, even at very low doses.3 However, due to the high mobility of the system, the energy input
from the electron beam can be rapidly dissipated. Therefore, it is now recognized that in LPEM,
dose rate is often much more important than the total dose, as the dose rate establishes a steadystate of energy input/output. 3,4 This has been discussed in detail previously,3,5,6 but here it is
important to note the differences in establishing dose limits for a system in conventional/cryo and
liquid phase EM. In conventional/cryo EM, the sample is static and therefore measuring changes
in an image series will provide information on how the electron beam is affecting the sample
structure. Since the goal of the experiment is to capture the structure of the samples prepared
outside of the microscope, any changes to the structure by the electron beam can be considered as
‘damage’. In LPEM, the sample is inherently dynamic, meaning that changes to the structure with

sequential images are not necessarily directly related to the interaction with the electron beam,
although the electron beam is likely to have some effect on all dynamic processes. The important
point here is to understand in what respect, and to what degree, the electron beam is influencing
the observations.7,8 One way of achieving this is to perform a detailed analysis of all the dynamic
processes in question, over a range of electron doses. For soft matter systems this has been most
rigorously demonstrated by Parent et. al.5,6 where it was shown that although the electron beam
had an influence on dynamic processes such as particle motion, the underlying mechanisms of
motion, fusion and growth were related to the specific organization, composition and environment
of the structures – thereby revealing useful information on their structural evolution. A second
approach for understanding electron-sample interactions is by performing a series of control
experiments and comparing in-situ and ex-situ observations, the design of which will be dependent
on the specific system in question.9-11 An important third approach that is often overlooked is to
ask, if my observation were to hold true in the absence of the electron beam, what would this mean
for the theory of how this material forms? And, should we update this theory? If yes, can we design
experiments with this new theory to form “better” or new materials? Ultimately, it will be our
ability to translate the insights from LPEM into new theories about the chemistry and selfassembly of materials that dictates the future of this technique and its ultimate utility in science
and engineering.
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Cryo-EM has the powerful ability to elucidate the nanostructure of biomolecules in their native
state, which has made significant breakthroughs in the field of structural biology. By leveraging
this powerful technique to study battery materials, we revealed the atomic structure of reactive
battery materials and interfaces for the first time (Science 358, 506–510, 2017), demonstrating its
potential impact for battery research. Indeed, one of the most important yet unanswered questions
in battery research still remains: what are the structures and chemistries present across liquid-solid
battery interfaces and how do they evolve with time? To bridge this gap in understanding, we adopt
and innovate cryo-EM techniques that can resolve these sensitive liquid-solid interfaces and
correlate them with battery performance. Here, we further innovate cryo-EM techniques towards
battery research by leveraging a thin film vitrification method to preserve the sensitive battery
interfaces in their native liquid electrolyte environments for high resolution imaging and
spectroscopy. Our preliminary data reveals a significant swelling ratio between dry and wet states
of the solid electrolyte interphase (SEI), a ubiquitous yet poorly understood corrosion film formed
on the surface of battery anodes (Science, 2021, accepted). This surprising discovery highlights
the promising potential of cryo-EM to enable new fundamental understanding and insights for
materials research. This talk will highlight the cryo-EM technique applied towards electrochemical
systems and the key findings revealed using this powerful technique.1–6
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Since its development by Knoll and Ruska1, the trend in transmission electron microscopy (TEM)
has been towards better vacuum. Lower pressure decreases the amount of random collisions of the
electrons with gas molecules and thus decreases noise and improves resolution. However, this
means we are always studying static inorganic materials - close to room temperature and away
from reacting gases. Especially for heterogeneous catalysis research this a tremendous
disadvantage, as we know the structure of the catalyst changes with adsorbed species and thus also
during the catalytic reaction. These changes cannot be studied with the ‘before and after’ approach
of standard ex situ TEM.
Over the past decades, scientists have been devising ways to insert gases into TEMs without
destroying either the resolution of the microscope or -even worse- the electron source. In order to
study catalytic processes in situ or operando, the samples also need to be heated, up to about 600℃
depending on the exact reaction under study. Heating holders were already available for standard
vacuum mode TEM, but the heaters need to be integrated into the holders or devices used in the in
situ mode. The first successes with gases present inside the TEM during the imaging process led
to the development of the now commercially available2,3 Environmental TEM (ETEM), where
localised gas pressures up to 50 mbar do not destroy the electron source but gas pressures above
~5 mbar do destroy the resolution.
Recent efforts have led to windowed cell systems, which have culminated in a nanoreactor system
allowing pressures up to several bars. The presentation will focus on the development of windowed
cell systems4 and will give some examples of dynamic processes in catalyst preparation and in
catalytic processes. The Kirkendall effect has been visualised with atomic resolution in the
oxidation of Cu nanoparticles. The oscillations of Pt nanoparticles have been observed during the
oxidation of CO with O2.5
Figures 1 and 2 show the nanoreactor and the dedicated holder.
Figure 3 shows lattice spacings visible in metallic copper in 1.2 bar hydrogen gas at 500℃.
References:
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Figure 1.
a) Schematic of nanoreactor.
b) Nanoreactor in dedicated
TEM holder. The four
electrical connections are
visible on the right.
c) Light microscopy image of
the membrane region.
d) Two overlapping windows
allow HRTEM imaging.

Figure 2.
Light microscopy image of
the gas channel with the
heated zone and the
electron
transparent
windows.

Figure 3.
Lattice spacings in metallic
copper clearly visible in 1.2 bar
hydrogen gas at 500℃.
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Liquid cell transmission electron microscopy (LC-TEM), which allows imaging of materials
dynamic phenomena in liquids, has attracted a lot of recent interest. LC-TEM overcomes the
limitations of the conventional TEM that wet samples don’t need to be dried or frozen for imaging
since samples can be completely isolated from the high vacuum environment inside the microscope.
This has opened great opportunities to address various scientific issues previously unreachable.
This presentation will cover the basic knowledge of LC-TEM, including the advantages and
challenges, liquid cells design and fabrication, electron beam damage, advanced image acquisition,
analysis and data interpretation. Some recent work on high resolution imaging of nanoscale
materials transformations and solid-liquid interfaces using LC-TEM will be highlighted.
Perspectives on future developments of liquid cell TEM will also be included.

Figure 1. An advanced liquid cell electron microscopy platform.
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Planning Successful Experiments to Follow Catalytic Reactions Using
TEM/STEM
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Scanning transmission or transmission electron microscope (STEM or TEM) based techniques
have been ideally suited to characterize catalyst nanoparticles. Recent modifications to TEM
holders and TEM columns have provided an opportunity to move from static data that was
recorded before and after a catalytic reaction, to observe the process under (or near) reaction
conditions with unprecedented spatial and temporal resolution. However, it is important to
understand that in doing so we are converting TEM sample chamber or sample holder into a reactor
that needs the same considerations as any other chemical reactor. Experiments performed under
the high temperature and gaseous environments require careful design to avoid undesirable effects
from gas impurities or contaminations from gas lines, TEM grids and/or holders. The reactivity of
sample, grid, holder, TEM components, and gaseous/liquid environments must be evaluated for
each reaction process. This tutorial introduces various in situ microscopy, correlative microscopy
and spectroscopy techniques for in situ measurements of catalytic process. Factors that are
important to consider during experimental set-up to achieve unambiguous results will be discussed.
It is essential to ensure that results obtained during in situ experiments are comparable to those
obtained ex situ, under identical conditions.
References:
1. Micron 43 (2012) (special issue)
2. Controlled Atmosphere Transmission Electron Microscopy: Principles and Practice,
Thomas W. Hansen and Jakob B. Wagner; eds. (2016), Springer (Publisher).
3. Jinschek, Chem. Commun. 50, (2014) 2696-2706.
4. Tao and Crozier, Chemical Reviews 47, (2016)

In situ and Operando Imaging and Spectroscopy
Peter A. Crozier
School for Engineering of Matter, Transport and Energy, Arizona State University, Tempe,
Arizona, USA
The ability to perform materials characterization under in situ or operando conditions is now
recognized as critical to many areas including energy, environment and materials synthesis [1].
In situ approaches to electron microscopy are able to provide dynamic information on the
changes taking place in materials exposed to some form of stimuli. We can describe the approach
as operando if the structural/compositional changes are correlated with a quantitative
measurement of functionality. The functionalities of interest are often associated with
technologies and include catalytic properties or voltage-current characteristics for areas such as
batteries, fuel cell, and transistors. This lecture will focus primarily on operando approaches
related to gas-phase heterogeneous catalysis [2-5]. The goal of these experiments is to identify
the more active sites on the surface of the catalyst by correlating surface structure and structural
dynamics with a quantitative measurement of catalytic activity. To establish this link we need to
accomplish two broad goals in the electron microscope:
1. Atomic level characterization of the structure and composition of the catalyst surface.
2. Quantitative determination of reaction kinetics which requires:
a. Quantifying the amount of product gas present in the microscope reaction cell and
b. A suitable reactor model which allow the reaction rate constant to be determined from the gas
composition in the cell.
Item 1 may require not only advanced atomic resolution imaging and spectroscopy but also the
ability to follow the evolution of the system at high time resolution [6]. The continued
development of improved detectors will dramatically enhance our ability to follow structural
changes with high time resolution while minimizing radiation damage. Determining reaction
kinetics is also a major challenge for operando TEM of catalysts. The gas composition can be
determined in situ using residual gas analysers (RGA) or electron energy-loss spectroscopy
(EELS). The RGA offers high sensitivity but for the systems commonly available in electron
microscopes it may not be easy to quantify. EELS can allow quantitative measurements of the
gas composition in the cell and it will improve in sensitivity with improved detectors and catalyst
loading [3, 7, 8]. The reactors can be modelled using finite element analysis tools and under
favorable conditions may yield simple approaches to determine changes in reaction kinetics.
Under reaction conditions, the surface of a catalyst may become covered with spectator
structures which do not play any role in the catalytic functionality. In a simple in situ experiment,
these structures can be mistakenly interpreted as catalytically relevant. The advantage of the
operando compared to simple in situ approach is that chemical kinetics are determined which
allows (at least in principle) active and spectator species to be differentiated. Examples of

operando TEM and some of the pitfalls will be discussed focusing on CO oxidation on Ru and Pt
catalysts as well as oxygen exchange on CeO2.
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