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Welcome to the Pre-Meeting Congress of the MSA 
Focused Interest Group on Electron Microscopy in 
Liquids and Gases

New developments in electron microscopy (EM) instrumentation now enable the observation and
measurement of nanoscale processes in liquid and gas environments for in situ/operando studies. These
studies, performed at high spatial resolution and under various stimuli, such as heat, electric fields, and
reactive liquid/gas environments, can provide fundamental insight into the structure, chemistry, and
functionality of materials and biological molecules in their native or working conditions. This one-day
virtual pre-meeting congress (PMC) organized by the MSA Focused Interest Group on Electron
Microscopy in Liquids and Gases (EMLG) will provide a platform for communicating technical challenges
and practical knowledge associated with capturing dynamic processes in liquids or gases with EM. We
will also draw attention to new approaches and emerging technologies in data acquisition and analysis,
focusing on the horizon of the field and discussing future roadmaps that may lead there. The format of
the congress will consist of live, virtual presentations from the invited speakers and panel discussion
participated by the PMC attendees. Topics covered within this PMC include:

• Optimizing electrochemistry experiments, imaging of biological materials and soft matter in liquids

• Optimizing experiments for gas-phase catalytic reactions

• Multidimensional in situ electron microscopy

• Big data analysis using deep learning and neural networks

• Handling and processing data acquired with direct electron detectors

Organizing Committee
Wei-Chang David Yang | NIST Gaithersburg
See Wee Chee | Fritz-Haber-Institut
Rosa E. Diaz | Purdue University
Joshua L. Vincent | Arizona State University
Henry O. Ayoola | University of Pittsburgh
Stephen D. House | University of Pittsburgh
Katherine Jungjohann | Sandia National Laboratories
Huolin Xin | University of California-Irvine
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Agenda
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Central 
Time

8/3 (Monday)

9:30 
| 

9:40

Open Remarks
Huolin Xin (University of California, Irvine)

Wei-Chang David Yang (National Institute of Standards and Technology)
Session I Chair: See Wee Chee (Fritz-Haber-Institut)

9:40 
| 

10:05

Duane Loh
National University of Singapore

We Can Now Count Electrons Quickly. What Next?
10:05 

| 
10:30

Sara Bals
University of Antwerp

3D Characterization of Nanomaterials under Relevant Conditions
10:30 

| 
10:55

Judith Yang
University of Pittsburgh

Past, Present and Future of Environmental TEM: The Case Study of Metal Oxidation
10:55

|
11:20

Colin Ophus
Lawrence Berkeley National Laboratory

Data Processing Strategies for Large, Multidimensional Electron Microscopy Datasets
11:20 

| 
11:50

Lunch Break

Session II Chair: Wei-Chang David Yang (National Institute of Standards and Technology)
11:50 

| 
12:15

Stephen Maldonado
University of Michigan

In-Situ TEM Analyses of the Action of Indium on Germanium Crystal Growth
12:15 

| 
12:40

Peter Ercius
Lawrence Berkeley National Laboratory

3D SINGLE: Atomic Electron Tomography in Liquids
12:40

| 
13:05

Deb Kelly
Pennsylvania State University

Viewing Viruses and COVID-19 Vaccine Candidates in Liquid
13:05 

| 
13:30

Joe Patterson
University of California, Irvine

A New Definition for “Low Dose” in Liquid Phase Electron Microscopy
13:30 

| 
14:15

Open Panel Discussion
Moderator 1: Katherine L. Jungjohann (Sandia National Laboratory)

Moderator 2: Rosa E. Diaz (Purdue University)



Questionnaire for Open Panel Discussion
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• How do you envision TEM/STEM playing a crucial role in investigating the
liquid- and gas- solid interfaces, respectively?

• In situ electron microscopy is frequently focused on dynamic processes in a
miniatured system (e.g. TEM specimens) of liquids or gases. What is your
best practice to extrapolate the observed phenomenon to its real-size
application?

• Which analytical techniques (spectroscopy, voltammetry, etc.) do you
employ when performing electron microscopy in liquids or gases? What is
your best practice to correlate the information to the captured dynamic
processes?

• What scientific problems cannot be addressed by existing techniques or
instrumentation?

• Developmental needs in the next 10-year period.

• Machine learning or neural network algorithms bring evolutions to the way
we analyze the data. How to best utilize them to collect or analyze the data?

• Large data sets: problems and solutions.

• Other?

The list of open-ended questions is designed to facilitate the panel discussion.
The organizing committee is dedicated to providing a conducive environment
for the attendees to get the most out of the panel discussion by submitting the
relevant questions and comments.



We Can Now Count Electrons Quickly. What Next?

Electron microscopy (EM) can be quantitative. Such quantitation has become easier with fast electron
counting detectors. In this talk, I will show two novel EM imaging modalities enabled by such
quantitation, plus an open-source data reduction+compression framework that facilitates such data-
intensive modalities.

The first modality, which we coin “popout tomography”, reconstructs a three-dimensional map of a
sample without the need for a rotation stage, or defocus series. A potential application is to rapidly
estimate the density distributions of an extended sample to nanometer-resolution for screening
fabricated samples (e.g. 3D nanostructures, or nanoparticle ensembles).

The second modality demonstrates HRTEM motion correction and motif extraction at extremely low
electron dose rates. This is a form of statistical imaging that is similar to cryo-electron microscopy, where
an “undamaged” structural motif can be extracted from noisy movies of copies of similar samples being
damaged.

Currently, there is still a gap between “off-the-shelf” instrumentation and such electron-counting imaging
modalities. This is especially true for movie-mode EM, that generates large quantities of raw data. I will
describe an open-source framework for data reduction and compression (codenamed ReCoDe) that we
have developed to facilitate such electron-counting for extended EM movies. This framework supports
on-the-fly data reduction and compression at 3 GB/s throughput. Hours (even days) of uninterrupted
imaging is possible, where raw data is sufficiently reduced to be streamed directly onto a networked
drive (even via a 1 GbE connection). In this talk I will how this framework accommodates different levels
of data lossiness for re-processing, electron-counted applications, or archiving.

Duane Loh

National University of Singapore, Singapore 
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3D Characterization of Nanomaterials under 
Relevant Conditions
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Nanomaterials are important for a wide range of applications because of their unique properties, which
are strongly connected to their three-dimensional (3D) structure. In order to preserve the carefully
designed morphologies and functionalities, understanding the stability of nanomaterials during
application is of equal importance. It is hereby important to note that most electron tomography
investigations have been performed at the conventional conditions of an electron microscope. An
emerging challenge is therefore to fully understand the connection between the 3D structure and
properties under realistic conditions, including high temperatures as well as in the presence of liquids
and gases. Therefore, innovative methodologies are required to track the fast 3D changes of
nanomaterials that occur under such conditions.

Recently, we proposed an acquisition approach where a tilt series of 2D HAADF-STEM projection images
is acquired within a few minutes. By continuously tilting the holder and simultaneously acquiring
projection images while focusing and tracking the particle, we were able to reduce the total acquisition
time for a tilt series by a factor of ten [1]. In this manner, we were able to study the 3D morphological
evolution of anisotropic Au and AuPd nanoparticles as a function of both heating time and temperature
[1,2]. Moreover, we measured the elemental diffusion dynamics of individual anisotropic Au-Ag
nanoparticles in 3D [3]. We conclude that for a given composition, the shape of the nanoparticle does
not influence the alloying process significantly. Based on our analysis, it is clear that interdiffusion of
metals at the nanoscale is more complex than predicted by simple Fickian diffusion and that other factors
such as surface diffusion need to be taken into account. Finally, to quantify nanoparticle shape dynamics
in a gaseous environment in 3D, HAADF-STEM images served as an input for atom counting procedures
followed by 3D relaxation of the structure. In this manner, we characterized shape changes of a Pt
nanoparticle in a gaseous environment. The conditions have been varied from vacuum to a 1 bar H2 flow,
followed by a 1 bar O2 environment. To investigate the behaviour during cycling, we repeated the
experiment several times using the same particle. We clearly observe morphology changes and we were
even able to quantify the occurrence of the different surface facets [4].

References

1. H. Vanrompay, E. Bladt, W. Albrecht, A. Béché, M. Zakhozheva, A. Sánchez-Iglesias, L. M. Liz-Marzán,
S. Bals, Nanoscale 10 (2018) 22792.

2. W. Albrecht, E. Bladt, H. Vanrompay, J.D. Smith, S.E. Skrabalak, S. Bals, ACS Nano 13 (2019) 6522.
3. A. Skorikov, W. Albrecht, E. Bladt, X. Xie, J. E. S. van der Hoeven, A. van Blaaderen, S. Van Aert, S. Bals

ACS Nano 13 (2019) 13421
4. T. Altantzis, I. Lobato, A. De Backer, A. Béché, Y. Zhang, S. Basak, M. Porcu, Q. Xu, A. Sánchez-Iglesias,

L. M. Liz-Marzán, G. Van Tendeloo, S. Van Aert, S.Bals, Nano Letters 19 (2019) 477.

Sara Bals1,2

W. Albrecht1,2, H. Vanrompay1,2, E. Bladt1,2, A. Skorikov1,2, S. Van Aert1,2

1 EMAT, University of Antwerp, Antwerp, Belgium
2 NANOlab Center of Excellence, University of Antwerp, Belgium



Past, Present and Future of Environmental TEM: 
The Case Study of Metal Oxidation

In situ microscopy techniques, especially environmental transmission electron microscopy (ETEM),
provide some of the most efficient methods for studying materials response to external stimuli at the
nanometer scale and below. The ETEM allows for dynamic studies for fundamental, atomic-level
understanding of chemical reactions, including oxidation. Of particular interest are the structural changes
occurring under environmental conditions observable by ETEM. The focus of this talk will be on the
development and impact of ETEM to the fundamental understanding of metal oxidation, from a personal
perspective, as an example of the forefront science enabled by this powerful tool.

Judith Yang 

University of Pittsburgh, Pittsburgh, PA, USA
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Data Processing Strategies for Large, 
Multidimensional Electron Microscopy Datasets

Transmission electron microscopy (TEM) is a very powerful tool for both biological and materials science,
especially since the introduction of high-speed direct electron detectors. The unmatched spatial
resolution of TEM combined with the high quantum efficiency, fast frame rate, and large fields of view
possible with direct detectors has enabled many new experiments to characterize complex samples such
as those imaged using liquid cells. However, these experiments often produce extremely large datasets
with very low signal-to-noise ratios, necessitating the use of advanced computational methods to extract
the desired sample properties. In this talk, I will show several examples of these methods including in situ
liquid cell time series analysis, statistical characterization of many classes of similar samples, and
multidimensional experiments including scanning electron nanodiffraction. I will describe a wide range of
computational methods, ranging from simple methods such as using correlation to align time series data,
up to methods such as machine learning segmentation of extremely complex features.

Colin Ophus

Lawrence Berkeley National Laboratory, Berkeley, CA, USA
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In-Situ TEM Analyses of the Action of Indium on 
Germanium Crystal Growth

This presentation will describe recent findings from my group on the concept of using Indium (In) either
as a metal solvent or as a surfactant in a metal solvent for the growth of large-grain crystalline Ge by
electrodeposition. Specifically, our lab has pioneered the concept of an electrochemical analog of the
well known vapor-liquid-solid (VLS) crystal growth process, where an applied potential rather than a
thermal gradient or reactant partial pressure drives the formation of a crystal inside a liquid metal
electrode. This process is known as ‘electrochemical liquid-liquid-solid’ (ec-LLS) crystal growth. The
cumulative ex-situ microscopy and diffraction data, coupled with frame analyses of Ge crystals grown
with In present recorded using an in-situ liquid TEM holder, suggest that In specifically and selectively
enhances the surface mobility of Ge atoms. The results suggest that earlier precedents of using metal
surfactants established in the fields of MOCVD and MBE have direct relevance to ec-LLS and may afford a
strategy to deposit high quality, large grain group IV semiconductor materials at ambient temperature
and pressure.

Stephen Maldonado

University of Michigan, Ann Arbor, MI, USA
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3D SINGLE: Atomic Electron Tomography in Liquids

In situ electron microscopy provides the possibility to observe processes dynamically in liquid and gas
environments. The introduction of graphene and other 2D materials as viable window materials and
direct electron detectors have enabled atomic resolution imaging with millisecond frame rates and high
image quality. However, it is well known the 3D structure of materials is required to fully understand their
functionality. I will discuss the recent achievements of the technique known as 3D SINGLE (Structure
Identification of Nanocrystals by Graphene-Liquid-Cell EM) for solving the structure of individual colloidal
Pt nanocrystals at atomic resolution in a solvated state. We observed internal defects, lattice distortions
and structural degeneracies which point to important heterogeneities of these NPs even in solution.
Further, the talk will discuss future improvements in algorithms and equipment which should further our
capability for in situ 3D structural analysis at atomic resolution.

Peter Ercius

Lawrence Berkeley National Laboratory, Berkeley, CA, USA
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Viewing Viruses and COVID-19 Vaccine Candidates 
in Liquid

13

Recent advances in the production of materials such as graphene and silicon nitride provide new
opportunities for EM imaging in real-time. We use these materials to create environmental chambers and
perform experiments in situ, or “inside”, the EM column. Together with microfluidic technology, we can
now view biological processes in a native liquid environment at the nanoscale. A new application for this
technique is the real-time imaging of viral assemblies at high resolution. In this lecture, I will reveal
movies of viral particles recording with a leading-edge direct electron detector (DE-12). As a test subject,
we examined a viral candidate being deployed for COVID-19 vaccine development. High-resolution
reconstructions of the viral assemblies in liquid were on par with cryo-EM results, but required a fraction
of the time for data collection. Other recent applications include the real-time imaging of inactivated
SARS-CoV-2 particles isolated from the serum of COVID-19 patients. Overall, we demonstrate that liquid
imaging modalities provide an essential complement to other high-resolution techniques as we strive to
analyze molecular events with high spatial and temporal resolution.

Acknowledgements: This work was supported by funding from the National Institutes of Health and the
National Cancer Institute [R01CA193578, R01CA227261, and R01CA219700 to D.F.K.].

Deborah F. Kelly1

GM Jonaid1, Maria J. Solares1, Madeline J. Dukes2, Michael S. Spillman3

1 Department of Biomedical Engineering; Center for Structural Oncology, Pennsylvania 
State University, University Park, PA, USA
2 Application Science, Protochips, Inc., Morrisville, NC, USA
3 Direct Electron, LP, San Diego, CA, USA



A new definition for “low dose” in Liquid Phase 
Electron Microscopy

Liquid Phase Electron Microscopy (LPEM) has already begun to revolutionize our understanding of nanomaterial
dynamics by providing real-time direct observations of fundamental processes such as nucleation and growth,
morphology evolution and particle-particle interactions.[1] However, there are many challenges to overcome
before we can translate our observations into quantitative data that can guide us synthetically (Figure 1). These
challenges include, understanding and controlling beam-sample interactions, the effect of confinement within the
liquid cells and extracting data from noisy, low contrast images.[2][3]

In conventional and cryoEM,[4] electron-sample interactions have been well studied, and for new systems can
readily be determined by 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 when
these changes are negligible. For liquid phase electron microscopy, electron-sample interaction present a unique
challenge. Firstly, all liquids will undergo some degradation when exposed to an electron beam, even at very low
doses. 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 the steady-state of the energy input/output. This has been discussed in detail
previously, 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 effecting the sample structure.
Since the goal of the experiment is to capture the structure which was 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. In this talk we will discuss the philosophies and strategies for understanding beam-sample interactions
in LPEM and discuss new ways of defining the term “low dose”.

References:
[1] H Wu, H Friedrich, JP Patterson, N Sommerdijk, N de Jonge. Liquid-Phase Electron Microscopy for Soft Matter Science and
Biology. Adv Mater 2020, 32(25): e2001582.
[2] A Ianiro, H Wu, MMJ van Rijt, MP Vena, ADA Keizer, ACC Esteves, R Tuinier, H Friedrich, N Sommerdijk, JP Patterson.
Liquid-liquid phase separation during amphiphilic self-assembly. Nat Chem 2019, 11(4): 320-328.
[3] J P Patterson, P Abellan, M S Denny, C Park, N D Browning, S M Cohen, J E Evans, N C Gianneschi, J. Am. Chem. Soc. 137
(2015), p. 7322.
[4] J P Patterson, Y Xu, M A Moradi, N Sommerdijk, H Friedrich, Accounts of Chemical Research 50 (2017), p. 1495.

Joe P. Patterson
Department of Chemistry, University of California, Irvine, CA, USA
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Figure 1. Example of potential work flow for translating insights from liquid phase electron microscopy into theory and design


	Current Status and Horizons of Electron Microscopy in Liquids and Gases
	PMCx61 Sponsors
	About the Cover
	Welcome to the Pre-Meeting Congress of the MSA Focused Interest Group on Electron Microscopy in Liquids and Gases
	Agenda
	Questionnaire for Open Panel Discussion
	We Can Now Count Electrons Quickly. What Next?
	3D Characterization of Nanomaterials under Relevant Conditions
	Past, Present and Future of Environmental TEM: The Case Study of Metal Oxidation
	Data Processing Strategies for Large, Multidimensional Electron Microscopy Datasets
	In-Situ TEM Analyses of the Action of Indium on Germanium Crystal Growth
	3D SINGLE: Atomic Electron Tomography in Liquids
	Viewing Viruses and COVID-19 Vaccine Candidates in Liquid
	A new definition for “low dose” in Liquid Phase Electron Microscopy

