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In situ Transmission Electron Microscopy
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The Ernst Ruska-Centre for Microscopy and
Spectroscopy with Electrons (ER-C), which is
located in Forschungszentrum Jiilich, is a
national user facility open to universities and
research institutions. The Institute currently
operates five aberration-corrected FEI TITAN
transmission electron microscopes (TEMs) and
six conventional TEMs. Research topics are
focused on the development of advanced high-
resolution and analytical electron microscopy
techniques and their application to studies of
i oxide

spintronic materials, semiconductors,
nanoparticles and metallic alloys.

The FEI Titan 50-300 PICO TEM (right) is equipped with a
monochromator, a Cs probe corrector, a Cs-Cc_image
corrector and a GIF. It has a spatial resolution of ~50 pm at
300 kV and is one of only a few chromatically-corrected high
resolution electron microscopes in the world.

The FEI Titan G2 60-300 HOLO TEM
is designed for electron holography
and in situ TEM. It has an ultra wide
pole piece gap, a Cs image corrector,
and three electron biprisms.

The FEI Titan 80-200 ChemiSTEM has a
high brightness Schottky field emission
electron_gun, a Cs probe corrector, a
Gatan Enfinium ER spectrometer and
‘Super-X large solid angle EDX detector.

In situ TEM specimen holders

The ER-C has a wide variety of TEM specimen holders, including
tomographic holders (Fischione Models 2020, 2040 and 2050)
DENSsolutions single tilt and double tilt heating and biasing
holders, a combined heating and cooling holder and a combined
gas reaction and heating holder.
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The DENSsolutions “Climate” in situ TEM gas and heating holder
(above) provides a high pressure gas environment at temperatures
of up fo 1000 K inside 2 nano-eactr enabing atomic esolton
characterization of solid-gas reactions in real t

In situ double tilt heating holder containing MEMS heater chip
(@bove) from DENSsolutions (Defft, NL).

In situ single tit heating holder containing a MEMS heater chip
(above) from DENSsolutions (Delft, NL).

Octahedral PtNi fuel-cell catalyst nanoparticles
studied by in situ TEM

PINi nanoparticies after 4, 8, 16, and 42 hours of solvothermal synthesis.

Due 1o their highly active {111} surfaces, octahedral-shaped PINi
nanoparticles are highly promising catalysts for PEM fuel cells. A study.
of the growth of bimetallic PINi alloy nanoparticles revealed a
previously overlooked element-specificcompositionally anisotropic
growth mechanism, whereby rapid growth of Ptrich hexapods/
concave octahedra along <100> directions precedes the delayed
deposition of a Nirich phase at the concave {111} sites (above). While
the growth of Pt-rich hexapods is a ligand-controlled kinetic process,
the step-induced deposition of the Nirich phase on the concave
surfaces isa thermodynamically-controlled process that takes place
over a longer time. The inferred element-specific anisolropic
provides the underlying basis for our previously-reported compositional
segregation and chermical degradation pathway for PINi octahedra
(right).

Illustration of structural changes of slightly concave Pt, ;Ni
octahedra during annealing up to 500 °C.

Plaich comer atoms diffuse and subsequently fil the
concave Ni-rich {111} facets, forming perfectly octahedral
nanopartioles with flat Pt-rich {111} surfaces.
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In situ oxidation of Ni nanoparticles on perovskite
substrates in an oxygen atmosphere

Perovskite materials have recently emerged as promising electrocatalytic materials with a wide range of
applications, including oxidation reactions, pollution abatement, hydrogenation, photocatalysis and
electrocatalysis. We have studied a catalyst system of Ni nanoparticles on a Lag ¢S - FeO; perovskite support,
focusing on he Ni perovkie neracion and s sirucural consequences for metrane team reforming and
methanation reactions. The image sequence above shows the oxidation of a Ni nanoparticle (amowed) during
2 in it noaling oxperimont caried outat 500 G n 1 at of Gxygen for 45 .
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In situ resistive switching of a SiO, layer in the TEM
using a movable probe

In situ observation of the formation of a conductive path

7 in a SiO, layer recorded while using a movable
< needle in a Nanofactory specimen holder to apply a
bias locally to the specimen in the TEM.

(@) Brightfield TEM image of the device recorded
during the application of an initial 5 V/ bias, showing no
visible change from the as-fabricated device. A
schematic diagram of the electrical setup used during
the in situ TEM experiment is shown on the right of the
image. (b) Current-voltage (I-V) measurements
recorded while performing in situ_switching of the
device using a W needle in the TEM. The red and
green dots correspond to positive and negative voltage

sweeps, respectively. Images (c-¢) were recorded while

increasing the voltage, while images (-h) were
recorded while decreasing the voltage. The red arrows
in (c-h) indicate the part of the SIO, layer that changes

Sopid votage (V)
a! l during the sweep. The green arrow indicates a crystal

in the TN layer that can be used as reference point
during the switching process.
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Soft magnetic materials for energy conversion and
high frequency applications
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Soft_magnetic materials employed in

s o ihe genrston and dlsiruton of
ceatical onergy o

amorphous and nanacrys'aume Fe-Si-
based materials (e.g. Vitroperm and
Finemet) show superior soft magnetic
properties and low losses.

We have used using Lorentz TEM and
oft-axis electron holography to study the
infulence of stress-induced anisotropy on
the structural and magnetic properties of
FerySirs B;NDsCu, alloys.

(a, ©) Lorentz TEM images of annealed
and stress-annealed samples. (b, d)
Corresponding magnetic induction maps
extracted from electron holograms.

Fast tomography for low dose characterization
of nanoscale materials

Continuous tilt series
acqu By utilizing
continuous  tilting of a
specimen and a fast and
efficient detector (a direct
electron detector with a
frame rate above 100 fps),
it is possible to decrease
e electron dose required
for the acquisition of a TEM
tomographic tilt series by a
factor of 10 compared to
state-of-the-art low dose
electron tomography. It is
therefore possible to use
this approach to perform
Comgous 1t o acausion of o The filling of Fourier space with  guoanie i i Studies
McEs)‘ S, nanotube on a la projection data according to the Fourier ot "3 imaging
support. The tilt series mmp,.ses slice theorem, both for a subset of 50 (AP UL T UL
3487 images taken over a tf range of Images extracted in 2" increments and Gt i o fow sconds
Z70° 10 +30° in only 3.5'5. for the ful tilt series of 3487 images
with an increment of ~0.029°.
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Redox reactions and ionic conductivity in SOFCs
studied by in situ TEM

A full understanding of reaction
mechanisms in solid oxide fuel

overcome present limitations.
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We have used in situ TEM to
study redox reacions and ioric

Cs in a gas
resction omikonment ot slevated
temperature.

We studed 2 model PLGDC-Pt

rathin cell on a Si substrate in
an environmental TEM using off-
[ Jooc | axis_electron holography "and
i EELS. Changes i the activities of

dopant cations in the solid
RT.__| electrolyte were detected during O
- anion conduction, demonstrating
the key role of dopants in
electrolyte architecture in SOFCs.
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Novel approaches for studies of ultrafast and
dynamic processes in the TEM

The double exposure method in clectron  Aberation-corected TEM combined with dediated
holography is presently being developed to allow valuation procedures allows the  three-
ifovonces i slecrostallc potontl hatween two  dimansional Shapo af @ cystal o be Getermined fom

states of a system that is being switched at high  only one single high-resolution image, as shown above
frequency to be recorded. (a) Double exposure for an MgO crystal viewed along [001]. The sensitivity
electron hologram recorded during the application o the reconstruction procedure is not only sufficient to
of a square wave with a 5 V amplitude at a  reveal the surface morphology of the crystal with
frequency of 100 kHz applied between two atomic resolution, but also to detect the presence of
metallic needles overlaid with its ampltude. (b)  adsorbed impurity atoms. Such a single-image
Corresponding phase image (proportional to the  approach offers possiilities to detect changes in
rojected electrostatic_potential) recovered from  surface morphology during in situ chemical reactions.

the high frequency DEEH amplitude.
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Conclusions

« In situ heating experiments in vacuum and in a gas environment in the TEM combined with analytical investigations
provide crucial information about the formation and degradation of octahedral nanoparticies and nanoparticle
catalysts on perovskite substrates. This information is essential for the enhancement of novel stable and efficient
catalysts for future energy conversion and storage applications.

 Gontiucus spaciman rolsion llows lamogrephi imaging of dynamin procasses such s ostayts reactons
and phase transformations in situ in the TEM with sub-5-s temporal resolution.
« The use of MEMS-based devices is promising for future in situ TEM studies when both an electrical stimulus
and an elevated o reduced specimen temperature stimulus are required.

« Off-axis electron holography is a powerful technique to sludy electromagnetic potentials in materials.

o New promise to temporal resolution in future in situ studies.
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