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MATERIALS PERSPECTIVE
Aberration corrected and monochromated

environmental transmission electron
microscopy: challenges and prospects for
materials science

T. W. Hansen*, ). B. Wagner and R. E. Dunin-Borkowski

The latest generation of environmental transmission electron microscopes incorporates aberration
correctors and monochromators, allowing studies of chemical reactions and growth processes
with improved spatial resolution and spectral sensitivity. Here, we describe the performance of
such an instrument using examples taken from studies of fuel cells and supported catalysts. We
discuss the challenges involved in performing in situ gas reaction experiments quantitatively and
reliably and we highlight the care required to understand the effect of the electron beam on
dynamic experiments performed in the electron microscope.
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Introduction

Traditionally, transmission electron microscopy (TEM)
has been a high vacuum discipline. However, in both
academic and industrial research, there is now an
increasing need to expose samples to more realistic
environments during image acquisition, in the form of
gas mixtures and elevated temperatures. This technique
has been known as controlled atmosphere TEM' and,
more recently, as in situ TEM or environmental TEM
(ETEM).? The demand for instruments with in situ or
environmental capabilities is strong. The catalysis® and
semiconductor* communities, in particular, have high-
lighted the need for investigating materials under the
conditions in which they operate in order to overcome
the drawbacks of post-mortem studies, in which samples
are transferred to microscope facilities after ex situ
reactions.

In the 1950s and the following decades, Hashimoto
and Naiki® designed and developed the first gas reaction
specimen chamber based on the differential pumping
concepts that are used in today’s ETEMs. A chamber of
this design was used by Baker and co-workers in the
1970s, primarily to investigate particle mobility and
carbon filament growth in supported metal catalysts.!
The primary difference between this early environmental
cell and the design that is used today is that in the
present design, the cell is integrated into the column,
providing better stability and flexibility. An account of
recent results and performance from state-of-the-art
ETEM:s can be found in a review by Sharma.®
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Recently, the availability of aberration correction and
monochromation on commercial TEMs has significantly
improved interpretable spatial resolution to the sub-
angstrom level” and reduced image delocalisation. These
developments allow images of surface and interface
structures, which are of paramount importance for
catalysis, to be acquired and interpreted more easily.'”
The energy resolution in electron energy-loss spectro-
scopy (EELS) has also been improved by the introduc-
tion of monochromators, a concept that dates back to
the 1960s,!" but which can be used to bring energy
spread down to below a few hundred meV.'>"
The combination of in situ TEM and monochroma-
tion now allows high resolution EELS to be per-
formed during gas and/or temperature induced phase
transitions.

Microscope configuration

The present review is based on the ETEM installed at the
Center for Electron Nanoscopy in the Technical
University of Denmark (DTU Cen), but the requirements
and concerns described here are generally applicable to all
types of ETEMs.

The Titan platform from FEI forms the basis of the
ETEM at DTU Cen. A three-condenser lens system and a
stabilised column on a standard FEI Titan 80-300 are
supplemented by a monochromator and a corrector of
the spherical aberration coefficient Cg of the microscope
objective lens. When the microscope is operated at an
acceleration voltage of 300 kV, the monochromator
provides a measured energy spread of better than
200 meV (in high vacuum operating mode), measured
as the full width at half maximum of the zero loss peak for
the shortest possible acquisition time. Without aberration
correction, the point resolution and information limit are
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0-2 and <0-1 nm respectively.'* The Cg image corrector
brings the point resolution down to below 0-1 nm when
the microscope is operated at 300 kV.

Integration of environmental capabilities

In order to minimise the scattering of electrons by gas
molecules in the high pressure (7 mm) region of the
microscope, the distance that the electron beam travels
through the gas should be as short as possible. At the
same time, the pole piece gap has to be large enough to
allow flexibility of specimen holder design and to
provide space for high specimen tilt angles for electron
tomography.

The introduction of gases into the electron microscope
column increases the need for pumping capacity. The
ETEM at DTU Cen is based on a design developed by
Boyes and Gai? in collaboration with Philips. The TEM
column is differentially pumped in several stages using
both turbomolecular and ion getter pumps, which allow
high vacuum to be maintained at the electron source.
Figure 1 shows the design of the microscope column.
Each pumping stage is separated by additional apertures
that result in pressure drops. For a pressure of ~1500 Pa
in the sample region, the pressure is ~1 Pa after the first
pumping stage and ~10 > Pa after the second stage.
The pressure in the field emission gun region remains
below 107 Pa.

The pumping pathways for the first differential
pumping stage are created by drilling holes through
the pole pieces of the TEM objective lens. In order to
retain the performance of the lens, the modification is
made in a symmetrical manner, with dummy holes
drilled opposite to the pumping pathways. This design
allows a pressure of up to ~2000 Pa (depending on gas
composition) to be maintained around the sample
(between the pole pieces, limited by the first set of
differential pumping apertures).

The microscope can be operated in two primary
modes. During conventional operation, the column is
pumped using the standard ion getter pumps. In this
mode, the exhausts to the turbomolecular pumps are
sealed from the column by ultrahigh vacuum compatible
pneumatic gate valves, and the microscope operates as a
conventional Cg image corrected monochromated Titan
with a slightly lower maximum cutoff angle for detecting
high angle scattering. When carrying out environmental
experiments (in ETEM mode), the pumping pathways to
the ion getter pumps in the specimen area are sealed off,
and the valves to the three turbomolecular pumps are
opened to provide the pumping capacity needed.
Furthermore, a port providing direct access to the
sample region can be opened, allowing gas injection
around the specimen. The differential pumping scheme
on the FEI Titan column is designed with an emphasis
on exposing samples to as high a pressure as possible
while maintaining a large pole piece gap and the
high resolution capabilities of the microscope during
imaging.

The pressure in the sample region depends on
diffusion through the pumping apertures. Even before
introducing gas into the column, the base pressure in the
sample region in ETEM mode is therefore higher than in
conventional high vacuum mode (when the ion getter
pumps are applied directly to the specimen area). This
design makes the present microscope less suitable for
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1 Schematic diagram of differentially pumped TEM col-
umn (FEG, field emission gun; IGP, ion getter pump;
TMP, turbomolecular pump; RGA, residual gas analy-
ser; PC, plasma cleaner; C1, first condenser aperture;
SA, selected area aperture)

low pressure ETEM studies than a dedicated ultrahigh
vacuum microscope with an in situ capability.'> '8

Gas inlet system

Specimen drift has to be minimised when gas—solid
reactions are followed in an electron microscope. During
typical experiments, gas—solid interactions are followed
over extended periods of time with the specimen held at
elevated temperature, for example by using a heating
specimen holder that has a current running through a
filament. When the holder and the specimen are
surrounded by gas, both heat transfer to the gas and
the temperature to which the specimen can be heated
depend strongly on gas pressure and composition. In the
past, heating holders consisted of a furnace with a
resistively heated filament onto which the sample was
clamped. As the heating power in these compact
filaments is small, the temperature that can be reached
is highly dependent on the gas pressure and composition
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in the sample region. As small variations in gas pressure
can then result in large variations in specimen tempera-
ture, the gas flow in the sample region must be highly
stable. This requirement is realised by maintaining a
constant gas flow through the system. The first
differential pumping apertures act as the limiting factor
for gas flow out of the sample region. The pressure that
builds up in the sample region then depends primarily on
the flow into the column when the gas composition is
kept fixed. Thus, to keep a stable pressure and
subsequently a stable temperature around the sample,
a high degree of control over the gas flow is essential.
Failure to provide a stable gas feed can result in
specimen drift and loss of image resolution.

Recently, heating holders that utilise microelectro-
mechanical systems (MEMS) technologies have become
available. In such holders, the heating filament is in close
proximity to the specimen, and heating rates can be
much higher than when using conventional furnaces.
However, MEMS holders suffer from limited fields of
view and restrictions on specimen geometry.'%*

On the Titan ETEM at DTU Cen, stable flow of each
gas component is ensured using digital mass flow
controllers on each gas line leading into a manifold
system. Gas-gas reactions in the inlet system are
assumed to be negligible. The high degree of stability
provided by accurate control of gas injection into the
sample region allows specific specimen areas to be
followed over extended periods of time, providing a
better timeline of data from individual sample regions,
such as metal particles. Furthermore, high resolution
images can then be acquired at elevated temperature
without the compromise of short acquisition times.

Experimental considerations

Before starting an in situ experiment using an ETEM,
several experimental issues have to be considered and
addressed. In an ETEM, the parameter space is much
larger than that in a conventional TEM. In addition to
the usual microscope parameters, total gas pressure, gas
composition and specimen temperature have to be
optimised for the gas-solid interaction of interest.
Furthermore, the temporal aspect of dynamic studies
has to be accounted for. In order to increase the chance
of success of an in situ experiment, it should first be
carried out ex situ to assess whether the desired reaction
can be achieved in the ETEM. In addition, gas—solid
interactions that are carried out in an ETEM are
invariably  influenced by the electron beam.
Interactions with the gas of both the incident high
energy electrons and low energy secondary electrons
emitted from the specimen can cause ionisation of the
gas molecules, thereby changing their reactivity. All in
situ TEM experiments should therefore be verified by
performing parallel experiments in the absence of the
electron beam, either in the TEM or in a reactor outside
the microscope.

The sample region in the microscope column can be
considered as a gas reactor, in which the gases that are
used in the experiment should be of high purity and the
vacuum level should be assessed to limit possible
contaminants. It is good practice to separate oxidising
and reducing experiments, for example by using
extended cleaning and pumping periods, including
baking and plasma cleaning of the sample region and
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the gas inlet system. Continuous monitoring of the gas
composition can aid in tracking and explaining artefacts
observed during in situ experiments.

As illustrated in Fig. 2, the intensities in recorded
images decrease with increasing gas pressure, the more
so for heavier gas molecules. At a gas pressure of
1400 Pa of Ar, the image intensity is more than 70%
lower than that in high vacuum (<10~ > Pa). Scattering
of primary electrons by gas molecules also results in a
loss of coherence and thereby a loss of image resolution.
Whereas these effects are not as pronounced for lighter
gases such as oxygen and hydrogen, they must still be
considered when designing experiments and when
analysing contrast in high resolution TEM and scanning
TEM images quantitatively. Similarly, energy losses
resulting from interactions between primary electrons
and gas molecules can introduce many features into
EELS spectra in the region up to ~25 eV (see section on
‘In situ monochromated EELS’ and Fig. 6). In situ
experiments that involve the use of a gaseous environ-
ment and an elevated specimen temperature also require
a careful choice of holders and grids to ensure stability
in the presence of gas flow, as outlined above.

In order to monitor the gases to which the sample is
exposed, the microscope contains a capillary, whose
opening is in the immediate vicinity of the sample inside
the objective lens. This capillary is heated and pumped
separately using a turbomolecular pump. Owing to the
large pressure drop (~6 orders of magnitude) along the
1-6 mm capillary, it is possible to measure the gas
composition directly using a quadrupole mass spectro-
meter (residual gas analyser: RGA). The response time
from changing the gas flow or composition using the
mass flow controllers until it is measured using the RGA
is on the order of seconds. The RGA is used primarily to
monitor the cleanliness of the gas introduced into the
microscope.

During bake-out of the system, the interior of the
microscope is exposed to gases desorbing from the inlet
system. The Titan ETEM is equipped with an internal
plasma cleaner (Evactron 45 decontaminator). The
removal of carbon contamination by plasma cleaning
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a before reduction at room temperature in normal TEM mode; b after in situ reduction in 130 Pa H, at 500°C for 2 h;

c after in situ reoxidation in 320 Pa O, at 500°C for 2 h

3 Bright field images acquired during in situ reduction and reoxidation of Ni-YSZ SOFC anode: corresponding EELS

spectra are shown next to each image

should be considered a standard procedure before each
session of in situ environmental electron microscopy.

Selected applications

The considerations outlined above should be taken into
account when applying environmental transmission
microscopy as a technique for material research. A
selection of representative applications, in which the
above considerations are a natural part of the experi-
mental procedure, is now presented. The results
illustrate the performance of the Titan ETEM for
different applications. More detailed accounts are
presented elsewhere.

In situ reduction of metal oxides

Solid oxide fuel cell (SOFC) technology is often based
on the use of anodes that are made from nickel-yttria
stabilised zirconia (Ni-YSZ) cermets. The Ni is initially

in its oxidic state (NiO) during SOFC production and is
reduced to metallic Ni during the first cycle of operation.
As the microstructure of the anode influences the
electrochemical performance of the cell,* as well as its
stability for long term use,?” the nature of the micro-
structural changes that occur during this phase change is
of interest. Furthermore, reoxidation of the Ni can occur
as a result of high fuel consumption, air leakage or
uncontrolled shutdowns. The resulting volume change
from Ni to NiO can be detrimental to the microstructure
of the thin supported electrolyte®® and can lead to failure
of the entire device.

In order to gain insight into the reduction and
reoxidation process, a thin TEM lamella was prepared
using a standard focused ion beam procedure and
examined in situ in the ETEM.** Figure 3 shows bright
field TEM images of an area consisting of NiO and YSZ
grains. In situ treatment of the sample in 130 Pa of H, at
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temperatures of up to 500°C was used to follow the
reduction of the NiO grains and the resulting formation
of porosity. Diffraction patterns showed an epitaxial
relationship between the NiO grains and the growing
metallic Ni (shown elsewhere®®). Electron energy-loss
spectroscopy was used to monitor the decrease in the
oxygen K-ionisation edge and to show that the Ni Ls/L,
ratio also decreased.”® The sample was then treated in
situ in 320 Pa of O, at temperatures of up to 500°C in
order to reoxidise the metallic Ni grains, as shown in
Fig. 3. During the reoxidation process, the pores that
had been created in the grains were refilled. The growing
NiO was polycrystalline, and the oxygen K-ionisation
edge was observed to increase. Although the YSZ grains
did not appear to change chemically, stress from the
volume change in the Ni containing grains was observed
in the form of diffraction contrast variations in the YSZ
grains. The volume decrease resulting from the reduc-
tion of NiO to metallic Ni was compensated by the
formation of pores. Reoxidation of metallic Ni to
polycrystalline NiO grains induced stress in the matrix,
cracking of the structure and ultimately device failure.

Particle formation and migration

Many industrial catalysts are prepared using wet
chemical processes, with metals added in solution
followed by calcination and reduction to form the active
material. A high degree of control in each of these steps
is crucial.

An important deactivation mechanism in supported
metal catalysts is sintering, in which the average particle
size increases, leading to a decrease in active surface
area.”® Several mechanisms have been suggested, but the
difficulty of local high spatial resolution characterisation
has hampered experimental verification. Recently, it has
become possible to expose metal particles on a substrate
at elevated temperatures to a gaseous environment in the
TEM to follow growth processes in real time at high
resolution.

Two possible schemes for sintering are generally
considered:

(1) in Ostwald ripening, the particles are immobile,
and net mass transport from smaller to larger
particles occurs by the diffusion of single atoms
or molecular species

(ii) in particle migration and coalescence, entire
particles migrate over the surface of the support
and coalesce when they are in close proximity.

In order to distinguish between these possible mechan-
isms, a model catalyst was made by sputter coating gold
onto electron transparent flakes of boron nitride and
exposed to 130 Pa of H, at 400°C in the ETEM. Such a
system mimics the more complicated structures found in
industrial catalyst systems.

Figure 4 shows six frames taken from a movie
recorded under these conditions. From Fig. 4a to b,
particles 1 and 2 are observed to coalesce. In Fig. 45 and
¢, the same phenomenon is observed for particle 3. From
Fig. 4c¢ to f, particle 4 gradually becomes smaller, indi-
cating that Ostwald ripening is taking place. The
temporal resolution in these images does not allow inter-
mediate states of coalescence, which take place over
timescales that are much shorter than those involved in
particle migration, to be observed. However, this study
highlights the fact that both sintering mechanisms can
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4 Frames taken from sequence of bright field images of

gold particles on boron nitride support imaged in
130 Pa of H, at 410°C: images were recorded using
300 kV primary electron beam with Cs set to below
5 um (see text for more details)

take place under the same conditions. Based on such
investigations, activation energies can be measured by
relating the observed dynamics to the local specimen
temperature.

Cs correction for improved image
interpretability

The ETEM at DTU Cen is equipped with an image Cs
corrector that allows a choice of spherical aberration
coefficient of the objective lens system. In principle, for a
fully aligned corrector system, a point to point resolu-
tion of better than 0-1 nm is achievable. However, when
examining specimens at elevated temperature in the
presence of gas, the resolution and information limit are
affected by the stability of the combined system, which
includes the microscope, the holder and the sample
itself. In addition, elastic and inelastic scattering of the
electron beam by gas molecules degrades image resolu-
tion. Fourier transforms of lattice fringe images can be
used as a measure of the stability of the system.

Figure 5 shows a representative lattice fringe image
acquired in ETEM mode with its corresponding Fourier
transform, which indicates that the recorded image
contains lattice fringes with spacings below 0-14 nm.
Correction of the spherical aberration of the objective
lens system has the additional advantage of minimising
image delocalisation, especially near the edges of
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5 High resolution lattice image of ZrO, particles in 1:1 mixture of H, and N, recorded at total gas pressure of 310 Pa
and at specimen temperature of 177°C: Fourier transform provides indication of stability of microscope and specimen

under these conditions

crystals, making surface and facet structures more
directly interpretable.?” However, the full quantitative
analysis of such images requires a detailed knowledge of
the path of the electron along the microscope column in
the presence of gas in the objective lens both above and
below the sample.”® The factors that affect this path and
its effect on image contrast will be explored in more
detail in future studies.

In situ monochromated EELS

The combination of in situ capabilities and a mono-
chromated electron source allows for the acquisition of
EELS data with improved energy resolution, as well as
providing an opportunity to follow gas—solid inter-
actions spectroscopically and spatially. Whereas the
decreased beam intensity poses a challenge for mono-
chromated EELS studies of core losses, it is less of an
issue in the low loss region. For example, the low loss
EELS region of an NiZn sample used for the selective
hydrogenation of acetylene® reveals different features
when studying the as prepared sample and the in situ
reduced sample, as shown in Fig. 6a before and after
reduction of the oxide. The corresponding TEM images
are shown in Fig. 6b. The fresh sample consists of a
mixture of Ni and Zn oxides. After reduction, metallic
NiZn particles are formed, changing the coordination of
the Ni and Zn atoms and thereby altering the electronic
state of the sample and leading to changes in the energy-
loss spectrum. The spectrum of the as prepared sample
shows features at 3-6-5-0 eV that are difficult to resolve
without the use of the monochromator due to the broad
tail of the zero loss peak. These features are not present
in the spectrum of the reduced sample. The peak
observed at 12 eV in the spectrum of the reduced sample
is the H K-ionisation edge described by the Lyman
series’ convolved with instrument broadening. By
studying low loss EELS features in combination with
high resolution TEM images acquired in the presence of
a gas, information about changes in the valence state of
the solid material can be obtained. When combined with
theoretical models, a more complete picture can be
presented.

Besides using EELS to measure variations in compo-
sition and valence state, spectra can also be used to
measure gas pressure, and interesting additional features
are revealed in spectra acquired from gases when using
the monochromator, as shown in Fig. 7 for molecular
nitrogen. Although the energy resolution is not as high
as that achieved in the extensive dedicated EELS work
of Hitchcock and co-workers (e.g. Ref. 31) spectra can

be acquired in the ETEM at the same time as acquiring
aberration corrected lattice images.

Summary

In situ ETEM has come a long way since the pioneering
work of Baker and Harris." Developments in instru-
mentation now allow atomic resolution images to be
acquired digitally at high frame rates in combination
with high energy resolution spectroscopy and techniques
such as annular dark field imaging and electron
tomography. These new capabilities must, however, be
applied with considerable care. It is especially important
to understand differences between chemical reactions
performed ex situ and those performed in the electron
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----- Reduced sample

Intensity (arb. units)
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1

a low loss EELS of NiZn sample before (in high vacuum)
and after (120 Pa H,, T=450°C) in situ reduction; b TEM
images of corresponding as prepared (left) and reduced
(right) samples

6 Monochromated electron energy-loss spectra and cor-
responding images acquired in environmental TEM
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7 Non-monochromated and monochromated EELS of N,
gas acquired in situ at 500 Pa at room temperature

microscope in the presence of the high energy electron
beam.
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