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Use of an Environmental Transmission Electron
Microscope for Dynamic in situ Studies of
Nano-Structured Materials at the Atomic Scale

urrent research and develop-
ment (R&D) that is focused
on efficient energy conver-
sion and environmental
protection technologies relies heavily
on advances in the development of new
and improved functional nano-materials
and nano-devices, such as catalysts, bat-
teries, fuel cells, etc. A thorough under-
standing of the relationship between the
nano-structure (shape, size, surface, inter-
face, defects, etc.) of the nano-material
system and its performance is vital for

applied R&D.

High-resolution transmission electron
microscopy (HRTEM) has clearly be-
come an essential tool for studying nano-
structured materials at the atomic scale.
With more recent advances in electron
optics, HRTEM is now able to detect the
atomic structure in nano-materials with a
resolution below 0.1 nm and with single
atom sensitivity.

Standard TEM experiments are per-
formed with the sample kept under high-
vacuum conditions inside the microscope
column. However, such conditions may be
inadequate to investigate the active func-
tional state of a structure whose proper-
ties depend on varying environmental
(gas) conditions.! In these cases, studies
should preferably be performed in situ
under exposure to an environment, such
as a reactive gas environment, matching
the conditions encountered during tech-
nical use of the nano-material. Dynamic,
atomic-scale visualization of structural
evolutions in situ under reactive (gas)
addresses  the
structure and

environments  directly

environment-dependent

dynamics of the functional state of the
nano-material and nano-device.? This is a
crucial R&D step, because generally there
is no evidence that the dynamic state of
the materials can be truly derived from
postmortem (high-vacuum) examinations
of the materials alone.

Differentially pumped environmental
TEMs (ETEMs)* 1 are uniquely designed
to permit some gas in the microscope’s
specimen area while preserving the atomic-
scale resolution of conventional TEM (see
Figure 1)." ETEM has proven to be an ex-
tremely powerful tool for applied research
(e.g., different aspects in the field of het-
erogeneous catalysis research'?), where it
allows dynamic, in situ observations of
catalysts in (near) operational conditions.
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Application of ETEM is an important
complement to theoretical approaches as
well as to the arsenal of established spectro-
scopic techniques (e.g., applied at synchro-
tron facilities) that average information
over length scales considerably larger than
the characteristic dimensions of the nano-
structures themselves.

Some application examples utilizing in
situ ETEM techniques are given below.

Studies of dynamic changes
in nano-particles during
redox processes

As mentioned above, dynamic observa-

tions of structural evolutions of functional
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Figure 1 — Titan ETEM G2 from FEI Company (Eindhoven, The Netherlands) and schematic drawing
of microscope column and differential pumping scheme (see Ref. 11 for details).
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nano-structures and nano-devices in their
operating conditions are essential to un-
derstanding properties
Crozier et al.” demonstrated the power of
ETEM by exploring structural changes oc-
curring in catalytic nano-particles during
exposure to a reactive gas environment.
In situ TEM studies have been applied to
observe the dynamic changes taking place
during redox reactions in ceria (CeO,)
and ceria-zirconia (Ce Zr, O,) nano-
particles. Catalytic oxidation of hydrogen
(H,) occurs via extraction of oxygen (O,)
from the crystal lattice leading to a reduc-

and function.

tion of the catalyst itself:

2ZmH,+ CeO, = 2mH,0+Ce O,
These reactions cause the catalyst to
change composition and structure to ac-
commodate the oxygen vacancies in the
crystal lattice. A combination of different
in situ applied TEM techniques (such as
HRTEM, electron diffraction [ED], and
electron energy loss spectroscopy [EELS])
have been applied to dynamically monitor
the evolution of the structure and chemis-
try during the redox processes from room
temperature (RT) up to 800 °C in a hy-
drogen (H,) gas atmosphere. For instance,
in the case of pure ceria, a reversible phase
transformation was found to take place at a
temperature of 730 °C. The generated oxy-
gen vacancies cause a structural change to a
cubic lattice superstructure. Also, the ceria
surface experienced structural transforma-
tions during reduction in hydrogen (H,).
The (110) surface is initially constructed
with a series of low-energy (111) nano-fac-
ets. Under strong reduction, the surface
slowly transforms to a smooth (110) surface
(see Figure 2).1

Dynamic study of particle
size evolution and particle
size distributions

Assemblies of nano-particles dispersed
on another material have turned out
to be very efficient heterogeneous cata-
lysts for a growing number of important
applications. The catalytic properties
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Figure 2 — In situ environmental TEM studies of dynamic changes in cerium-based oxides nano-particles
during redox processes. The in situ gas—solid reaction causes a change in composition and structure in a
ceria crystal, dynamically observed by in situ HRTEM, electron diffraction (ED), and energy-loss spectra
(EELS) recorded at 600 °C and at 730 °C in 0.5 Torr of hydrogen atmosphere (see Ref. 13 for details) .
(Reprinted with permission from Ultramicroscopy; copyright 2008, Elsevier.)

depend not only on the choice of com-
bination of materials, but also on the
stable shape, size, and distribution of the
nano-particles on the surface of the sup-
port. However, in many cases in which
heterogeneous catalyst nano-particles are
in their reaction environments at elevat-
ed temperatures, there is a change in par-
ticle size due to sintering, Ostwald ripen-
ing, etc., and particle distribution (e.g.,
see Refs. 14 and 15) that will eventually
deactivate the catalyst.

As a recent example of research utilizing
an ETEM, Benavidez et al.!® heated pal-
ladium nano-particles (using a character-
izing heating cycle) in hydrogen H, in-
side a microscope to study the role of the
reactive gas environment. A series of in
situ TEM images taken dynamically dur-
ing part of such a heating sequence are
shown in Figure 3. It appears that when
particles are in close proximity, they
move close to one other and coalesce.
The series in Figure 3 show that some ad-
jacent particles eventually merge to form
a single, larger particle. In this case, the
coalescence of two particles seems to be
driven by atomic-scale migration: the pro-
cess of merging is triggered by formation
of a neck or bridge that then fills in via
atoms migrating to the reentrant surface.
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Due to its size and shape change, this
resulting larger particle might exhibit a
different catalytic property, which is not
beneficial for the desired chemical con-
version process.'

Reliability studies of
solid oxide fuel cell
(SOFC) nano-material

In the future, energy supply may be
based more on sources such as hydro-
gen (H,) than on the continuous use of
fossil fuel. Depending on the source of
H,, this would also lead to a reduction
in the emission of greenhouse gases. The
chemical reaction of H, with oxygen (O,):

2H,+0O, = 2H,O + energy

would provide the energy for electricity
and transportation. One of the key tech-
nologies here, which is the focus of ongo-
ing R&D work, is the fuel cell (FC). FCs
are electrochemical devices for the con-
version of chemical to electrical energy.
They are efficient, scaleable, have a rapid
response to load changes, and are suitable
for remote usage.

Solid oxide fuel cells are a class of FCs that
use a solid oxide material as the electrolyte.



NANO-STRUCTURED MATERIALS continued
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Figure 3 — Dynamic in situ TEM study of particle size evolution and
distribution in supported metal catalysts in a gas environment. Images of a
time series of the same region of palladium nano-particles on a carbon film
heated to 600 °C in a 3 mbar gas atmosphere of 5% hydrogenfargon. The
images show the formation of a neck between two large, adjacent particles and
their eventual coalescence after more than 6 min (see Ref. 16 for details) .
(Reprinted with permission from ACS Catalysis, copyright 2012, American
Chemical Society.)

Jeangros et al.'” performed in situ ETEM studies on SOFC anode
material mimicking multiple FC operation cycles to study the re-
dox stability (Figure 4). Here, the SOFC anode is made of porous
ceramic-metal composite yttria stabilized zirconia (YSZ) and nickel
(Ni). The results reveal that the transfer of oxygen from NiO to YSZ
triggers the reduction reaction. During Ni reoxidation, the creation
of a porous structure, due to mass transport, accounts for the redox
instability of the Ni-based anode. Both the expansion of NiO dur-
ing a redox cycle and the presence of stress in the YSZ grains are
observed directly. In addition to providing an understanding of the
anode redox degradation, the observations are used to propose an
alternative anode design for improved redox tolerance.”

Atomic-scale observations of
surface oxidation

Surface oxidation, such as on metals, plays an important role in
different technologies, from causing serious long-term materials
stability issues to providing a defined beneficial protection layer.
Areas of research include controlling surface morphology and
manipulating initial oxidation steps to affect the ongoing kinet-
ics. Zhou et al.’®" recently reported dynamic atomicresolution
ETEM observations of in situ oxidation on copper (Cu) surfaces.

The structure difference between the idealized crystal surfaces and
real surfaces is known as the structure gap and has been a major ob-
stacle hindering understanding of the (microscopic) processes con-
trolling the oxidation of surfaces. The observed realistic Cu surfaces
are composed of flat terraces and step edges. Oxidation occurs via

reduction
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Figure 4 — In situ TEM study of the redox cycle of a solid oxide fuel cell
anode. The in situ TEM image series show a redox cycle of a NiO-YSZ-based
SOFC anode (in situ reduction in 1.4 mbar H, and subsequent reoxidation in
3.2 mbar O,. Structural changes (such as nano-porosity and cracks) develop
during in situ redox cycles mimicking the operational cycles of an actual FC
(see Ref. 17 for details) . (Reprinted with permission from Acta Materialia,
copyright 2010, Elsevier.)

layer-to-island growth of Cu,O on flat terraces, with Cuadatoms evap-
orating from steps and diffusing across the terraces (Figure 5). This
process can be regarded as deposition of a solid oxide from a mixed
phase of Cu and O thermally diffusing across the surface that is rath-
er different from the long-held oxidation mechanism of the solid-
solid transformation. The presence of surface steps can promote
the development of a flat metal-oxide interface by kinetically
suppressing the solid-solid transformation of oxide formation.
Control of the surface morphology therefore allows manipulation
of the oxidation behavior of metals."”

Conclusion

The above application examples and others'? (see, also, a reference
list at FEI.com/ETEM) demonstrate that a differentially pumped
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Figure 5 — Atomic-scale visualization of a metal surface oxidation. In situ
TEM observation of monolayer growth of Cu, on a Cu(110) surface during
in situ oxidation at 350 °C in 0.005 Torr of oxygen gas atmosphere (see
Ref. 18 for details) . (Reprinted with permission from Microscopy and
Microanalysis, copyright 2012, Cambridge University Press.)
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ETEM is a powerful tool for applied re-
search and development on functional
nano-structures (such as catalysts, batter-
ies, and fuel cells) that requires exposure to
an operational/reactive gas environment.
ETEM provides exclusive data (images,
movies, spectra, and more) from these dy-
namic in situ processes at the atomic scale.

The number of centers worldwide that
use FEI ETEM techniques as part of
their ongoing research continues to grow.
Many of these centers also operate as user
facilities, thereby opening opportunities
for researchers facing similar R&D chal-
lenges to explore the ETEM capabilities
in collaboration with specialists at one of
these centers.
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