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In-Situ Gas Transmission Electron R
Microscopy

Ke Fang, Wentao Yuan, Jakob B. Wagner, Ze Zhang, and Yong Wang

9.1 A History of In Situ Gas TEM

Since the pioneers of transmission electron microscope (TEM) lied the foundation
of electron microscopy in 1932 [1, 2], the exploration and development of the TEM
apparatus itself and various accessories are being constantly carried out.

In the early stages of development, due to the low magnification and unsatisfying
resolution of the TEM, high spatial resolution and sensitivity are the main pursuits of
modifications to the microscope. Among the affecting factors, the degree of vacuum
is an important and accessible factor to improve the resolution. The scattering of
electrons by gas molecules on the electron pathway can influence the coherency of the
electron beam (e-beam), which can further affect (degrade) the intensity, resolution,
and contrast of imaging. Therefore, the tendency to develop the microscope with
high vacuum as much as possible prevailed in the early decades. Special attention
was paid to optimizing the specimen chamber, because changing the specimen each
time could run the risk of vacuum breaking.

However, the specimen characterized in such a high vacuum environment may
not represent the structure or status of it under realistic operating conditions, espe-
cially for some gas-sensitive materials or special atomic structures that only existed
in a gaseous environment. In addition, the dynamic information of structural and
compositional evolution of materials in real environment is missing in these vacuum
characterizations, though it is of great significance to understand many physical
and chemical processes. This dilemma stimulated the development of environmental
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TEM techniques, which emphasize simulating realistic gaseous conditions during
real-time observation of the specimen.

Actually, the thought of introducing gas into the TEM emerged almost as early
as the birth of TEM. The controllable gaseous environment was firstly proposed by
Marton in 1935, including two approaches which could accomplish the gas confine-
ment in the close vicinity of the specimen while maintaining the high vacuum in
other essential parts of TEM. The first approach is realized by modifying the objec-
tive pole pieces, placing pairs of apertures above and below the specimen to confine
the gas around the specimen chamber in 1942 [3]; the second approach is creating a
sealed (closed) gas cell with electron-transparent windows placed above and below
the specimen, which could withstand the pressure difference between the inside and
the outside of the cell in 1944 [4].

These two approaches have been subsequently employed in tremendous designs
of TEM in the following decades. Both approaches developed well independently
and established their special structures and own complete systems, with the amount
of applications, respectively. The first method is generally called “opened type” or
“aperture”, and another one is named “closed type” or “window”.

At the early stage of development, several researchers carried out TEM observa-
tion in reactions by using the residual gases in the microscope column [5, 6]. This
method, obviously, suffered from shortcomings including low maximum pressure
(~1073 Torr) and uncontrollable gas composition, so that a variety of chemical reac-
tions may occur. To solve these problems, a means of providing an atmosphere of
known composition and stable pressure around the specimen is desired.

In 1958, Ito and Hiziya [7] modified the specimen chamber of an ordinary TEM
to directly observe the specimen in a chemical reaction at varied temperatures (room
temperature to 1000 °C) in gas atmospheres. The gas distance that electrons passed
through in that device was 2 cm, and the gas pressure was limited by suppressing
the gas diffusion to the column through doubled diaphragms and a separated pump.
Image quality was not worse in the range (10~ to 1 mm of Hg) of the gas pressure used
if the gas of light elements such as air or hydrogen was employed. In 1962, Heide [8,
9] exhibited another solution of the closed type. The specimen chamber was formed
by two specimen grids with the flat surfaces facing each other and kept apart at the
desired distance by pieces of thin metal foil. Meanwhile, the grids were covered with
a supporting film of low contrast, which had to withstand the gas pressure difference
from vacuum (107° Torr) to 760 Torr.

The available gas pressure in aperture mode was lifted in the following years. In
1968 [10], Hashimoto attained the gas pressure of 300 Torr through modification of
TEM, based on the design in which the heating capability up to 1000 °C was achieved
[7, 11]. The phrase “controlled atmosphere electron microscopy” (CAEM) was put
forward by Baker et al. in the 1970s [12], to describe the technique which enables one
to study reactions between gases and solids at very high magnifications, while they
were taking place under realistic conditions of temperature, gas, and pressure. The
key design idea of CAEM was to create a high-pressure environment in the specimen
region while maintaining very low pressure in the rest of the microscope [12]. The
pressure in a sealed cell, which was designed by Fujita et al. [13], and exceeded one
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atmospheric pressure in 1976. The cell consisted of three films that could be filled
with gas or liquid on a 3MV-class electron microscope. It could be used for the study
of both biological and physical subjects at high pressure (close to two atmospheres).

The importance of differential pumping gradually emerged with the higher desire
for controllable pressure in aperture mode. In 1972, Baker and Harris [14] incorpo-
rated the gas reaction stage designed by Hashimoto [10, 11] onto a high-resolution
TEM. The specimen chamber was evacuated by a three-stage diffusion pump which
was backed by a rotary pump. Differential pumping was exploited in Rodriguez’s
work [15] in 1990 as well as Lee’s modification [16] in 1991. With five apertures
and four turbomolecular pumps employed, 0.41 nm of the point-to-point resolution
was achieved in 9.3 kPa of H, gas for hours. In 1997, Boyes [17] introduced two
pairs of apertures above and below the specimen, which were mounted inside the
bores of the objective pole pieces rather than between them as in previous designs.
The designed custom set of pole pieces for the first stage of differential pumping
allowed unrestricted use of regular sample holders in lenses with much lower aberra-
tion coefficients. Meanwhile, the apertures restricted the higher angle of diffraction,
but useful data can be recorded and provided for convergent beam diffraction pattern
analysis with a STEM probe.

In the 2000s, Boyes’ design was adapted by TEM manufacturer Philips Electron
Optics (acquired by FEI Company in 1997, and FEI was acquired by ThermoFisher
in 2017), with further development in electron source and different objective pole
piece gaps.

The next significant progress was the introduction of microelectromechanical
systems (MEMS) technology [18-21] in the window approach. A MEMS-based
nanoreactor was invented for the atomic-resolution ETEM study of nanostructured
materials under ambient pressures and elevated temperatures. Creemer et al. [18]
miniaturized the gas volume and heater into a sealed system, which allows the
observation of nanocrystal growth and mobility on a sub-second time scale with
a spatial resolution of 0.18 nm, during heating to 500 °C and exposure to 1.2 bar
of Hy. This technique has a more rapid thermal response and smaller specimen drift
compared with the furnace-based heater. Since then, MEMS becomes the main trend
in the development of the window approach. Of course, the usage of MEMS already
expanded to aperture mode spontaneously with the development and maturity of
technology itself.

9.2 In Situ Gas TEM Technologies

Since Marton’s proposal about two approaches which could accomplish the gaseous
environment in TEM, great efforts have been devoted to studying and developing
both methods in the following decades.
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9.2.1 Aperture (Opened) Approach

Aperture approach is modifying the specimen chamber by placing pairs of apertures
between or inside [17] the objective pole pieces to confine the gas leakage, and
differentially evacuate individual vacuum stages of the microscope column. The
position, number, and size of apertures are essential and influential factors which
balance the conflict between the passage of electrons and the airtightness of the
specimen chamber. The complete system would incorporate the differential pumping
system as well, to avoid a gas leak and maintain the high vacuum in the other essential
segments of the TEM.

There are no additional membranes, which are made of amorphous material on
windows to degrade the resolution completely, meaning that the images are only
derived from the specimen itself and gas molecules (disperse uniformly). Meanwhile,
the modification of the specimen chamber has little effect on the specimen holder,
which means that the normal holders used in a regular TEM are also compatible with
the ETEM. In particular, the use of standard TEM specimen holders supports various
sample geometries and allows additional (in situ) functionality, such as tomography,
optical studies (of photocatalysts), and mechanical testing (of metals). Furthermore,
the specimen preparation of aperture mode is also much easier and more convenient
than the window mode, given the fact that the completion of a perfectly sealed cell
requires several critical processes which should be paid enough attention to. The
disadvantages of aperture mode are also obvious. It can’t be used for liquid—solid
interactions, and another distinct shortcoming is the maximum gas pressure limited
to the size of the apertures, the power of the differential pumping system, and a
much thicker gas layer compared with window mode. Actually, the controllable gas
pressure in the aperture mode is still lower than the window mode nowadays.

Owing to its robustness and compatibility with specimen types as well as flexi-
bility in experimental conditions [22], the aperture mode was preferred in the early
developing period of the gaseous environment.

The aperture environmental cell was constructed by Ito [7]. In the same year,
Hashimoto [11, 23] also modified an electron microscope with three lenses to observe
the metal-oxide crystal growth on the surface of metal filament (tungsten) under
heating and a gaseous environment. The metallic tungsten wire was heated from
700 °C to its melting point (nearly 3000 °C) in a vacuum of 102 mm Hg (1.33 Pa).
In 1968, Hashimoto [10] improved the design of the specimen stage and elevated
the acceptable gas pressure to 300 Torr. The specimen was placed on a film covering
the hole in the platinum ribbon and heated by an electric current sent through the
ribbon (Fig. 9.1b). The gas was supplied around the specimen through a pipe and
overflowed into the vacuum of the microscope column through the two platinum
apertures on either side of the ribbon. The overflown gas from the specimen chamber
was pumped out separately from the evacuation system of the main column, and the
specimen stage can be taken out from the vacuum of electron microscope column
through an air lock system without breaking down the vacuum. These efforts led to the
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Fig. 9.1 a Cross-section of gas reaction specimen chamber. b Specimen holder. ¢ Cross-section
of the electron microscope column in which gas reaction chamber is installed (reproduced with
permission from Ref. [10], Copyright 1968, The Physical Society of Japan and The Japan Society
of Applied Physics)

production of a commercial gas reaction stage, and the image resolution achievable
was 5—10 nm with an air pressure of 40 kPa (300 Torr).

In the same year, Fryer [24] investigated the oxidation of graphite catalyzed by
palladium by heating the specimen to 500 °C using a Siemens Elmiskop I elec-
tron microscope with a heating stage in a vacuum of 10~ Torr, then let in dry air
passing over the specimen by means of special attachment. The behavior was watched
and recorded on photographic plates and on videotape by means of closed-circuit
television.

Mills and Moodie designed and constructed an electron microscope stage which
combined operation at high resolution with various facilities including free move-
ment, tilting, heating and cooling, anticontamination, and gas injection in 1968 [25]
as well. A curved silver capillary whose tip engaged in the sleeve of an injector was
mounted on the specimen platform and extended inside the capsule to within 5 mm
of the specimen cup. The column pumps, working through the capillary, satisfy a
rate adequate for the evacuation of the line between the taps and the valves, and for
adjustment of the pressure in the fixed volume.

Although the differential pumping system was not employed in Mill’s experiment,
the importance and necessity of it displayed gradually, especially catering to the
higher gas pressure demand during research.

In 1972, Baker and Harris incorporated a modified gas reaction stage (JEOLCO
JEM AGI attachment, commercially available, designed by Hashimoto [10, 11]) onto
aJEM 7A “high-resolution” electron microscope. The specimen chamber was evac-
uated by a three-stage diffusion pump backed by a rotary pump. The attachment
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omitted the second aperture used in Hashimoto’s design in order to retain the diffrac-
tion facility, but with some sacrifice to the maximum attainable gas pressure (up to
30 kPa instead of 40 kPa). Of course, the maximum operating pressure in the cell was
dependent upon the area of the aperture, the pumping speed of the auxiliary pump,
and the molecular diameter of the gas.

Lee and coworkers [16] employed the aperture-limited, differential pump type in
their experiment as well in 1991. A pole piece was designed for a JEOL 4000 that
has a gap of 14 mm compared to 4-6 mm in the high-resolution pole pieces. Five
apertures were used, with two primary apertures of them located in the body of the
cell, two secondary apertures located in the pole piece, and a final aperture located
in the lower section of the condenser lens stack. The gap between the principal
apertures was reduced to 4.3 mm and a tilt of £30° can still be obtained from
two perpendicular observing directions using this scheme. Another spotlight of the
design was the release of restrictions on high-angle diffraction. For an accelerating
voltage of 400 keV, the maximum diffraction angle that can be observed corresponds
to 1.4°. Four Seiko-Seiki turbomolecular pumps were employed to accomplish the
differential pumping (1) between the principal and secondary apertures, (2) in the
volume surrounding the pole piece, (3) between the upper secondary aperture and the
condenser stack aperture. With this arrangement, the environmental cell can support
20 kPa (150 Torr) of H; for short periods of time (minutes) or 9.3 kPa (70 Torr) of
H; gas for several hours.

In 1997, Boyes and Gai [17] made a breakthrough in the position of apertures on a
Philips CM30T TEM/STEM (scanning TEM) system. They introduced two pairs of
apertures above and below the specimen, which were mounted inside the bores of the
objective pole pieces rather than between them as in previous designs (Fig. 9.2). This
approach allowed unrestricted use of regular sample holders in a relatively narrow
gap lens (S = 9 mm) with much lower aberration coefficients (C; = C. = 2 mm)
than have been possible with previous environmental cell designs. Such design is
dedicated to the environmental cell (ECELL, or gas reaction cell), and the controlled
environment ECELL volume is the regular sample chamber of the microscope. It was
separated from the rest of the column by the apertures in each pole piece and by the
addition of a gate valve, which was normally kept closed, in the line to the regular ion
getter pump (IGP) at the rear of the column. Pumping ports have been added to the
column between the ECELL apertures located in upper objective lens (OL) polepiece
and lower OL polepiece, respectively, for the first stage of differential pumping. Then
a second stage of pumping between the condenser aperture and upper OL polepiece,
and between lower OL polepiece and selected area apertures was accomplished in the
modified column liner tubes. The maximum allowable pressure of this apparatus was
50 mbar. In addition, due to the desire for maximum gas pressure attainable, the aper-
tures were normally small enough to restrain gas leakage, which block the high-angle
scattered electrons simultaneously, limiting annular dark-field STEM (ADF-STEM)
imaging. Here, the relatively large apertures in the cell provided useful angles of
diffraction in TEM mode, and for convergent beam diffraction pattern analysis with
a STEM probe. The design of the ECELL is outstanding and developed continuously
in the following years with the improving capability and expanding research fields
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Fig. 9.2 Schematic of the basic geometry of the aperture system from Boyes and Gai (reproduced
from Ref. [26], copyright 2014, Elsevier Masson SAS)

[26-30]. And in 2013 [28], they introduced the modification of double aberration-
corrected (2AC) JEOL 2200 FS FEG TEM/STEM to provide both ETEM, and for the
first time environmental STEM (ESTEM), with full functionalities. These include
introducing controlled conditions of the gas environment and high temperature with
uncompromised high angle annular dark field (HAADF) Z-contrast ESTEM imaging,
low background ESTEM EDS (energy-dispersive X-ray spectroscopy) microanal-
ysis, AC ESTEM EELS (electron energy-loss spectroscopy), and wide-angle electron
diffraction analyses of nanoparticle structures and wider crystallography.

An inventive gas-providing method with a specialized holder was proposed by
Kamino et al. [31] in 2005. The side-entry specimen holder consisting of a heating
element and a gas injection nozzle could be attached to a conventional TEM without
any modification. A spirally wound fine wire of tungsten with a diameter of 25 mm
was used as a heating element (Fig. 9.3a), which was heated by a direct electric
current via a power supply unit equipped with batteries. Since a firewire of tungsten
was used as the heating element, the application is limited to particles with a diameter
of several micrometer or smaller. Definitely, the design provided the capability of
high-resolution TEM imaging at very high temperatures. A gas injection nozzle
with an inner diameter of 0.5 mm was built near the heating element at a distance
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Fig. 9.3 Schematic diagram (a) and an external view (b) of the gas injection/specimen heating
holder (reprinted with permission from Ref. [31], Copyright 2006, Oxford University Press)

of ~1 mm. The experiment was manipulated in a Hitachi H-9500 and a Hitachi-
9000NAR, which were ETEM actually (the microscopes have fixed apertures with
a diameter of 0.3 mm between the first and second condenser lenses, without any
added aperture between the specimen chamber and the electron gun chamber). The
pressure of the electron gun chamber was kept in the middle of 10> Pa even after
the pressure of the specimen chamber reached the middle of 1072 Pa at the gas-flow
rate of ~7 ml - min~'. This pressure in the electron gun chamber was sufficient for
working with the LaB¢ cathode. In other words, the observation of chemical reactions
in a gaseous atmosphere in the range of 10~ Pa can be carried out in a conventional
TEM equipped with a LaBg¢ cathode without any modifications of the column and/or
the pumping systems. In fact, the holder allowed observation of TEM images of
the gas-reacted specimen at temperatures of 1300 K in the ~2 x 1072 Pa gaseous
environment at atomic resolution.

In the 2000s, the design of Boyes and his coworkers was adapted by TEM manu-
facturer Philips Electron Optics, with further development in electron source and
different objective pole piece gaps. Later versions of the in situ ETEM instrument,
(which include the CM 200-300 series, and Titan) have been installed in laboratories
around the world.

The ETEM installed at the Center for Electron Nanoscopy in the Technical Univer-
sity of Denmark (DTU Cen) [32] is a typical example based on the collaboration
of Boys, Gai and Philips. Multilevel turbomolecular and ion getter pumps were
equipped successively to sustain high vacuum around the electron source. As shown
in Fig. 9.4a, each pumping stage is separated by additional apertures that result in
pressure drops, approximately three orders of magnitude lower per aperture, from
a pressure of ~1500 Pa in the sample region to below 107° Pa in the field emis-
sion gun region. The microscope can be operated in two primary modes, including
conventional operation (low pressure) which is pumped using the standard ion getter
pumps, and ETEM mode whose pumping pathway is through three turbomolecular
pump valves. Furthermore, an image Cg corrector and a monochromated electron
source are both employed to improve the spatial resolution and energy resolution,
respectively. When the microscope is operated at an acceleration voltage of 300 kV,
the measured energy spread could be better than 200 meV (in high vacuum) with the
monochromator, and the point resolution could be brought down to below 0.1 nm
with the Cs corrector.
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Fig. 9.4 a Schematic diagram of differentially pumped TEM column (FEG, field emission gun;
IGP, ion getter pump; TMP, turbomolecular pump; RGA, residual gas analyzer; PC, plasma cleaner;
Cl1, first condenser aperture; SA, selected area aperture) (reproduced with permission from Ref.
[32], Copyright 2010, Taylor and Francis). b A schematic diagram of differential pumping system
suitable for environmental (S)TEM imaging (reproduced with permission from Ref. [33], Copyright
2019, Cambridge University Press). ¢ A schematic diagram of gas injection system suitable for
environmental (S)TEM imaging (reproduced with permission from Ref. [34], Copyright 2019,
Cambridge University Press)

The ETEM series in FEI developed in the following years, and the up-to-date
model is called “Themis ETEM”, which can be combined with optional image Cs
corrector, Thermo Scientific™ X-FEG module, and monochromator technology to
further extend it to meet the high standards in atomic-resolution STEM imaging and
spectroscopy expected from Themis TEM technology. The Themis ETEM features
an innovative differentially pumped objective lens, uniquely designed for the ETEM
platform. This lens design enables all the same features from a standard Themis
S/TEM, such as window-free imaging and compatibility with Themis TEM heating
holders for easy sample insertion, while also allowing ample chamber space for a
full double-tilt capability to support 3D tomography. Gas inlets allow safely adding
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of inert and reactive gases to the chamber. Gas pressures in ETEM experiments can
be accurately preset from 10~ Pa up to 2,000 Pa (for N;). Furthermore, The Themis
ETEM is equipped with a mass spectrometer to determine the gas composition in
either the gas inlet system or the specimen area. A built-in plasma cleaner allows for
the cleaning of the specimen area after using a gas.

In 2018, the analytical 200 kV cold field emission TEM (HF5000, Hitachi
High-Technologies) equipped with an in house designed probe-forming aberration
corrector was introduced and the imaging performance of the environmental real-time
STEM was reported by Hitachi Company [33, 34]. Figure 9.4b shows the schematic
diagram of the differential pumping system of HF5000 suitable for environmental
(S)TEM imaging. An orifice is added between the gun valve and specimen chamber
for enhancement of the differential pumping system. The HF5000 can have two
gas injection nozzles, one is attached to the specimen chamber and the other is in
a filament-heating holder. The gas can be chosen independently (Fig. 9.4c). Gas
flow is limited to one nozzle at a time and can be controlled. Maximum allowable
flow rate is 3.5 sccm and the calibrated local pressure around the specimen is 10 Pa
at the maximum flow. At an accelerating voltage of 200 kV, the TEM resolution
(lattice) is 0.102 nm, while the STEM resolution is 78 pm. In addition to retaining
key features of previous instruments, such as the automatic correction function and
the symmetry-dual Silicon Drift Detector, the HF5000 could simultaneously obtain a
secondary electron image with rich high-resolution surface morphology information
at the atomic scale besides DF/BF live images. The HF5000 key feature of in situ
STEM is a live scanning acquisition (25 frames/s) that allows real-time observa-
tion and video recording of dynamic atomic-scale reactions (structure change and
elemental diffusion). Meanwhile, the chip-based sample holder is developed using
MEMS technology by Norcada and Hitachi High-Technologies Canada. Maximum
heating temperature of this holder is 1100 °C and the minimum controllable temper-
ature increment is 1 °C. Heating up speed from room temperature (RT) to 1000 °C
is as fast as a few seconds. In other words, HFS000 almost aggregates and fuses core
technologies perfected in the development of Hitachi’s HF series of TEMs.

9.2.2 Window (Closed) Approach

The window approach is creating a sealed cell which contains the specimen,
with electron-transparent windows which could withstand the atmospheric pressure
between the inside and the outside of the cell.

The feature of this mode is the airtightness of the cell, which enjoys conspic-
uous advantages. Firstly, the whole volume and the specimen itself are confined
by the electron-transparent windows, which could sustain higher gas pressure with
the development of window material. The length of gas—electron interaction is much
shorter compared with the aperture mode (normally several microns), so as to improve
the acceptable gas pressure. The atomic resolution can be achieved under one atmo-
sphere or higher (~4.5 bar) [18-20, 35-37] nowadays. Secondly, a window-friendly
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cell specimen holder is compatible with different TEMs without any modification to
the microscope itself. And the cost of purchasing or modifying a specimen holder is
much smaller compared with a differential pumped ETEM. Furthermore, the sealed
cell could contain liquid or wet samples, which is the unique advantage of the window
mode. Finally, due to the lack of additional apertures which restrict the leakage and
diffusion of gases, wide-angle electron diffraction and HAADF imaging could be
operated (definitely, HAADF could be implemented in the aperture mode at present).

Unavoidable drawbacks are obvious as well. The unique airtightness is a supe-
riority and a risk simultaneously. The possibility of the fracture of the windows or
leakage of the gas during experiments would deteriorate the high vacuum of the
column and electron source. Meanwhile, the airtightness results in the complexity
and difficulty of the sample loading operation, especially under the demand of main-
taining the centering and coupling of top and bottom cell windows. Thirdly, even
though the window materials were selected carefully and fabricated finely to sustain
the amorphism and homogeneity, the electron-transparent windows still interact with
the electrons, resulting in the scattering information superimposed on the image
obtained. Furthermore, the scattering effect that results from the amorphous windows
is not neglectable, especially since the thickness would influence the quality of
imaging immensely. Another easily neglected problem is the contamination from
the specimen, which will evaporate/sublimate and condensate on the top window,
hindering the observation. Finally, the existence of windows hindered the acquisition
of EDS signals as well (it is realizable using specifically designed cells nowadays
and is already commercialized, e.g. DENSsolution and Protochips), and local sample
loading area and windows confined the observation view, normally much smaller than
conventional TEM. Generally, samples could only tilt in one direction with the limi-
tation of the geometrical shape of nanoreactors, which influenced the observation of
specific directions.

The materials of the electron-transparent window are essential in the develop-
ment of the window mode, and they must satisfy the following requirements: (1) be
electron-transparent, which is the vital factor; (2) have sufficient strength to resist the
pressure difference inside and outside the cell; (3) scatter weakly and non-oriented
to preserve the diffraction information of the specimen. The atomic number of the
element contained in the window is usually small since a larger atomic mass exacer-
bates the scattered effect. Initially, the windowed cells were constructed from metal
(e.g. Cu/Ni) grids, O-rings, and thin films [8, 38, 39]. Gradually the amorphous mate-
rial (carbon, polyimide, silicon nitride, silicon dioxide, and alumina) have been used
as windows [39].

An enclosed cell to protect the specimen from the high vacuum and electron
bombardment was devised by Abrams and McBain in 1944 [4]. The plastic windows
scarcely interacted with electrons, and they were liquid-tight and vapor-tight and
easily withstand a difference of one atmosphere pressure between the inside of the
cell and the remainder of the electron microscope.

In 1962, Heide’s experiment [8, 9] exhibited a successful sealed cell of variable
gas pressure. The specimen chamber was formed by two specimen grids with the
flat surfaces facing each other and kept apart at the desired distance by pieces of thin
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metal foil. Both grids were covered with a supporting film of low contrast, which has
to withstand the air or gas pressure (760 Torr) over the central openings, meanwhile
one of them served as a supporting film for the specimen. The gas was injected
through a tube placed in the opening of the column.

So far, the specimen supporting method was placing the specimen on the grid or
the supporting film served as the window, which resulted in the difficulty in heating,
and the gaseous environment was confined by the single gas line which is incapable
of continuous flowing gas.

Escaig and Sella made an important integration of the heater and gas support
system in 1969. Twin gas lines in their holder supported the continuous circulation
of gas while the temperature of the specimen varied. The windowed cell consisted
of triple layers of carbon, nitrocellulose, and silica (facing the specimen), and main-
tained a gap of approximately 1 mm between window and specimen, which was
successfully employed for in situ oxidation of copper, tungsten, and titanium.

In the late 1960s and 1970s, the development of high-voltage (1 meV) electron
microscopes with the stronger penetrating power of electrons led to enclosed gas
reaction cells with thicker, stronger windows. Fujita [13] designed a new sealed cell
with a twin gas line for a 3 MV-class electron microscope. Metal meshes which
supported the cell films were chosen from vapor-deposited aluminum, SiOy, and
carbon film depending on the purpose. The sealed gas cell can be pressurized up to
195 kPa (1471 Torr) by circulating gas or liquid into the capsule. Meanwhile, the
specimen can be heated to 1000 °C or even higher through direct electrization of
Ni-mesh or the specimen itself, and cooled with a liquid nitrogen tank.

Images of the crystal lattice of ceria were recorded under flowing nitrogen gas at
20 Torr in 1989 by Parkinson [38]. The key features were that the gas was contained
between very thin (ca 5-10 nm), evaporated carbon windows, and the path length
of the beam was kept small (10-50 pwm). The cell was able to support a pressure
difference of circa one atmosphere with a high flow rate (up to 50 ml/min). This was
the first time that such high resolution had been achieved under conditions not far
from those typical of in situ use (medium voltage, 400 kV). From then on, structural
information contains chemical significance became discernible, while the technique
began to offer real hope of carrying out fundamental dynamic studies of the activation,
reaction, and passivation of gas/solid systems close to the atomic level.

In the following two decades, similar techniques [36, 37, 40-42] were developed
in the area of film material and simplification of structure. In 2005, Komatsu [40] used
a window whose base is a commercially available copper mesh grid with double-
layer polyvinyl-formvar/carbon thin films formed by vapor deposition (Fig. 9.5a).
Onto this base, additional layers of nylon and amorphous carbon were evaporated
to improve both mechanical strength and heat resistance, and the cell pressure could
be increased to ~1.3 x 10* Pa. In Giorgio’s experiment [41], the cell was closed
by two copper disks where seven holes have been drilled, which were pre-covered
by ~10 nm amorphous carbon films, located inside the cell (Fig. 9.5b). The sample
(powder) was deposited on the heating wire made of W—Re, which was isolated
from the grids by an insulator ceramic. The electrical connections for the heating
wire and both tubes for gas circulation were included in the sample holder. The Viton
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O-rings provided the sealing of the cell toward the vacuum of the TEM column. In
2009, Kawasaki et al. [42] developed a simplified E-cell, thanks to the successful
development of remarkably tough thin carbon films as the window material. These
films, with a thickness of <10 nm, were found to withstand pressure difference >2 atm.
The E-cell at the tip of the specimen holder connected two stainless pipes from the
other side of the holder, allowing gases to pass in and out (Fig. 9.5¢). In 2010, de
Jonge [37] constructed a cell to record the STEM images of gold NPs at atmospheric
pressure through a 0.36 mm thick mixture of CO, O, and He. A sample compartment
filled with gas at atmospheric pressure was enclosed between two silicon microchips
supported by electron-transparent SiN windows. The microchips were separated by
a spacer and sealed with epoxy. Images are obtained by scanning a focused e-beam
over NPs attached to the top window and detecting elastically scattered transmitted
electrons. In this drawing, gas entry and exit were not shown, and the dimensions and
angles were not to scale (Fig. 9.5d). In 2011, Yaguchi [36] developed a new windowed
environmental cell holder based on his work 6 years ago, which allows ETEM study
of nanomaterials at a maximum temperature of 1500 °C in the gaseous environment
at the atmospheric pressure. Figure 9.5e shows the external views of the equipment,
and the schematic (Fig. 9.5f) exhibits positions of windows, heating element, gas
tubes, and a micropressure gauge. The side-entry type was employed as well with
a built-in specimen-heating element of a spiral-shaped fine tungsten wire, which
allows heating of specimens up to 1500 °C. Gas pressure inside the environmental
cell can be continuously varied from 107 Pa to atmospheric pressure while TEM
image observation of the specimen is carried out. This design was commercialized
by Hitachi in the following years.

Besides the pressure, the heating process was also another challenge impeding
the high-quality TEM images. For conventional windowed gas cells based on metal
grids, the two metal grids form a metal “furnace”, into which a ceramic encasing
a heating filament is placed [43]. The disadvantages, as followings, of this design
are obvious, and greatly affected the observation of the specimen: (1) The grids not
only sealed the cell, but also served as the heating device for the specimen, and
easily expand and retract during the heating and cooling process. It’s one of the
major reasons for sample drift, which will typically be several tens of micrometers.
Actually, the sample drift during heating/cooling has been a major challenge that
disturbed the researchers for a long time; (2) The metal wires, which played the role
of heating, always couldn’t sustain the high and stable heating rate, and sometimes
it’s still difficult to find and maintain the balance of a stable temperature between the
metal wire heating and flowing of the gases.

Until the end of the 2010s, a microelectromechanical system based on closed
cells emerged [18-21, 39, 44-46], which utilized the MEMS technology to produce
the chips used as cell windows. The MEMS-based nanoreactor employed in the
TEM was proposed by Creemer et al. [18]. The nanoreactor (Fig. 9.6a) consists
of two facing dies made with thin film technology on a silicon substrate. Each die
has a central hole of 1 mm? that is covered by a 1.2 mm thick membrane of SiN,
while the small ovaloids are only carpeted by a 10 nm thin film (Fig. 9.6¢). The
opposing membranes form the top and bottom of a shallow gas-flow channel. The
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Fig. 9.5 a Newly improved multi-layer amorphous film window (reproduced with permission
from Ref. [40], Copyright 2005, Oxford University Press). b E-cell heating holder in profile view
(reproduced with permission from Ref. [41], Copyright 2006, Elsevier). ¢ Schematic drawing and
photograph of the E-cell specimen holder (reproduced with permission from Ref. [42], Copyright
2009, AIP Publishing). d Schematic of the flow system for atmospheric pressure scanning transmis-
sion electron microscopy (STEM) (reproduced with permission from Ref. [37], Copyright 2010,
American Chemical Society). e External view of the windowed environmental cell holder. f Position
of windows, heating element, gas tubes, and a micropressure gauge (1. gas outlet tube; 2. gas inlet
tube; 3. micropressure gauge; 4. windows; 5. heating element) (reproduced with permission from
Ref. [36], Copyright 2011, Oxford University Press)

minimum height of the channel is 4 mm, determined by disk-shaped spacers (SiO,)
integrated into one of the membranes. This height corresponds to an atomic density
along the beam direction of only 0.2 x 10 atoms/nm? at 1 bar and RT. The lateral
dimensional size (10 um) and geometric shape (ellipsoid) of ultrathin windows were
also carefully selected to satisfy the demanding of pressure difference. In the areas
between the windows, the heater is embedded in the form of a spiraled Pt wire
(Fig. 9.6c). The MEMS-based technique enabled the integration of the heater into
the window membrane, effectively limiting the thermal expansion of the system
components and consequently the specimen drift. In the end, the direct observation
of samples on a sub-second time scale could reach a spatial resolution of 0.18 nm,
during heating to 500 °C and exposure to 1.2 bar of H,.
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Fig. 9.6 Illustration of the nanoreactor device. a Schematic cross-section of the nanoreactor. b
Optical image of the TEM holder with the integrated nanoreactor and the four electrical probe
contacts. ¢ Optical close-up of the nanoreactor membrane. The bright spiral is the Pt heater. The
small ovaloids are the electron-transparent windows. The circles are the SiO; spacers that define the
minimum height of the gas channel. d A low-magnification TEM image of a pair of superimposed
10 nm thick windows. Their alignment creates a highly electron-transparent (bright) square through
which high-resolution TEM imaging can be performed (reproduced with permission from Ref. [18],
Copyright 2008, Elsevier)

In 2009, Allard [44] undertook a project with Protochips Inc. (Raleigh, NC)
to develop a new MEMS-based device (Aduro™) for in situ heating experiments
that provide sub-A resolution with rapid specimen heating and cooling. The key
component of the MEMS devices is a 150 nm thick, 500 pwm square, freestanding
membrane made from a conductive ceramic that is suspended on a 3-mm Si chip
(Fig.9.7a).In 2012, Allard [20] incorporated the Aduro heating device into a “closed-
cell” configuration, and is capable of exposing specimens to gases at pressures up to
1 atm. The atomic resolution performance of the microscope in high-angle annular
dark-field and bright-field imaging modes was demonstrated at elevated temperatures
and at 1 atm pressure.

In 2011, Creemer et al. [45] improved their MEMS nanoreactor to enable atomic-
scale imaging of nanostructured materials under high pressures (14 x 103 Pa, 14 bar)
and temperatures (660 °C). They integrated the reactor entirely on a single die,
with the use of surface micromachining techniques (Fig. 9.7b), which increased the
strength and rigidity of pillars holding together the membranes. The employment of
a wafer stepper, resulted in a much better alignment of opposite windows (0.1 pm
instead of 2 wm), and improved robustness obviously. In the same year, Yokosawa
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Fig. 9.7 a Top and cross-section view schematic of Protochips heater chip, showing composition
of the various elements (reproduced with permission from Ref. [44], Copyright 2009, John Wiley
and Sons). b 3D sketch of the all-in-one nanoreactor (reproduced with permission from Ref. [45],
Copyright 2011, IEEE). ¢ Schematic diagram of the nanoreactor inserted in the sample holder
(reproduced with permission from Ref. [19], Copyright 2012, Elsevier). d Light optical micrograph
of the nanoreactor with the gas channel and the reaction zone including the heater spiral and electron-
transparent windows (reproduced with permission from Ref. [47], Copyright 2014, Springer Nature)

et al. [19] used a modified MEMS-based nanoreactor on the basis of Creemer to
observe the (de)hydrogenation of Pd at pressures up to 4.5 bar. Two Si chips with
square-shaped 1 pm-thick low stress (silicon-rich) silicon nitride (SiN) membranes,
which contain very thin SiN windows (about 20 nm thick), were integrated, and one of
the chips (bottom chip) contains a Pt heater and has an inlet and an outlet for the gas.
The schematic diagram of the nanoreactor inserted in the sample holder is shown in
Fig. 9.7c. Further improvement based on the work of Creemer was exhibited in 2014
[47]. The nanoreactor employed included a unidirectional gas-flow channel (280
pm-wide and 4.5 pwm-high), enclosed between two 1 pm-thick SiNy membranes.
At the nanoreactor center (Fig. 9.7d), a Mo thin film resistor enabling heating and
temperature measurement of a reaction zone at 1 bar pressure, and 18 nm-thick
electron-transparent windows facilitated TEM observation. The reactor shown in
Fig.9.7b, d also has intrinsic drawbacks: as a special one-piece holder, the sample
loading has to be done by flushing the sample into the holder with the risk of plugging.

The development of the window approach promoted the commercialization of
integrated MEMS cells. And several companies provide unique holders and chips
corresponding to TEMs manufactured by different TEM companies nowadays, such
as DENSsolutions, Hummingbird, and Protochips. And the holders used for the
window approach with additional functions emerge catering to various requirements
depending on the experimental purpose.

The in situ heating and gas reaction cell developed by Protochips is called “atmo-
sphere”. The atomic resolution could reach 1.5 A with the pressure up to 1 atm,
and the temperature ranges from RT to 1000 °C. Protochips developed a proprietary
silicon carbide membrane heater that can quickly and accurately reach the highest
temperatures without the risk of interacting with the sample or participating in cata-
lyst reactions. The design of the Atmosphere holder enables in situ closed-cell EDS
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elemental analysis in the TEM. The holder design provides a large line-of-sight solid
angle from the sample to the EDS detector, minimizing tilt angle of holder tip and
maximizing the count rate.

DENSsolutions also launched a competitive product named as “Climate” system.
The atomic resolution could be better than 100 pm (1 A, depending on microscope
configuration) with 2000 mbar (~2 atm) pressure (Climate). The temperature ranges
from RT to 1000 °C as well. 4-point probe heating provides the most accurate
temperature with 0.01 °C stability even during gas flow, which also allows accu-
rate calorimetry data to be acquired during the experiment. Meanwhile, the Climate
G+ system allows direct gas mixing with 3 gas input lines. Using a specially designed
and patented mixing valve allows to change the gas composition on the fly and to vary
rates with an accuracy of 0.1%. With the defined gas channel and minimal gas volume
inside the nanoreactor, the gas environment of the sample can be changed within
seconds. The EDS and EELS compatibility is also satisfying. Furthermore, the inte-
gration with the optional dedicated DENSsolutions gas analyzer allows full dynamic
correlation of the structural and chemical data. Gas analyzation and calorimetry data
can also be produced by the Climate system if required, so that it enables to define
the optimum experiment conditions before going to the TEM.

No matter which approach (aperture/window) the actual experiment employed,
or no matter how complicated the system was designed, the interior process reaction
that happened in the CATEM could be clearly simplified as in Fig. 9.8 [48]. On this
basis, researchers developed various applications in tremendous fields.

9.3 Research Based on In Situ Gas TEM

CATEM has been successfully applied in a variety of research fields. The following
application fields will be discussed in this section: reshaping of nanomaterials; redox
of nanomaterials; surface reconstruction and segregation; growth of low-dimensional
nanomaterials; the catalysts (dynamic observation of catalytic reactions; sintering
and dispersion; photocatalysts).

These applications expressed the advances and unique characterization adequately
in TEM capabilities embodying imaging and spectroscopy of materials in gaseous
environments.

9.3.1 Reshaping of Nanomaterials

Generally, many properties (e.g. optical, magnetic, and electronic) of nanomaterials
mainly depend on their shape, size, composition, and surface structure. In particular,
the reshaping of the nanomaterial is intuitive and obvious in various gaseous environ-
ments, and could significantly influence the properties. Therefore, to in situ observe
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Fig. 9.8 Schematic of the CATEM technique and analytical methods (reproduced with permission
from Ref. [48], Copyright 2018, Springer Nature)

and characterize the morphology evolution under operational conditions is of great
significance to establish the structure—reactivity relationship of nanomaterials.

In 2002, Hansen and his coworkers [49] observed the copper (Cu) nanocrystals
underwent reversible shape changes in response to the changes in the gaseous envi-
ronment. Cu nanocrystals (NCs) with diameters of 3—6 nm were dispersed on ZnO
and Si supports, and the interaction relationship between crystals and surfaces was
studied. With the environmental change from more oxidizing conditions (mixed gas
of H,O and H;) to more reducing conditions (CO and H;), the Cu NCs changed
to a more spherical (Fig. 9.9a) and a disklike structure (Fig. 9.9e), respectively.
The authors attributed the reason to the different driving forces, respectively, water
adsorption on the different Cu facets for the former and the change of Cu/ZnO inter-
face energy (not the relative Cu surface energies) caused by the addition of CO for
the latter. Supplementary experiments testified the conclusion: the shape transfor-
mations (to more spherical) were found to be reversible with the gas changes (H,—
H,/H,0-H;) for both ZnO-supported (Fig. 9.9g—i) and silica-supported Cu NCs,
which indicated the influence of H,O, while the transformations (to more disklike,
H,—H,/CO) were not observed for silica-supported Cu NCs, and the reason focused
on the interface between NCs and the support.
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Fig. 9.9 In situ TEM images of a Cu/ZnO catalyst in various gas environments together with the
corresponding Wulff constructions of the Cu nanocrystals. a 1.5 mbar of Ho: HoO = 3:1 at 220 °C.
¢ 1.5 mbar of Hj at 220 °C. e 5 mbar of Hp: CO = 11:1 at 220 °C. g 1.5 mbar of Hj at 220 °C.
h 1.5 mbar of Hy: HyO = 3:1 at 220 °C. i 1.5 mbar of H, (reproduced with permission from Ref.
[49], Copyright 2002, The American Association for the Advancement of Science)

Reversible shape transformations of faceted Pt NPs during oxidation—reduction
cycles were in situ observed by Cabié et al. [50] using ETEM in 2010. The sample
holder employed in the present study was closed by two carbon windows, which
allows a pressure lower than 10 mbar and a temperature varying between RT and
350 °C. The Pt NPs were square in vacuum observed along the [001] direction,
with truncations by (111) facets at the eight corners. Their shape was still close to
cubes exposed by (100) surfaces mostly and truncated (111) surfaces at the corners
in 3 mbar of O,. Along with the evacuation of O, and introduction of Hy, the (111)
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surfaces expanded and the (100) surfaces diminished until the shape was close to a
cuboctahedron. Finally, when it was reverted to O,, the Pt NPs recovered to cubic
shape mainly exposed by (001) facets. The authors believed that the adsorption of
gases on different surfaces took effect in the morphological change.

Uchiyama and coworkers systematically investigated the morphology changes
of gold NPs (GNP) supported on CeO, during CO oxidation in 2011 [51]. In CO
oxidation environment (1 vol% CO, 21 vol% O, 78 vol% N») at 1 mbar pressure, the
GNP appeared to be faceted and enclosed by the {111} and {100} facets. Then the
GNP became rounded in pure O, gas and faceted in both inactive N, gas at 1 mbar
and in vacuum, while the GNPs supported on crystalline TiC remained polyhedral in
all of the gas environments including pure O, gas, which indicated that the Au—CeO,
interface played an important role in the catalytic activity. This in situ observation
also suggested that CO molecules stabilized the major {111} and {100} facets of
GNPs, while oxygen atoms adsorbed on not only the major {111} and {100} facets
but also the minority {110} facet of GNPs. A morphology diagram was obtained,
which showed the morphology of GNP in different environments.

It should be noted that most prior work was limited to low pressure, which
was significantly different from realistic operating conditions. In this regard, the
in situ study under conditions that more closer to realistic operating conditions is
highly desired. The dynamic morphological evolution of palladium—copper (PdCu)
nanocrystal (NC) with atmospheric pressure hydrogen was studied at the atomic
scale by Jiang et al. [52] in 2016. The chemically synthesized monodisperse PdCu
NCs (Pd/Cu ratio is 1:1) were spherical. Then the PdCu NCs on a SiN chip were
loaded into a sealed gas reactor and exposed to 1 bar Hy, as Fig. 9.10a shows (along
[111] axis). When annealed at 600 K, the spherical PdCu NC started to rotate and
showed smoother surfaces, as indicated by the blue dashed line in Fig. 9.10b. Subse-
quently, accompanied by roll-over and rotation, the NC exhibited four flat surfaces
(Fig. 9.10c) and finally became a truncated cube with distinct {001} and {011}
facets (Fig. 9.10d). The surface energy of PdCu was calculated by density functional
theory (DFT), which indicated the truncated morphology was induced by the order
change of the surface energies with hydrogen adsorption. The morphology PdCu was
obtained based on Wulff construction (Fig. 9.10k, 1) considering hydrogen adsorp-
tion, which showed perfect consistency with the experimental images (Fig. 9.10i, j),
both from the [100] and [111] zone axes. Furthermore, the PdCu NCs retained the
as-synthesized shape (round) when heating in vacuum (1077 bar) at 600 K in control
group, which suggested adsorbed hydrogen-promoting surface diffusion.

Shape evolutions of different metal NPs [53, 54] are commonly believed to happen
in reducing or oxidizing gas under high pressure. However, in 2018, Zhang et al.
[55] observed an unexpected refacetting process of Pd NP under N, which was
considered as an inert gas, with atmospheric pressure. As shown in Fig. 9.11a, c, the
initial morphologies of two Pd NPs after annealing in air at 200 °C were rounded
shapes with curved corners. Surprisingly, the NPs underwent obvious refacetting
processes after being exposed to 1 bar N, gas at the same temperature (Fig. 9.11b,
d), with flat facets and truncated cuboids appearing. The atomic-scale TEM images
(Fig. 9.11e-h) showed that a notable increase in the fraction of Pd {110} surfaces
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Fig. 9.10 a-d Lattice-resolved TEM images and the corresponding FFT patterns showing the
morphological evolution of the PACu NC when exposed to Hy at 1 bar and with heating at 600 K.
Scale bar: 10 nm. TEM images and Wulff constructions of the PdCu NCs projected from specific
directions: i and k [100]; j and 1 [111] (reproduced with permission from Ref. [52], Copyright 2016,
John Wiley and Sons)

(ib)

Pd(100)

Fig. 9.11 Time-resolved TEM images of the dynamic refacetting of two Pd NPs under 1 bar N»
at 200 °C (a—d). The TEM images showed that the NPs changed from rounded shapes to truncated
cuboids (e-h). The atomic-scale images of the indicated parts of (a—d) (reproduced with permission
from Ref. [55], Copyright 2018, Royal Society of Chemistry)

occurred in N, at atmospheric pressure at 200 °C. The remarkable refacetting of
Pd NPs was ascribed to the stabilization of the {110} facets by N, adsorption by
DFT calculations. In comparison, similar experiments under 1 bar Ar pressure were
performed, and no refacetting phenomenon was observed at any temperature. The
results suggested that N, was not always an inert gas in high-level pressure, and it
should be very careful when using N; as an inert gas in the pretreatment.
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A minireview was published in 2019 by Zhu et al. [56], which combined the
in situ environmental transmission electron microscopy experiments and the newly
developed multiscale structure reconstruction (MSR) model to study the equilibrium
shapes of metal NPs in various reactive environments at atmospheric pressure. The
MSR model consists of three parts: the Wulff construction, adsorption isotherms [57],
and DFT calculation. The authors corrected the surface tension of a clean surface
¥nii to be the interface tension y,;}j[’ (Eq. (9.1)), where 6(T, P) is the coverage of the
gas molecules on the [hkl] surface depending on the temperature and gas pressure,
E .4 refers to the adsorption energy, and A, is the surface area per atom of the [hkl]
surface:

int G(T’ P)Eads

= - = 9.1
Vil = Yuki + A .1

The equilibrium shape of metal NPs can be constructed at a given temperature
and pressure using the derived interface tension. The MSR model achieved great
success in reproducing representative experimental results [58, 59], which could be

extended to the situations of mixed-gas environments [60]. It was also employed in
the works mentioned hereinbefore [52-55]:
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(9.2)

For a supported NP, the contact-surface tension between the metal NP and the support
should be considered, according to the Wulff—Kaischew theorem [61]. With gas
adsorption, the contact-surface tension can be evaluated by Eq. (9.2), where y4 is the
surface tension of the metal surface in contact with the substrate, E, 4, is the adhesion
energy between the metal and the support, 8% is the gas coverage on the support,
EB, is the adsorption energy of the gas on the support, and A2 is the surface area
of the support.

The combination of in situ experiments and theoretical modeling shows that the
effect of the environment on the shape of NPs can be predicted quantitatively and
efficiently using the MSR model, which facilitated the relationship understanding
between the reshaping of the NPs and its catalytic properties in real reaction, further
offering possibilities to control the reactivity by real-time regulation of the reaction
conditions.

9.3.2 Redox of Nanomaterials

As early as 1958, Ito and Hizaya [7] employed a modified TEM (aperture mode)
to investigate the oxidation of Aluminum (Al) thin film and the reduction of oxide
copper film/whisker. They obtained the electron microscopic image and diffraction
pattern before and after the reaction, which indicated the occurrence of oxidation and
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reduction. In the following decades, similar in situ redox experiments were performed
on other materials such as graphite [24], metals (Fe, Cu, and Ni) [62], and special
chemical compound ((NH4)sMO70,4.4H,0) [10].

With the employment of a new window material which increased resolution and
contrast in high-voltage electron microscopy, Komatsu and Mori [40] observed the
oxidation of copper, reduction of copper oxides, and the growth process of CuO
whiskers on a thick (50 pm) Cu film. As shown in Fig. 9.12a—e, a small amount of
copper oxide (Cu,O) was formed in the initial stage. Then oxygen gas was introduced
into the initially evacuated cell (102 Pa) to 1.3 x 10° Pa and the specimen was grad-
ually heated to 470 K. Upon heating in oxygen, Cu,O nucleated on the film surface.
As the temperature increased, Cu was oxidized to Cu,O and then completely trans-
formed to fine CuO particles (~10 nm in diameter, in 670 K). And the average grain
size increased at 770 K. The reduction of CuO in hydrogen is shown in Fig. 9.12f—
h. The same CuO area was reheated after cooling down to RT, and the CuO was
completely reduced to Cu at 670 K. The growth of CuO whiskers (Fig. 9.12i-n) in 4
x 103 Pa of oxygen was also recorded using the same apparatus, which is discussed in
Sect. 9.3.4.2 Semiconductor/Metal-Oxide 1D Nanomaterials. In general, the research
about the oxidation of Cu started to focus on the microscopic domain. However, due
to the limitation of the apparatus, the structural evolution at atomic resolution could
not be acquired still.

In 2016, with ESTEM, Boyes and Gai [30] observed the nucleation of the Cu,0O
by tracking the oxidation process with real-time HAADF imaging (Fig. 9.13a). The
oxidation was proved to be a pressure- and temperature-dependent procedure, since
the reaction occurred more quickly at higher pressures (2, 5, and 10 Pa) or temper-
atures (300-500 °C). The reduction process was also recorded in a similar way
(Fig. 9.13c). The Cu formed as a protruding island off the NP at first (with a de-
wetting angle, Fig. 9.13b), then the interface length increased and the protrusion
lessened with increasing temperature, finally the reduction went to completion and
the NP recovered to a single Cu metal NP. The high-resolution dynamic HAADF-
ESTEM images indicated that the (111) spacing of Cu and the (111) spacing of Cu,O
were related to each other with parallel epitaxy between two phases, anda 7 x 6 or
a 6 x 5 lattice matching relationships exsited due to an 18% discrepancy in lattice
constant.

Besides typical Cu, other metal NPs were also researched. In 2012, Jeangros et al.
[66, 67] studied the redox of nickel particles in ETEM. Images, diffraction patterns,
and EELS were acquired to monitor the structural and chemical evolution of the
system during the reaction. The structural models that describe NiO reduction and
Ni oxidation were also proposed based on the ETEM observation.

The redox usually occurred rapidly on the time scale of second to millisecond,
which promoted the development of time-resolved quantitative characterization tech-
niques. In 2018, an approach has been developed that integrated time-resolved in situ
electron diffraction and an atmospheric gas cell system, allowing quantitative struc-
tural information characterization under ambient pressure with millisecond time
resolution. Yu et al. [68] employed this technique in studying the ultrafast oxidation
kinetics of Ni NPs at 600 °C with a total pressure of 1000 mbar.
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Fig. 9.12 a-e Successive stages of the oxide growth on a 100 nm-thick copper thin film between
RT and ~770 K under 1.3 x 103 Pa of oxygen; a’'—e’ the corresponding selected area electron
diffractions (SAEDs). f-h successive stages of reduction of copper oxide (CuO) between RT and
~670 K under 1.3 x 10 Pa of hydrogen; f'~h’ the corresponding SAEDs. i—n Successive stages of
growth of a copper oxide layer (CuyO) and CuO whiskers under 4 x 10° Pa of oxygen (reproduced
with permission from Ref. [40], Copyright 2005, Oxford University Press)

In contrast to the well accepted Wagner and Mott Cabrera models (diffusion-
dominated), the oxidation of Ni nanoparticles is linear at the initial stage (<0.5 s), and
follows the Avrami Erofeev model (n=1.12) at the following stage, which indicates
the oxidation of Ni nanoparticles is a nucleation and growth dominated process.

The presence of water vapor, intentional or unavoidable, is crucial to many mate-
rials applications. Phenomenologically, water vapor has been noted to accelerate
the oxidation of metals and alloys. However, the atomistic mechanisms behind such
oxidation remain elusive. Luo et al. [69] studied the oxidation mechanisms of the
single crystalline Ni-10at%Cer alloy in water. As shown in Fig. 9.14, during the growth
of NiO on the surface, there were vacancy clusters (white dashed circles) formed by
incorporating both Ni and O vacancies, which would migrate, increase in size and
annihilate. They revealed that protons derived from water dissociation could occupy
interstitial positions in the oxide lattice, consequently lowering vacancy formation
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Fig. 9.13 a In situ oxidation of Cu carried out at 500 °C in 2 Pa oxygen. The blue arrow indicates
the direction in which the interface moved. b A schematic of how the interface angles and wetting
angles were defined and measured, and examples of the different cases taken from oxidation on
the left and center, and from the reduction on the right (from SI). ¢ In situ reduction of Cuy0 in
2 Pa hydrogen over the course of 335 min. In the lower right-hand corner, the temperature profile
of the reaction is shown (reproduced with permission from Ref. [30], Copyright 2017, American
Chemical Society)

energy and decreasing the diffusion barrier of both cations and anions, which led to
enhanced oxidation in moist environments at elevated temperatures.

The oxidation of organic materials was also observed in detail. The oxidation
of carbon nanotubes (CNTs) at the high resolution of an aberration-corrected envi-
ronmental TEM (ETEM) was directly studied by Koh and coworkers [63] in 2013.
Contrary to the previous thought that CNT oxidation triggered at the end of the tube
due to high energy at the cap [64, 65], they observed the outer wall was oxidized and
removed first (Fig. 9.15). The blue arrow in Fig. 9.15b started to “peel” away and
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Fig. 9.14 ETEM images showing the growth of an initial NiO crystal on the surface of Ni—Cr alloy
in 1 x 107% mbar HyO at 350 °C (reproduced with permission from Ref. [69], Copyright 2018,
Springer Nature)

Fig. 9.15 Observations at the ending cap of a CNT during oxidation. The inner walls and outer wall
of the nanotube at 300 °C a were removed after 1.5 mbar oxidation for 15 min at 300 °C (red arrow
and blue triangle). b More etching was observed after the same nanotube was oxidized for 15 min
with 1.5 mbar oxygen at 400 °C. ¢ The inset of (¢) is shown in (d), where one can see the outermost
wall being removed and dangling (black arrow) after oxidation at 400 °C. Scale bars in (a—c) and
d represent 5 and 2 nm, respectively (reproduced with permission from Ref. [63], Copyright 2013,
American Chemical Society)

detached more upon further oxidation at 400 °C, while the wall remained attached
to the nanotube cap (black arrow in Fig. 9.15d). Furthermore, on occasion, they
observed that the interior wall was oxidized first (red arrow in Fig. 9.15b—c), which
was ascribed to oxygen infiltrating into the hollow nanotube through an open end or
cracks in the tube.
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Besides conventional redox of NPs [70] and alloy, sometimes metal NPs could
react with gas which is commonly considered inactive, then format protective layer
restraining possible corrosion. Wang and her coworkers [71] turned a native Mg
alloy surface into an anti-corrosion coating in excited CO,. As known the native
surface film on Mg formed in air mainly consists of Mg(OH), and MgO, which is
porous and unprotective. By reacting with excited CO, (activated by e-beam irradia-
tion), researchers fabricated a smooth, compact MgCOj5 protective layer (Fig. 9.16)
on the Mg alloy surface. A Mg micropillar was fabricated by focused ion beam,
which was then exposed to air for 30 min to form a native oxide surface film firstly.
After exposure to air for 30 min, a surface oxide layer with a thickness of about
8 nm was formed (Fig. 9.16b). Then it was reacted with the e-beam excited CO,*,
producing a compact MgCOj3 protective layer on the pillar’s surface without any
extra heating. Selected area electron diffraction (SAED) and electron energy loss
spectroscopy (EELS) analysis were performed to identify the composition of the
final reaction product (Fig. 9.16f, g), which confirmed the presence of both crys-
talline MgCO3; and MgO. Subsequent immersion tests in an aqueous environment
were performed to examine the corrosion resistance of the as-grown MgCOs films.
The results demonstrated that the MgCOj3; was effective in preventing the Mg metal
from deionized water corrosion.

The observation of nanomaterials with oxidizing, reducing, and inactive atmo-
spheres with the employment of ETEM was an important and extensively studied
area. With the development of techniques and accessories, detailed information about
structure and composition which is critically needed but hidden deeply could be
obtained.

9.3.3 Surface Reconstruction and Segregation

The surface structural change of nanomaterials is another important research field,
which attracted tremendous attention in recent years especially with the breakthrough
of spatial resolution of ETEM. The surface atoms would occupy a higher proportion
for NPs with small sizes, and further influence or even decide the character and
property of materials.

Yoshida and coworkers [72] examined a catalyst which is composed of GNPs
supported on CeO, by a 300 keV aberration-corrected ETEM. Observing along Au
[110] zone axis at the under-focus condition, a surface reconstruction of the Au/CeO,
powder catalyst was acquired on the {100} surface in reaction environments. As
shown in the enlarged images in Fig. 9.17a, the {100} facets remained unrecon-
structed in vacuum, and the distance of 0.20 nm between the topmost and the second
topmost {100} surface layers was the same as the interplanar distance of the {200}
planes in crystalline bulk gold. The average distance of the adjoining Au atomic
columns on the topmost surface layer was the same as the corresponding distance
in a {100} plane in crystalline bulk gold. Under a typical reaction environment (1
volume% CO in air at 45 Pa at RT), as shown in Fig. 9.17b, the Au atomic columns on
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Fig. 9.16 a Schematic diagram showing how to transform the native surface to MgCO3. b—e Surface
evolution of a FIB-fabricated Mg pillar during the exposure in 2 Pa CO, and e-beam irradiation.
TEM images showed transformation process of the native oxide layer to the compact nanocrystalline
MgCOs3 and MgO layer. f Diffraction pattern of the as-FIBed Mg pillar with an amorphous MgO
layer and the EELS spectrum of the surface zone in the yellow circle. g Extra diffraction rings from
the newly formed film after treatment in CO, showed the existence of nanocrystalline MgO and
MgCO3. Obvious C-K edge can be seen in the corresponding EELS spectrum (reproduced with
permission from Ref. [71], Copyright 2018, Springer Nature)

the topmost and second topmost { 100} layers shifted. Both the average distance of the
adjoining Au atomic columns and the interplanar distance changed to 0.25 nm. The
reconstructed surface Au atomic columns correspond well to those of the Au{100}-
hex reconstructed surface. In this reconstructed surface, the Au atoms on the topmost
surface layer formed an undulating hexagonal lattice, whereas those on the second
layer formed a normal square lattice with slight distortion. The researchers performed
the ab initio electronic calculations with regard to CO adsorption on the Au{100}-hex
reconstructed surface, and the simulation image based on an energetically favorable
model for CO adsorption fit well with the observed image. Therefore, it was deduced
that the Au atoms on the topmost layer have unusual bonding configurations with the
second surface layer, which sustained the high-density adsorption of CO molecules
on the reconstructed surface. The methodology demonstrated in this study has opened
an experimental route toward the elucidation of GNP catalytic mechanisms by direct
observations of metal atoms and gas species at the particle-support periphery.
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Fig. 9.17 Au{100}-hex reconstructed surface under catalytic conditions. GNP supported on CeO3
in a a vacuum and b a reaction environment (1 vol% CO in air gas mixture at 45 Pa at RT). Two
{100} facets were present in the rectangular regions indicated by I and II in (a) (reproduced with
permission from Ref. [72], Copyright 2012, The American Association for the Advancement of
Science)

Besides NPs, reconstruction often occurred on the exposed cleaved surface of
the crystal as well, which shows different physical and chemical properties with
respect to the bulk-truncated ones. A typical instance is the surface reconstruction
of TiO, (001) surface. Generally speaking, the intrinsic structure of some specific
oxides is sensitive to the e-beam and easily destroyed, which precludes direct obser-
vations in TEM. Using ETEM, Yuan et al. [73] acquired real-time information on the
formation and evolution of the (1 x 4) reconstructed TiO, (001) surface in oxygen
which protects the fragile surface reconstruction. Figure 9.18 displayed the forma-
tion process of the reconstruction at 500 °C in an oxygen environment (5 x 1072 Pa).
At the beginning, adsorbed layers (mixture of amorphous organics and TiOy species)
covered the (001) surface (Fig. 9.18a, set as t = 0 s). After a few seconds, amor-
phous layers were gradually removed (Fig. 9.18b, t = 34.9 s) in oxygen with e-beam
irradiation, and a crystalline layer appeared on the (001) surface, corresponding to
adsorbed Ti or TiOy species. After 56.2 s (Fig. 9.18c), adsorbed species began to
exhibit non-uniform contrast; at t = 257.8 s (Fig. 9.18d), adsorbed species finally
formed the 4 x periodicity, which remained stable during the following reaction.
This evolution was also reflected in the intensity profiles for the outmost two surface
layers (Fig. 9.18e—f). These results also confirmed that the (1 x 4) reconstruction
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Fig. 9.18 Tracking the formation process of the (1 x 4) reconstruction, viewed from [010] direc-
tion. a—d Sequential HRTEM images of the anatase TiO (001) surface during the reconstruction,
acquired at 0, 34.9, 56.2, and 257.8 s. The enlarged images of the dotted rectangles are shown in the
lower panels of (a—d), respectively. e, f Intensity profiles along the dashed lines in the lower panels
of (a—d) (matching colors). The orange and green lines were acquired from the reconstructed layer
and top-surface layer, respectively (reproduced with permission from Ref. [73], Copyright 2016,
American Chemical Society)

could occur on the nanometer-sized TiO; crystal surface, which had been an open
question since it was only observed on the surface of micron-sized single crystals.

CeO;, is another widely used catalyst and catalyst support both at the laboratory
scale and in industry, due to its ability to release or store oxygen atoms from the
environment by altering its valence state (3+/4+) to compensate anionic vacancies in
the Ce cationic lattice. However, the temporal evolution of reactive surfaces of CeO,
under a gaseous environment was still ambiguous, which hampered the understanding
of its catalytic mechanism. Bugnet et al. [74] visualized and quantified the mobility
of Ce atoms at {100} surfaces in high vacuum (HV), O,, and CO, atmosphere via
ETEM. As shown in Fig. 9.19a, the contrast at oxygen atomic positions (indicated by
arrows) increased from HV to O, and CO, environments, and the intensity variation
of the most external Ce atomic layer decreased accordingly. Especially with the
introduction of O, into the TEM chamber, O columns terminated (001) surface
as a saturated state, because the oxygen supply compensated the e-beam-induced
oxygen loss. This O-terminated surface in turn limited the mobility of the underlying
Ce atoms. When CO, was introduced into the chamber, the surface mobility was
completely stopped, and dark dots corresponding to the positions of oxygen atoms
(Fig. 9.19a, bottom) had a greater contrast than that in oxygen (Fig. 9.19a, O,),
which was attributed to carbonates from adsorbed CO,. Quantitative analysis of
atomic intensities at {100} surfaces (Fig. 9.19b) demonstrated a high mobility of
Ce atoms under HV. The mobility was lower under the O, atmosphere and nearly
stopped in the CO, environment.
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Fig. 9.19 a Two-second average of 50 frames from recorded video showing the edge-on (001)
surface of a nanocube in the [110] orientation under high vacuum at 5 x 10~% mbar, 5 x 10~2 mbar
0,, and 5 x 1072 mbar CO, (respectively from top to bottom). b Quantitative analysis of Ce
mobility at {100} surfaces. Variation of the standard deviation of atomic column intensities of
a ceria nanocube viewed along the [110] direction under high vacuum at 5 x 107% mbar, 5 x
102 mbar Oy, and 2.6 x 10~2 mbar CO; (respectively from top to bottom). Each dot images a
single atomic column position, and its color indicates the variation of intensity over 420 images
recorded at 25 fps on a normalized scale (Blue, low variation; red, high variation). Missing columns
correspond to positions where columns fully disappear within the time frame spanned by the 420
frames (approximately 17 s) (reproduced with permission from Ref. [74], Copyright 2017, American
Chemical Society)

Generally, the reconstruction emerged on the surfaces of metal-oxide more easily,
especially when exposed to the reductive atmosphere, the loss of oxygen atoms would
influence the surface stoichiometry so as to rearrange the atomic structure and rela-
tionship to some extent. Of course, the intrinsic property of oxide, the environmental
gas, the temperature, and the e-beam, all take effect on the loss extent of oxygen
atoms, which result in different surface structures in the end.

Besides reconstruction, atomic-scale chemical segregation was also observed
using ETEM. Dai et al. [75, 76] studied the oxygen-driven element segregation
process in a Pt3Co fuel cell-cathode catalyst under atmospheric pressures. Platinum-
metal (Pt-M, M = Fe, Co, Ni, etc.) NPs were considered as a promising alternative to
traditional Pt NPs as the oxygen reduction reaction (ORR) catalyst in polymer elec-
trolyte membrane fuel cells. However, there were still some unsolved crucial ques-
tions, such as the element segregation mechanism during high-temperature annealing
in pure oxygen. In situ TEM at atmospheric pressure provided valuable data to derive
the corresponding mechanism.

The Pt3Co/C powder sample (a commercial ORR catalyst) [75] was pretreated to
create equilibrium-shaped NPs with a random distribution of Pt and Co. Then the
sample was heated from RT to 350 °C in 760 Torr of pure oxygen. Figure 9.20a
showed a twinned Pt;Co NP after oxygen annealing for more than 10 min. One or
two additional atomic layer(s) with a lower contrast formed on the {111} surfaces
in the false-colored BF-STEM images. By comparing the marked green and black
distance as #1 and #6, it is obvious that the segregated layers have a larger lattice
spacing than the inner part. Meanwhile, the concrete data about the length of the side
and intersection angle (Fig. 9.20b) are in excellent agreement with the Co sublattice
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unit cell (Fig. 9.20c) in the structure of CoO. By checking more than 20 Pt;Co
NPs, outermost CoO layers are always found on {111}, but not on {100} surfaces,
without exception, clearly revealing that facet-dependent oxidation is taking place
on the Pt3;Co NPs. In comparison, additional atoms were attached on the top {100}
surface (yellow arrow in Fig. 9.20f), until a new layer (#14) formed completely at
the time t = 32 s (Fig. 9.20g). Because the contrast of the newly formed top layer
(#14) is similar to the previous outermost layer #13, it indicated that the atoms
newly attached on the {100} surface are closer to pure Pt. Therefore, the authors
presumed that Pt atoms possess higher mobility in an oxygen environment, which
tend to take place on the {100} Pt3Co surfaces to result in structural fluctuations. In
contrast, the CoO layers on the {111} surfaces blocked exposure of underlying Pt to
the oxygen environment, and stopped the possible diffusion and reconstruction. The
contrast difference of the additional atoms and high spatial resolution of the STEM
images played an important role in distinguishing the attached atoms on different
surfaces. The outstanding capability in characterizing structure and composition at
microscopic domain of ETEM is obviously proved.

Recently, Zhang et al. [77] reported reversible segregation and alloy of Ni—Au
bimetallic NPs during CO, hydrogenation. An ETEM was employed for the in situ
observation in the reaction atmosphere (9 £ 0.1 mbar, 25% CO,/75% H,). As shown
in Fig. 9.21, the core—shell nanoparticle was maintained with a darker Au-rich shell
at 450 °C. When the temperature reached 600 °C, the catalysts showed the highest
catalytic activity and the Au shell dissolved into the Ni matrix and vanished, forming
a mixed NiAu alloy. When the catalysts cooled to 400 °C, the Au shell reappeared,
recovering the Ni@ Au core—shell structure. The phase evolution was further revealed
via in situ electron diffraction seen in Fig. 9.21d that a broadened diffraction peak
which corresponded to the NiAu alloy phase emerged between the Au(220) and

(e) 350°C, 760 Torr O

LR

Fig. 9.20 In situ observation on the {111} and {100} surfaces of Pt3Co NPs in an oxidizing
environment. a-b False-colored BF-STEM images illustrating the periodical unit cell of the oxide
layer on {111} Pt3Co surfaces. ¢ Projection of a CoO model along the (110) zone axis. Blue
and red spheres represent Co and O atoms, respectively. d—g Sequential STEM images showing
the additional Pt layer growth on the {100} surface of the oxidized Pt3Co NP (reproduced with
permission from Ref. [75], Copyright 2017, American Chemical Society)
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Fig. 9.21 The reversible structural transition of NiAu NPs during the CO, hydrogenation reaction.
a In situ TEM images showing the alloying and dealloying evolution of an individual NiAu particle
in the reaction atmosphere (9 & 0.1 mbar, 25% CO,/75% H3). b, ¢ Surface atom arrangement of a
NiAu nanoparticle reconstructed from the full alloy (600 °C) (b) to the Ni@ Au core—shell (400 °C)
(c); the four parts from left to right in b show the high-resolution TEM (HRTEM) image (with
a Thon ring inset), the corresponding enlargement of the surface area, schematic structure, and
point analysis of the EELS (with a HAADF inset); the three parts from left to right in ¢ show the
HRTEM image (with a Thon ring inset), the corresponding enlargement of the surface area, and
phase contrast profile. d Intensity profiles from the integration of diffraction rings of SAED patterns
during the reaction. The inset shows 2D profiles stacking along with reaction temperature. e In situ
EXAFS of the Au L3 edge and coordination number changes (inset) of the Au—Au, Au-Ni, and
Ni—Ni pairs at room temperature, 400 and 550 °C. a.u., arbitrary units (reproduced with permission
from Ref. [77], Copyright 2020, Springer Nature)
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Ni(220) peaks above 400 °C. If we just investigate the catalysts before and after the
catalytic reaction, the Au shell could be thought to be the active site since the NiAu
alloy only appeared during the reaction. Combining with other in situ spectroscopies
and DFT calculations, the authors thought that the surface Ni atoms offered the
active sites for the hydrogenation of CO, and the surface Au atoms contributed to
the selective production of CO. This result gave a universal insight into designing a
polynary metal catalyst with reversible structure responding to the environment and
reminded us again that the importance of in situ observing the dynamic evolution of
catalysts as the ex situ results may lead to a confusing conclusion.

Besides the compositional variations, segregation is usually accompanied by
misfit strain and the formation of dislocations in the subsurface region via a surface
diffusion and trapping process. Actually, two decades ago, it has been shown that the
presence of hydrogen in solution enhanced the dislocation velocity in face-centered
cubic, body-centered cubic, and hexagonal close-packed materials. Ferreira [78]
proposed that solute hydrogen reduced the elastic interactions between dislocations
and elastic centers which act as barriers. Using dynamic, atomic-scale resolution
in situ HRTEM and theory modeling, Zhou et al. [79] demonstrated the Au surface
segregation in the Cu(Au) solid solution, and focused on the misfit dislocations
and its migration and climb facilitated by the segregation. This observed coupling
between segregation and dislocation formation has wide relevance, as the partitioning
of alloying elements (or impurities) occurs in most multi-component materials under
a suitable environmental.

9.3.4 Growth of Low-Dimensional Nanomaterials

The introduction of gas into the TEM facilitated the development of another area
which focused on the nucleation and growth of low-dimensional nanomaterials, espe-
cially 1D nanowires and nanotubes, which usually enjoy unique and unexpected
properties due to quantum confinement effects and the absence of defects. Besides
their high surface-to-volume ratios, morphology and crystallography also play impor-
tant roles in manipulating properties. Therefore, the technique of synthesis of ideal
or satisfactory 1D nanomaterials is the basis of further research in extraordinary
properties and various applications.

There is no doubt that the traditional ex situ information obtained after the
synthesis couldn’t reflect the real-time structural change information during the
growing process, which is critical to optimize the synthesis process. ETEM enables
the in situ observation during synthesis, and thus direct atomic resolution images in
growing processes and kinetic change (morphology, crystallography, defect struc-
ture, and chemical composition) could be obtained. It lays the foundation for the
understanding of mechanism and improvement of synthesis technology.

For chemical vapor deposition (CVD), there exist three commonly accepted
growth mechanisms of low-dimensional nanomaterials as vapor-liquid-solid (VLS),
vapor-solid-solid (VSS) and catalyst-free growth [48], and all of them have been
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observed directly in ETEM [80]. As an ideal cold-wall nanoreactor for CVD, the
energy needed to decompose the precursor molecules can be provided either by the
e-beam or by thermally heating the substrate.

9.3.4.1 Nanostructure (Island/Dot)

The effect of e-beam on the nucleation and growth of nanostructures is nonnegli-
gible, especially when the temperature was taken into account in synthesis. Electron-
beam-induced decomposition (EBID) techniques were extensively used to fabri-
cate periodic arrays of metal/semiconductors. The process involves introducing
organometallic source vapor (precursor vapor) into the microscope column and
irradiating the target area of the substrate with a focused e-beam.

In 2001, Jiang and coworkers [81] investigated the detailed parameters, such
as deposition temperature, source compound, organometallic partial pressure, and
electron dose, of EBID to fabricate periodic and aperiodic nanostructures and
nanodevices. Metallocene compound, nickelocene (Ni(CyHs),), was used as an
organometallic source and the deposits with edge sharpness under 4 nm had been
fabricated, despite the quantity of the deposited material being too small for XPS to
detect.

Mitsuishi [82] employed a 200 kV TEM equipped with a gas introduction system
satisfying a gaseous flux of 2 x 10 Pa L s~! to fabricate nanometer-sized W dots
with a diameter of less than 5 nm in 2003. The precursor employed for the W depo-
sition was tungsten hexacarbonyl [W(CO)¢], and the depositions were performed at
RT. As shown in Fig. 9.22a, ¢ and b, d, the bright-field TEM and HAADF-STEM
images showed the W nanodots deposited on the Si substrate, and the time periods
for the large and small dots were about 1.5 and 0.5 s. The depositions were made
for 10 s at two regions with different substrate thicknesses. The result showed that
the deposition size at the thicker substrate region was only slightly larger, which
indicated that the method can also be applied to the bulk substrate used in practical
applications.

The deposition of GaN quantum dot arrays with uniform size onto a SiOy substrate
was done using a nanolithography technique in 2004 by Crozier [83] as well. The
nanolithography technique is based on a combination of sub-nanometer electron-
beam-induced chemical vapor deposition and single-source molecular hydride
chemistries. A completely inorganic and highly reactive gaseous perdeuterated
gallium azide (D,GaN3) was utilized as a hydride source, dissociated exothermi-
cally under electron irradiation, resulting in the formation of stochiometric GaN,
with byproducts of volatile D, and N,. The nanolithography and characterization
were conducted in a Tecnai ETEM, which is fitted with an environmental cell and
essentially operates as a cold-wall CVD reactor. Figure 9.22¢, f showed a periodic
array of uniform GaN dots grown by exposing the substrate to a precursor pressure
of ~30 x 1073 Torr, evacuating the microscope for 5 min and then depositing a series
of dots (the deposition time per dot was 0.5 s). The dots were highly uniform, and
displayed an average full width at half-maximum (FWHM) of ~4 nm and a base
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Fig. 9.22 a TEM bright-field and b HAADF-STEM image of W nanodots deposited on Si. The
bright contrast indicates a concentration of the heavy element, W. ¢ The BF and d HAADF-STEM
images, in which well-defined nanodots are clearly seen, and are magnifications of the upper right
corner of (a) and (b), respectively (reproduced with permission from Ref. [82], Copyright 2003,
AIP Publishing). e Z-contrast image of 2D periodic array of GaN dots. Inset shows line profiles
through the Z-contrast images, showing a FWHM of 4 nm. f Surface plot of array of dots showing
the height of dots derived from the ADF image intensity. Average dot height is 5 nm (reproduced
with permission from Ref. [83], Copyright 2004, AIP Publishing)

width of ~9 nm. The diameter of dots was considerably larger than the used e-beam,
indicating that the dot size was controlled by the spatial distribution of secondary
electrons leaving the substrate surface. In 2005, employing the same device, van Dorp
et al. [84] wrote dots with an average FWHM of 1.0 nm, in an array with a spacing of
4.0 nm, further improving the resolution limit of the EBID approach. These experi-
ments demonstrated that EBID is a promising technique for high-resolution resistless
lithography, and the ETEM allowed the entire growth process to be observed and
controlled in real time as the container and reactor.

9.3.4.2 Semiconductor/Metal-Oxide 1D Nanomaterials

Semiconductor nanowires have important applications in electronic devices, informa-
tion storage, microelectromechanical systems, and photovoltaics. For many applica-
tions, it is essential to control the structure, orientation, and location of the nanowires,
and the factors that determine the growth rate, orientation, and epitaxial relationship
with the substrate are therefore of key importance [85].

Since the VLS mechanism was proposed by Wagner et al. [86] in 1964, it was
extensively studied and verified in the following decades. The characteristic feature
of this mechanism is the liquid eutectic mediating the mass transport from the
vapor to the solid interface. In 2000, the first real-time observation of semiconductor
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nanowire growth in an in situ high-temperature TEM unambiguously confirmed the
VLS crystal growth mechanism at the nanoscale. Yang and Wu dispersed a small
amount of micrometer-sized Ge particles on TEM grids together with solution-made
monodispersed Au nanoclusters. In their experiments, they used a conventional TEM
without environmental equipment. Therefore, the nucleation and growth were depen-
dent on the Ge evaporation at 900 °C, from a solid Ge source (a thin layer of Ge/C
coating). Three well-defined stages have been clearly identified during the process:
(D) metal alloying (Ge and Au), (II) crystal nucleation, and (III) axial growth, as
shown in Fig. 9.23a [87].

Employed a UHV-TEM equipped with facilities for introducing the reactive gas
disilane (Si;Hg), Kim et al. systematically studied the first and second stages of Si
nanowires growth in the Si—Au system, including the size effect [88] during the
phase transition and kinetics of individual nucleation [89]. Figure 9.23b—g showed
the images of the transition from two-phase Au + AusSi to single-phase AuSi. The
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Fig. 9.23 a Schematic illustration of VLS nanowire growth mechanism including three stages
(I) alloying, (II) nucleation, and (III) axial growth (reproduced with permission from Ref. [48],
Copyright 2017, Springer Nature). b—e Dark-field images in side view during the solid-to-liquid
transformation. f Bright-field image showing the droplet after the transformation is complete. g
Idealized schematic of the inferred geometry (reproduced with permission from Ref. [88], Copyright
2009, American Physical Society). h—j Bright-field images extracted from a video obtained during
nucleation of Si from polycrystalline Au clusters. h Image acquired before opening the leak valve,
showing polycrystalline Au particles, as indicated by their faceted shapes and by the interparticle
variations in their brightfield contrast. i Image acquired after 65 s, showing the formation of the liquid
AuSi alloy as reflected by the rounded shapes in projection and the disappearance of crystalline
contrast. j Image acquired after 84 s, showing the appearance of a Si nucleus with lighter contrast
at the edge of one AuSi droplet. (k-m) Enlarged images of the boxed regions of (h—j), respectively.
Arrows in (m) indicate the interface between liquid AuSi and solid Si (reproduced with permission
from Ref. [89], Copyright 2008, The American Association for the Advancement of Science)



288 K. Fang et al.

first four frames were recorded at an orientation where the crystalline Au provides
bright contrast, and the Au particle appeared to consist of a single crystal with
multiple twins (visible as dark bands). Figure 9.23f shows the liquid droplet that
remained after the crystal had disappeared (bright field), and the idealized schematic
of the inferred geometry is illustrated in (g). Similarly, a series of images obtained
when introducing the reactive gas disilane to a heated sample illustrated the initial
transformation of polycrystalline Au islands (Fig. 9.23h) into eutectic droplets of
AuSi (i), followed by the appearance of Si nuclei (j). The Si nucleation occurred at
the edge of the droplet, which suggests that this is the energetically favorable location
that minimizes the nucleation barrier.

Ross and coworkers further systematically [90-93] studied steady-state growth
of Si and Ge nanowires, considering growth kinetics, sidewall structure, and the
phase (liquid or solid) and stability of the catalyst at the nanowire tip. In Si nanowire
growth (Fig. 9.24a), the VLS mechanism has a characteristic appearance in the TEM.
The droplet, with an amorphous structure and curved surface, rests on the tip of
the nanowire. Meanwhile, the droplet/nanowire interface is generally planar, and
appears to be composed of Si(111) planes, whatever the growth direction of the
nanowire. The dependence of growth rate on pressure, temperature, and particularly
nanowire diameter was also observed and recorded in this system, to deduce the
growth kinetics of Si nanowires. They suggested that the rate-limiting step was
the thermally activated, Au-catalyzed dissociative adsorption of disilane, and that
dissociation takes place directly on the catalyst droplet, with no contribution due to
adsorption and diffusion from elsewhere. This result was fully consistent with the
VLS model, in which the droplet surface was taken to be a preferential site for the
adsorption of the growth species [91].

Besides classical Si and Ge nanowires, the VLS mechanism was also verified in
other materials, such as GaN [96] and InAs [97]. Growing III-V GaP nanowires in
an ETEM, Chou et al. [98] measured the local kinetics in situ as each atomic plane
was added at the catalyst-nanowire growth interface by the VLS process. They
found that the growth rate was very sensitive to perturbations using a high V/III
ratio, and such sensitivity was absent when growing at a low V/III ratio, creating a
highly regular regime that may be optimal for the growth of complex materials. The
relationship between local growth kinetics and atomic structure provides insights
into understanding the growth mechanism and the requirements for the most precise
control over growth.

In the case of Ge nanowires are catalyzed by Au, in situ studies found that
nanowires can grow below the eutectic temperature with either liquid or solid
catalysts, and the state of the catalyst only depends on the thermal history. The
second pathway was called the VSS mechanism. Kodambaka et al. [94] unveiled the
phenomenon clearly in 2007. As illustrated in Fig. 9.24b—c, (b) shows a Ge wire
at three successive times during VLS growth and the catalyst persisted liquid state
(smooth round shape). After cooling the specimen to solidify the catalysts and then
reheating to the original temperature, the nanowire growth continued with solid cata-
lyst (Fig. 9.24c, faceted surface). Measurements made on several wires showed that
VSS growth was 10-100 times slower than VLS growth even at the same gaseous
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Fig. 9.24 a Sequence of images recorded during the growth of a 26 nm diameter Si nanowire,
with the time shown in seconds since the first image. Bright-field imaging conditions were used
so that Si appears medium gray and the droplet (AuAuSi) is a dark semicircle (reproduced with
permission from Ref. [91], Copyright 2010, IOP Publishing). b Ge nanowire growth from an AuGe
liquid droplet. ¢ Ge nanowire growth from solid Au prepared as follows: at constant pressure, the
specimen was cooled to solidify the droplets and then returned to the same temperature as (b),
where the catalysts remained solid due to hysteresis (reproduced with permission from Ref. [94],
Copyright 2007, The American Association for the Advancement of Science). d Si nanowire growth
in the VSS modes (AgAu, at 556 °C and 1 x 107> Torr disilane) (reproduced with permission from
Ref. [95], Copyright 2012, American Chemical Society)
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pressure and temperature, presumably as a result of weaker surface reactivity and/or
lower diffusivity through the solid. The principal cause of VLS growth below eutectic
temperature excluded the Gibbs—Thomson effect or any direct effect of small size,
and finally was identified as the inhibition to nucleation of solid clusters caused
by high Ge supersaturation in the droplet. VSS mechanism and similar phenomena
were also demonstrated in Si/Ge nanowires growth catalyzed by other catalysts [95,
99-101] (Fig. 9.24d).

Besides the common and extensively accepted VLS and VSS growth mechanism,
there existed some research [40, 102—106] focused on the catalyst-free pathway,
especially for metal-oxide nanowire growth in the presence of oxygen. No external
catalysts or solvents were directly used during the growth process, and the nanowires
were directly grown on the metal surface through a reaction with oxygen, which was
named as vapor—solid (VS) mechanism.

Actually, as early as 1955 [102], Sears’s experiment demonstrated the vapor—solid
process in the growth of mercury whiskers. In 2001, Pan et al. [103] deemed that their
nanobelts of semiconducting oxides were also governed by VS mechanism because
the only source material used was pure oxide powders.

Another possible mechanism explained nanowire growth is accomplished via the
incorporation of O from vapor and metal ions through diffusion along the defects,
such as twin boundaries, stacking faults, and surfaces, from the substrate to the
nanowire tip [40, 48]. As Fig. 9.12i—n shows, the successive stages of growth of
copper oxide whiskers in 4 x 10° Pa of oxygen were recorded. At the beginning
of the heating (estimated to ~670 K), an oxide film with non-uniform thickness
was formed on the copper surface, and consequently the shape of the edge became
jagged (Fig. 9.12i—j). After about 40 s, the oxide layer stabilized and the edge
became smoother (Fig. 9.12k). Gradually, whiskers started to grow on the oxide
layer (Fig. 9.12]-n), and two kinds of whiskers were identified in these micrographs:
(i) thick and short and (ii) thin and long. The analysis of grown whiskers suggested
that copper atoms easily diffuse along the lattice defects in CuO, and upon reaching
the whisker tip, react with the ambient oxygen there. Tokunaga et al. [105] also
studied the growth and structure of tungsten oxide nanorods using ETEM. They
concluded that it was dominated by the solid diffusion mechanism: cracks occurred
in the surface of the natural tungsten oxide layer when the tungsten was heated, after
which tungsten diffused through the cracks of natural tungsten oxide layer from the
tungsten wire to form a highly crystalline prominence. In 2015, Zhang et al. [104]
demonstrated the layer-by-layer growth kinetics statistics in the growth of tungsten
oxide nanowires with ETEM.

In 2014, Rackauskas et al. [106] observed the synthesized CuO nanowires in an
ETEM by oxidation of pure metallic Cu in the presence of 3.2—7 mbar of O, in the
temperature range of 350-475 °C. They also confirmed the occurrence of the copper
diffusion (along the grain boundaries of the oxide layers and to the nanowire tip).
Meanwhile, collecting kinetics of the growth, they concluded that nanowire growth
should be described as the layer-by-layer formation process, in which nucleation of
a new layer is the growth limiting stage, rather than the copper diffusion (along the
grain boundaries of the oxide layers and to the nanowire tip).
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Based on the growth of semiconductor nanowires, simple nanoscale devices were
fabricated and observed over their complete lifecycle from creation to failure with
additional electrical measurements. Kallesge et al. [107] used the VLS method to
grow Si nanowires as devices bridged between Si cantilevers. They characterized
the formation of the contact between the nanowire and the cantilever, measured the
electrical properties and high current failure characteristics of the resulting bridge
devices, and related these to the structure. Probably the growth of nanowires in ETEM
could be controlled more accurately so as to fabricate more complex structures or
special devices in the future.

9.3.4.3 Carbon 1D Nanomaterials

As early as 1971, Baker and Harris [108] had already used the modified controlled
atmosphere electron microscope to observe gas reaction, including the investiga-
tion of filamentous carbon formation from acetylene, catalyzed by nickel, iron, and
cobalt. In spite of the resolution limit, early studies already focused on morpholog-
ical changes and growing rates, from which kinetic parameters and activation energy
could be obtained, so as to help put forward the growth mechanism.

Since carbon nanotubes (CNTs) were discovered in 1991 by Iijima [109], various
applications, especially in displays or in X-ray tubes for medical applications, were
developed in the following years. These applications require strict control of the
diameter, length, and number of walls (such as multi-wall CNTs for field emit-
ters, and single-walled CNTs for transistors) and the chirality. However, it’s diffi-
cult to monitor and control the nucleation and growth of CNTs during traditional
high-temperature arc-discharge and laser ablation processes. By contrast, CVD is
an increasingly important and steady method, especially when ETEM was used as
a cold-wall nanoreactor. With the development of accessories and techniques, the
ETEM offers an excellent opportunity to satisfy the demand for in situ observation
of CNTs growth.

In 2004, there were two groups [110, 111] that completed direct imaging of
CNT nucleation and growth process at reaction temperature using ETEM. Helveg
etal. [110] presented in situ TEM observations of the formation of carbon nanofibers
(including nanotubes) from methane decomposition over supported nickel nanocrys-
tals. The consecutive TEM images of the main equilibrium shape transformed into
a highly elongated shape were demonstrated in Fig. 9.25. The formation of more
graphene sheets whose basal (002) planes were parallel to the Ni surface was
attributed to the elongation of the Ni particle, and it could be concluded that the
reshaping of the Ni nanocluster assisted in the alignment of graphene layers into a
tubular structure. Specifically, the nucleation and growth of graphene layers were
found to be assisted by a dynamic formation and restructuring of mono-atomic step
edges at the nickel surface (in Fig. 9.25b-g).

Sharma and Igbal [111] reported the in situ observation of carbon filaments
and CNTs as well with the employment of ETEM. They used two different cata-
lyst systems (Ni-SiO, and Co, Mo-MgO) in two flowing precursors, propylene
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Fig. 9.25 Image sequence of a growing carbon nanofiber. Images a-h illustrated the elonga-
tion/contraction process. Drawings were included to guide the eye in locating the positions of
mono-atomic Ni step edges at the C—Ni interface. The images were acquired in situ with CH4:Hj
= 1:1 at a total pressure of 2.1 mbar with the sample heated to 536 °C (reproduced with permission
from Ref. [110], Copyright 2004, Springer Nature)

(99.9999%) and welder’s grade acetylene, respectively. Filamentous growth was
observed when propylene was leaked over Ni-SiO, at 400 °C while acetylene, on
the other hand, provided the growth of a well-defined nanotube structure. Further-
more, the growth of multi-wall nanotubes (MWNTs) favored at 450 °C, and compared
with single- and double-walled CNTs were observed to form predominantly at higher
temperatures (700-800 °C).

In the following years, Sharma and coworkers continuously studied the CNTs’
growth under diverse reaction conditions, and they concluded that the growth rate
and morphology of the formed nanotubes depended on the synthesis conditions
(i.e. temperature and pressure) [80, 101, 112, 113]. For example, catalyzed by Ni—
Si0, with narrow particle size distributions (1.5-3.0 nm), at an average rate of 35—
40 nm s~! under 20-100 mTorr of gas pressures at 480 °C, serpentine-shaped or
zigzag multi-wall carbon nanotubes grew, while at an average growth rate of 6—
9 nm s~! at pressure <10 mTorr at the same temperature, straight single-wall carbon
nanotubes with nearly uniform diameters (~3.5 nm) formed [112]. Furthermore, the
plausible growth mechanism for small-diameter CNTs was also put forward, and
shown in Fig. 9.26a—e. The model assumed that nanotubes grow preferentially along
<111> direction on certain crystallographic Ni planes (the most active {110}, in
(a)), then the particle rotated, or melted and re-crystallized (b), which would stop
the growth of the tube momentarily until a new set of active {110} surfaces resume
the growth. Epitaxial lattice-matching of the Ni {110} plane to the graphene lattice
of the nanotube could induce the Ni particle to re-orient itself so that the Ni {111}
aligns with the nanotube axis. The new growth direction would be controlled by the
angle between two sets of 110 surfaces (i.e. 110 and 101, 60°). By incorporating
5-ring/7-ring pairs into the graphene lattice, the particle could continue to grow as
a fully 3-coordinated seamless tube (c). If the 5-ring/7-ring defect pairs were at low



9 In-Situ Gas Transmission Electron Microscopy 293

.L .‘:_"

€

Fig. 9.26 a-—e Sketches showing a plausible growth mechanism for small-diameter CNTs. f A hypo-
thetical bend in a SWCNT model induced by three 5-ring/7-ring pairs (reproduced with permission
from Ref. [112], Copyright 2005, Oxford University Press)

densities, the nanotube segments were straight, punctuated by 60° and 120° bends
(d), while they could appear to be continuously curved and of irregular diameter
with high densities of defects (e). Figure 9.26f showed a model of such a bend in
a SWCNT in detail. The two nanotubes can be merged seamlessly, with fully 3-
coordinated carbon atoms, by introducing equal number of 5-rings and 7-rings so
that the overall polyhedral curvature of the nanotube does not change. In this model,
3 such 5-ring/7-ring pairs were introduced. The distribution shown here was not
unique; many different variants that supported such a bend were possible.

In another article [113], Sharma and coworkers concluded that straight, single-
wall, carbon nanotubes tend to form at high temperatures and low pressures while
bent, zigzag, multi-wall carbon nanotubes form at lower temperatures and higher
pressures. It’s also perceived that high nucleation and growth rates would reduce the
time/or energy required for annealing 5- and 7-ring defects. Furthermore, the overall
activity of Ni catalyst particles, i.e. the number of particles active for tube formation,
was improved by the addition of a small amount (below 0.2 mol fraction) of Au
[114].

Yoshida and Takeda also made intensive and detailed studies on the growth of
CNTs. In 2005, they outlined a theory of image information in an ETEM and applied
the theory to simulating HRTEM images of SWNT in source gases of ethanol at the
actual growth condition [115]. The ETEM observation of the swinging and rotational
growth of CNTs in 2007 provided an explanation of the suspended growth mechanism
[116]. In 2008, the nucleation and growth process of CNTs catalyzed by NP catalysts
of fluctuating crystalline Fe carbide in CVD with C,H, was acquired with ETEM
[117]. 1 nm thick Fe (99.999%) was deposited on the thin SiO, surface layer of
silicon substrates by vacuum evaporation. Then the substrates were set in an FEI
Tecnai F20 equipped with an environmental cell, and heated to 600 °C in a vacuum,
and subsequently, a mixture of C;H,:H, = 1:1 was introduced into the ETEM (10 Pa).
Figure 9.27 shows the root growth process of a SWNT from an Fe carbide NP catalyst
viewed nearly normal to the growth direction. In NP catalyst, various kinds of lattice
images appeared and faded out, while all of them were identified as the iron—carbide
structure (cementite, Fe;C). The lattice image shown in Fig. 9.27a—d continued for
1-2's, 1-2 s, 1-2 s, and 7 s, respectively. The phenomenon was accounted for by
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Fig. 9.27 a-d Growth process of a MWNT from an Fe carbide NP catalyst viewed nearly normal to
the growth direction. Enlarged images and Fourier transforms of the dotted square regions in images
are shown below, which indicated that phase of catalyst was Fe3 C (reproduced with permission from
Ref. [117], Copyright 2008, American Chemical Society)

a change in crystal orientation without physically rotating the whole NP since it
remained at nearly the same position and deformed only slightly. In conclusion, the
NP catalysts were deemed as fluctuated crystalline cementite, Fe;C.

Besides CNT, the formation of different allotropes of carbon on the nanoscale
(e.g. graphene layers [118]) was also studied extensively with the employment of
ETEM. There is no doubt that the ETEM has the indispensable advantage in observing
the dynamics of catalyzed nanostructure growth, which provided the possibilities for
understanding the mechanism and promoting the synthesis technology. Furthermore,
it’s common that the catalyst would cause some dynamic change during the catalyza-
tion (e.g. in Yoshida’s experiment, the NP catalyst Fe;C already deformed slightly),
which would be discussed in the next section.

9.3.5 The Catalyzation

Heterogeneous catalysis plays an essential role in modern industrial manufacturing.
Over 85% of commercial chemicals in the industry are catalytically produced, mostly
via gas-involved processes [48]. Traditional heterogeneous catalysts consist of metal
NPs, which are supported on specific oxide substrates (even specific crystallographic
planes). Since the catalytic activity varied with the atomic arrangement on the surface
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of metal NPs, the interfaces between particles and substrate, the surfacial status of the
substrate (oxidation/reduction/doping), it’s of great importance to study the structure
and composition of catalyst at the atomic scale. Meanwhile, the catalytic reactions
usually occur in an atmospheric environment, which means that the catalysts are
likely demonstrating different characteristics and properties in traditional TEM under
high vacuum. Therefore, the emergence of ETEM could satisfy the requirement of
observation in detail at the atomic scale by maintaining the catalyst under active
status in the reaction atmosphere [119].

9.3.5.1 Dynamic Observation of Catalytic Reactions

The catalytic performance of metal catalysts is determined by their structures [120],
e.g. size, morphology, composition, crystal structure, metal-support interactions,
and so on, while recent studies suggested that the structure of metal catalysts would
dynamically change during reaction conditions [121], and their statuses in reac-
tion could be dramatically different from the original/final ones [122, 123]. There-
fore, real-time studying the metal catalysts is well expected to give insight into the
underlying mechanism and to help further improve the properties of metal catalysts.

The nucleation and growth of CNT is a typical catalytic process, and the catalyst
would undergo some dynamic changes in both morphology and composition during
the whole growth. For example, the Fe;C catalyst deformed during the reaction
(Fig. 9.27). Similarly, in the work of Hofmann et al. [124], the catalyst particle
showed a periodical morphology change, from its initial equilibrium shape into a
highly elongated shape during carbon nanofibers nucleation. As shown in Fig. 9.28,
the Ni particle elongated and then suddenly contracted into a rounder. Typically, the
substrate anchorage was overcome during the first contraction and the catalyst crystal
lifted off the substrate, resulting in a tip growth mode.

The composition change of the catalyst was also reported. Mazzucco et al. [125]
observed and recorded the whole deactivation process of Fe catalyst NP in ETEM, and
found that the Fe catalyst transformed into two distinct carbide phases, cementite

Fig. 9.28 a-d ETEM image sequence showing a growing CNT in 3:1 NH3:C,H; at 1.3 mbar and
480 °C. The Ni particle elongated and then suddenly contracted into a rounder shape (reproduced
with permission from Ref. [124], Copyright 2007, American Chemical Society)
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(Fe;C) and Higg (FesC,) under CNT growth conditions. Moreover, the carbon-
rich Héagg carbide was inactive for the competitive process in contrast to the less
carbon-rich cementite phase.

As a classical catalyst which is highly active for low-temperature CO oxidation
and water—gas shift reaction, Au/CeO; is studied at the atomic scale to improve and
stabilize the catalytic property. Since the interfacial perimeters between metal NPs
and oxide substrate probably tip the scale for the catalysis, the structural collapse and
reconstruction of the gold—ceria interfacial perimeters under various reaction condi-
tions attracted extensive attention. Using ETEM, Ta et al. [127] directly observed
the structural changes of the Au NPs and the interfacial structure (Au/CeO;) under
oxidizing and reducing (reactive) atmospheres at 573 K. As shown in Fig. 9.29a, a
truncated octahedral Au particle (size: ~3 nm) directly contacted to ceria without
any transition layers (Au{111}-CeO,{111}), and the Au—CeO, interfaces retained
their original configuration without appreciable variation in shape and size under an
oxidizing gas environment (10 vol%0,/N,). When the same particle was exposed to a
reducing and reactive environment (42 vol% CO/6 vol% O,/N,,), the Au—CeO, inter-
faces reconstructed with the appearance of disordered CeO, layers adjacent to the
gold particle as shown in Fig. 9.29b, which even increased in thickness over time. The
chemical nature of the newly formed ceria layers was identified as CeO 714, which
was partially reduced and probably resulted in the electronic state change of the gold
atoms at the perimeter of the gold—ceria interface. Therefore, the authors proposed
an anchoring mechanism as Fig. 9.29d shows, the faceted Au NP was constructed of
four different domains with different functions.

Based on the observation of reversible changes in NPs, the oscillatory CO oxida-
tion behaviors catalyzed by Pt NPs were reported with the employment of a nanore-
actor, time-resolved HRTEM, mass spectrometry, and calorimetry in 2014 [47]. The
technologies of MEMS and a unidirectional gas-flow channel with a reaction zone
satisfied the in situ time-resolved observations of the periodic refacetting of the Pt
NPs at 1 bar pressure and elevated temperatures. As shown in Fig. 9.30a, mass spec-
trometry demonstrated periodic oscillations of O, and CO pressures in anti-phase,
and similar variations are shown in the CO, pressure. Meanwhile, to keep the nanore-
actor temperature constant, the heater power would be reduced (Fig. 9.30b), which
was at least 3 orders of magnitude faster than the time scale of reaction oscillations, to
compensate the exothermic reaction heat. Finally, the Pt NPs near the reaction zone
exit switched between a more spherical and a more facetted morphology (Fig. 9.30c,
d). Specifically, as the CO conversion increased rapidly, Pt NPs immediately started
a gradual transformation from a more spherical shape toward a more facetted shape
(Fig. 9.30d I-III). On the decrease in the CO conversion, the NP transformed back
to the more spherical shape (Fig. 9.30d IV) and retained that shape until the CO
conversion rose steeply again. Thus, the individual NPs near the exit from the reac-
tion zone could undergo oscillatory and reversible shape changes with a temporal
frequency matching the oscillations in reaction power, indicating that the oscillatory
CO conversion and the dynamic shape change of the Pt NPs were coupled.

Besides the dynamic observation of the catalyst, the oxide substrate was also
studied because it usually interacts with the NPs under specific environments. The
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Fig. 9.29 ETEM images of the Au-673 catalyst (the selected Au NP) under oxidizing and reducing
atmospheres at 573 K. a, b A truncated octahedral Au particle of ~3 nm size under a 10 vol% O,/N;
environment (a) and a 42 vol% CO/6 vol% O2/N> atmosphere (b). ¢ Schematic depicting a typical
gold NP enclosed by {111} and {100} planes. d Atomic scheme of a gold NP anchoring onto a
CeO> nanorod, illustrating the functions of different domains (reproduced with permission from
Ref. [127], Copyright 2012, American Chemical Society)

reconstruction of gold—ceria interfaces in Fig. 9.29b was one manifestation, and
another typical and obvious phenomenon was strong metal-support interactions
(SMSI) (More details referred to SMSI could be found in [194]). As early as 1978,
Tauster [128] had already explored the possibility of strong interactions between
group VIII metals and supports containing titanium cations, and proposed the SMSI
which was associated with the formation of bonds between the metal and titanium
cations or titanium atoms. The definition of SMSI [129, 130] was later extended to
include interactions between an active metallic component and any support materials
that exhibit similar phenomena to that observed by Tauster. Generally speaking, the
phrase was used for catalyst systems consisting of active metal particles on reducible
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Fig. 9.30 Correlation of oscillatory CO oxidation reaction data with the projected morphology of
a Pt NP (Supplementary Movie 1). The gas entering the reaction zone is 1.0 bar of CO:0;:He at
3%:42%:55% and nanoreactor temperature is 659 K. a—c¢ Mass spectrometry of the CO, O, and
CO; pressures (a), reaction power (b), and shape factor (c¢) for the Pt NP in d as a function of
time. The shape factor corresponds to the relative difference in the area from the best elliptical fit
in image I in d (Ref. [4]). The morphology factor is zero for the more spherical shape and deviates
for more facetted particles. Part of the reaction oscillation data is highlighted by the red rectangle.
d Time-resolved TEM images of a Pt NP at the gas exit of the reaction zone (reproduced with
permission from Ref. [47], Copyright 2014, Springer Nature)

support [131], because the interaction under reducing conditions can induce an elec-
tronic effect (charge transfer between support and metal particles), changing the
chemisorption capacity of the active phase, and/or preventing the interaction between
the gas molecules and the metal surface due to newly formed surface layer.

In 1997, Boyes and Gai [17] had observed the phenomena of catalyst deactivation
caused by SMSI in an environmental high-resolution electron microscope (EHREM)
at the atomic scale. Owing to the modification of apertures mounted inside the bores of
the objective pole pieces rather than between them, the aberration coefficients could
low down to 2 mm. Multi-directional resolution of atomic lattice planes with spacings
in the range 0.34 (graphitic carbon)-0.23 nm (gold islands with (111) lattice) was
routine. Figure 9.31a shows EHREM of finely dispersed Pt/TiO,. In situ dynamic
catalyst activation in hydrogen at 300 °C is shown in Fig. 9.31b. Growth of an
amorphous Ti-rich overlayer or coating, with a composition close to slightly anion-
deficient TiO, was observed (indicated at C, determined by EDX) on the surface
of the same particle at 450 °C in Fig. 9.31c. In addition, there emerged some nm-
scale single crystal clusters of Pt metal (arrowed) near the observed particle, and
they were not in an epitaxial relationship with the substrate and not encapsulated by
titania overlayers during the early development.
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Fig. 9.31 aEHREM of finely dispersed Pt/TiO, prepared by impregnation of TiO, with Pt solution.
b In situ dynamic catalyst activation in hydrogen imaged at 300 °C. The 0.23 nm (111) lattice
spacings were clearly resolved in the Pt metal particle (P). ¢ The same particle of Pt (P) imaged at
450 °C, also in Hy (reproduced with permission from Ref. [17], Copyright 1997, Elsevier)

In 2016, Zhang et al. [132] described the atomic migration of a palladium/titania
(Pd/TiO,) system, by combining ESTEM and DFT calculations, which visualized the
formation of the overlayers at the atomic scale under atmospheric pressure and high
temperature. As Fig. 9.32a shows, an amorphous layer started to form on the particles
under reducing conditions (H,(5 vol%)/Ar at 1 atm) at 250 °C, arguably through the
diffusion of reduced TiOx species from the support to the particle surface, starting
from the metal-support boundary (arrow). When the temperature was increased to
500 °C under the same conditions, the amorphous layer crystallized to form a bilayer
that was almost epitaxial with the Pd(111) plane (Fig. 9.32b and higher magnification
images in C, D). The lattice spacing was ~2.9 A for the lower layer and 3.0 A
for the top layer, and the overlayer followed ABCABC stacking of the underneath
Pd along [111] direction. The comparison between ABF (Fig. 9.32c) and HAADF
(Fig. 9.32d), where the image contrast is the opposite and brightness in the latter case
is proportional to atomic number, confirmed that the surface layer was composed of
a material with lower atomic number than Pd.

Generally speaking, common SMSI overlayers as mentioned before are crys-
talline, while there exists special case in which environmental gas participated in
the formation of end product, and resulted in amorphous overlayer. Matsubu et al.
[133] proposed adsorbate-mediated SMSI (A-SMSI) encapsulation state that formed
with the treatment of TiO,-supported Rh NPs in CO,—H, (CO;-rich) environments
at temperatures of 150-300 °C. According to the conditions known to form the
traditional SMSI state, a crystalline bilayer of TiO4 quickly formed as a conformal
coating on large crystalline Rh particles, with Ti exclusively in the Ti**oxidation
state (Fig. 9.33a). In contrast, after 20CO,: 2H, treatment for three hours at 250 °C,
an amorphous overlayer on Rh was observed to form (Fig. 9.33b). In situ electron
energy-loss spectroscopy (EELS) measurements with a 1.0-1.5 A spot size focused
at various locations on the overlayer directly proved that Ti existing in a combina-
tion of Ti** (~30%) and Ti** (~70%) oxidation states in the amorphous overlayer.
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Fig. 9.32 Formation of the
TiOx overlayer on Pd
nanocrystal in Pd/TiO».
Sequential in situ
observations, under reducing
conditions (Ha(5 vol%)/Ar at
1 atm) of the Pd/TiO,
sample at 250 °C (a), then
500 °C for 10 min (b); ¢, d
are higher magnification
ABF and HAADF images,
respectively, of a section of
part (b) showing the TiOx
double layer (reproduced
with permission from Ref.
[132], Copyright 2016,
American Chemical Society)
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Fig. 9.33 In situ STEM images of Rh/TiO; after treatment in 5% Hj and 95% N3 at 550 °C for
10 min (a), which induced the formation of a TiOx SMSI crystalline bilayer, containing exclusively
Ti?*, and after treatment in 20CO,:2H; at 250 °C for 3 h (b), which caused the formation of an
amorphous A-SMSI overlayer, containing a mixture of Ti>* and Ti** (reproduced with permission
from Ref. [133], Copyright 2017, Springer Nature)

Differences in Ti oxidation state for the traditional SMSI and A-SMSI overlayers
were hypothesized to result from the presence of HCOy in the A-SMSI overlayer
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and to be related to the unique reactivity and stability of the A-SMSI overlayer in
humid CO,-reduction conditions.

Besides the common surface structure fluctuation and reshaping of nanomate-
rials in catalyzation, there exist some extremely subtle structural changes during the
real-time catalytic process. To reveal the structure—activity relationship, the most
direct method is to directly observe the catalytic reaction occurring on the catalyst
surface at the atomic level. In 2020, Yuan et al. [134] visualized the gas molecules
that adsorb and react dynamically at the specific structure with the employment of
spherical aberration-corrected ETEM. Normally, the spatial distribution of active
sites on the catalyst surface is disordered, and the molecules adsorbed on the sites
do not offer sufficient contrast for TEM identification. To solve this issue, they came
up with a strategy to construct a highly ordered active row to enhance the image
contrast. They took advantage of the highly ordered four-coordinated Ti(Tis.) rows
on the anatase TiO; (1 x 4)-(001) surface to facilitate enhanced contrast of adsorbing
molecules along the row direction and allow real-time monitoring of H,O species
dissociating. As shown in Fig. 9.34a, the reconstructed TiO; (1 x 4)-(001) surface
was obtained after heating in O,, in which the protruding black dots represent the
Tiye rows. Then O, gas was evacuated and H,O vapor was introduced (Fig. 9.34b).
With the raising H,O pressure, two additional small protrusions were observed at
the top of the Tis. rows, and became clearly visible (in Fig. 9.34d). Combined with
in situ Fourier transform infrared spectroscopy (FTIR) and density functional theory
(DFT), the researchers attributed the twin protrusions to the adsorbed water species,
which was composed of two different hydroxyl species. Since TiO, can catalyze
the water gas shift reaction (H,O + CO — H, + CO,) at elevated temperatures, the
researchers introduced CO into the ETEM column after the formation of twin protru-
sions. They found that the twin-protrusion structure changed dynamically between
blur and clearness (Fig. 9.34e, f), which indicated that the adsorbed hydroxyls were
reacting with CO molecules, and the Tiy. sites are the reaction sites.

Another challenging and unexpected interface structure change was explored
in 2021 by Yuan et al. as well [135]. Supported nanoparticles are widely used as
catalysts for heterogeneous reactions, and the active sites in many reactions are
located at the perimeter interface (PI), which is generally considered to be rigid.
However, by employing the aberration-corrected ETEM (same as the former appa-
ratus), they found that Au nanoparticles could rotate reversibly on the TiO, (001)
surface in different gas environments. Furthermore, by controlling the external oxida-
tive/reductive gaseous environments and temperature, the researchers realized the
in situ manipulation of the atomic configuration of the active Au-TiO; interface. In
brief, a perfect epitaxial relationship was found at the interface between the Au NP
and the TiO, (001) interface at high oxygen pressure (Fig. 9.34g, 1), while the Au NP
rotated by a small angle along the axis perpendicular to the TiO, (001) surface with
the introduction of CO (Vo,: Vco = 1:2) (Fig. 9.34h, j). The rotation was so subtle
that the whole process couldn’t be observed and monitored without the possibility
and convenience provided by the ETEM. This result suggests that real-time design
of the catalytic interface in operating conditions may be possible.
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Fig. 9.34 a-d Aberration-corrected in situ ETEM images show the same area of TiO, (001) surface
at 700 °C under oxygen [a 0.001 mbar] and water vapor [b 0.01 mbar; ¢ 1 mbar; d 2.5 mbar]
conditions, scale bar, 1 nm; e Sequential ETEM images acquired in the mixed gas environment
(1:1 ratio of CO and H, O vapor; gas pressure:5 mbar; temperature: 700 °C), viewed from the [010]
direction. Scale bar, 2 nm. f Enlarged ETEM images show the dynamic structural evolution of the
Ti row outlined by the dotted rectangle in (e). Scale bar, 0.5 nm (reproduced with permission from
Ref. [134], Copyright 2020, The American Association for the Advancement of Science). g and h
Aberration-corrected in situ ETEM images of a Au NP supported on a TiO, (001) surface in g a
high-pressure oxygen (6.5 mbar) environment, and h a CO oxidation (total pressure: 4.4 mbar, Vo, :
Vco = 1:2) environment, scale bar, 2 nm; i and j Aberration-corrected in situ ETEM images show
the structural evolution of the Au-TiO; (001) nanocatalyst from an oxygen environment [i 5 mbar]
to a reactive environment [j 500 °C, 5 mbar, Vg,: Vco = 1:2)], scale bar, 2 nm (reproduced with
permission from Ref. [135], Copyright 2021, The American Association for the Advancement of
Science)

9.3.5.2 Sintering and Dispersion

Catalystdeactivation was a major concern in many industrial processes, besides SMSI
in a specific gaseous environment; sintering was another typical reason which could
account for it. The active sites are usually related to the surface area or the specific
size, while sintering always result in the decrease of the surface area and changing
the size of the catalyst particles. Furthermore, the sintering of supported NP catalysts
occurs in various applications, ranging from high-temperature automotive exhaust
emission controls to low-temperature fuel cells, made it an urgent demand to stabilize
the catalyst distribution, lifting the commercial value. ETEM could provide direct
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evidence about size/distribution/morphology of NPs, further the dynamic evolution
of these information under gaseous environment.

There are two widely accepted sintering mechanisms [130, 136-138]: (a) Ostwald
ripening (OR) [139], in which the larger particles grow at the expense of small ones,
by the diffusion of atoms/clusters due to a difference in chemical potential depending
on NP size/surface curvature; (b) Particle migration and coalescence (PMC) [140],
in which the independent particles migrated on the substrate surface in a Brownian-
like motion and coalesce to other encountered particles. Both mechanisms may co-
exist during a real catalytic reaction, and the dominant one is determined by reaction
conditions and catalyst characteristics, e.g. loading amount, and weak metal-support
interaction (MSI) facilitate the PMC process while strong MSI avails the OR process.

As early as 1974, Baker et al. [141] has observed particle mobility on a graphite
surface in a gaseous environment with their modified TEM. In 2004, Liu et al.
[142, 143] studied the sintering of palladium NPs on Al,Os; during the catalyst
regeneration process. Fresh Pd particle catalyst was located on the Al O3 surface and
sintering occurred in 500 mTorr of steam at 700 °C, via traditional ripening (OR)
and coalescence (PMC) mechanisms. As shown in Fig. 9.35a—c, particles marked 1
gradually shrunk in size and finally disappeared, while particles marked 2 coalesced
into one. As for the used catalyst, which deactivated apparently due to the coverage
of a complex mixture of unsaturated aliphatic hydrocarbons (HC in Fig. 9.35d), Pd
particles moved through the hydrocarbon, leaving light contrast tracks in their wake
(black arrow in Fig. 9.35¢) in 500 mTorr of steam at 350 °C. In this process, the Pd
particles catalyzed the gasification of green oil residue, meanwhile the exothermic
nature of the reaction raised the temperature and facilitated the coalescence of Pd
particles even at much lower temperatures.

In 2012, Hansen et al. [138] proposed that the sintering process could be divided
into three phases via reviewing and analyzing recent in situ observations (Fig. 9.36).
Phase I involved rapid loss in catalyst activity (or surface area), phase II was where
sintering slows down, and phase III was where the catalyst may reach a stable
performance. The experimental data suggested that, in phase I, very little PMC was
observed while the disappearance of the smallest particles (OR) was probably respon-
sible for the obvious declining activity. In phase II, sintering slowed down since the
small particles already disappeared, and during this stage both OR and PMC could
be observed. In phase III, the particles had grown large and been very stable. In
this phase, particle migration slowed down, and some other parasitic phenomena,
such as support restructuring, turned out to be important or influential, especially at
high temperatures. Considering several technical and chemical improvements related
to changes in the composition of the NPs or changes in support surface structure,
morphology, and chemistry, they endorsed the viewpoint proposed by Moulijn et al.
[144], which the movement of atoms holds more weight accounting for the sintering
mechanism.

As a model system for automotive exhaust abatement, Pt NPs dispersed on a
planar, amorphous Al,O3 support were monitored during the exposure to 10 mbar
air at 650 °C under in situ TEM by Simonsen et al. in 2010 [145]. Time-resolved
image series unequivocally revealed that the sintering of Pt NPs was mediated by
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Fig. 9.35 a—c Fresh Pd/Al,O3 catalyst a in the as-received condition (RT); after heating in 500
mTorr steam at 700 °C for b 1 h; ¢ 3 h. d—f Used Pd/Al,O3 catalyst heating in 500 mTorr steam
at 350 °C for d O h, e 1 h, f 2 h (reproduced with permission from Ref. [142], Copyright 2005,
Elsevier)
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Fig. 9.36 The sintering process could be divided into three phases according to the change of the
catalyst activity, and OR could happen during all three phases while PMC mainly occurred during
phases Il and I1I (reproduced with permission from Ref. [138], Copyright 2013, American Chemical
Society)
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an Ostwald ripening process. Benavidez and coworkers [146] performed an ETEM
study of Pd/carbon and Pt/SiO, under high temperatures as well. Anomalous growth
patterns were detected wherein some particles grew much larger than others, and they
were not caused by random migration and coalescence of particles. The dominant
process leading to particle growth was OR, the same as the former research.

Impressive advances had been realized by in situ TEM in several supported catalyst
systems, while most of them still focused on determining the dominating sintering
mechanism by statistical analysis of particle size evolution from the top view, whose
dynamics would respond to environmental and support change. Yuan et al. [147]
obtained the atomic-scale information of the interface between metal and support
from a side view with the combination of AC-STEM and ETEM. The researchers
loaded Au NPs on two typical anatase supports, well-defined Au-TiO, (101) and
Au-TiO, (001), through impregnation and in situ annealing methods. As shown in
Fig. 9.37a, the typical HAADF-STEM image viewed along TiO, [010] direction
exhibited a round-shape Au NP with a small contacting interface, and an incoherent
relationship between the NP and support. In contrast, a preferential contacting rela-
tionship that Au-TiO, (001) interface shared the plane with Au (111) was observed
in Fig. 9.37b, with a relatively larger interface. Then the samples were heated to
500 °C in an oxygen environment (5 X 102 Pa). The Au NPs on the Au-TiO, (001)
surfaces were stable, which was confirmed from both the top view (Fig. 9.37c, d)
and the side view (Fig. 9.37e, f) even after several thousand seconds. Though the
minimum distance of two particles was less than 0.46 nm, almost all of the particles
were firmly attached to the support and kept unchanged. Strong interaction between
Au NPs and TiO, (001) surfaces was obvious. During the sintering of Au-TiO,
(101) catalysts, both PMC and OR processes were observed, as Fig. 9.37g—j shows.
The seven particles were labeled from 1 to 7, respectively, then with time going
by, initially connected particles 4 and 5 started to coalesce with the diminution of
adjacent particle 6. The tendency developed steadily until one large particle was left
at the cost of the disappearance of particle 6. It should be noted that the contacting
area is still small, indicating a weak interfacial interaction. This work emphasized
the facet-dependent sintering behaviors, proposing a feasible method of choosing a
suitable support to prevent sintering.

In 2009, Amama et al. [148] demonstrated that the Ostwald ripening behavior
of Fe catalyst films deposited on thin alumina supporting layers was a function of
thermal annealing in H, and H,/H,0. The introduction of H,O to the catalysis of
CNT was proposed by Iijima’s group as long ago as 2004 [149], as a prospective
agent against amorphous carbon coating, to enhance the activity and lifetime of the
catalysts. Amama considered that the addition of H,O inhibited OR through the
ability of oxygen and hydroxyl species to reduce diffusion or migration rates of
catalyst atoms from one catalyst to another across the sample substrate, on the basis
of the ex situ experiment.

Besides the sintering behaviors of tiny clusters (<1 nm) and NPs (<3 nm), the
dispersion of a single atom was also recorded using TEM/ETEM/ESTEM. Atom-
ically dispersed catalyst species was reported by Iwasawa et al. [150] as early as
1999 with the usage of EXAFS. In 2011, Zhang et al. [151] proposed the concept,
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Fig. 9.37 a The HAADF-STEM image shows the typical interface between Au NP and TiO; (101)
surface. b The TEM image shows the typical interface between Au NP and TiO; (001) surface. c—f
The serial TEM images show the sintering behavior of Au NPs on the TiO2 (001) surface, both
from top view (¢ and d) and side view (e and f). The red dashed circles show the initial states of the
Au NPs. g—j The serial ETEM images show the sintering behavior of Au NPs on the TiO; (101)
surface. The red and blue dashed circles show the initial and changed states of the Au NPs. The
green arrows show the moving direction of the Au NPs (reproduced with permission from Ref.
[147], Copyright 2018, John Wiley and Sons)

a single-atom catalyst (SAC) that consists of only isolated single atoms anchored to
the surface. Normally, the isolated single atoms still possess chemical bonds with
surfaces or exist charge transfer. Actually, the SAC inspires an approach to optimize
the thermal stability of the catalysts and attracted extensive attention in just a few
years [152—155]. In 2012, Yoshida et al. [156] studied dynamic behaviors of Pt single
atoms on amorphous carbon without gaseous introduction. And then they character-
ized Pt/amorphous carbon (Pt/a-carbon) electrode catalysts in different atmospheres
[157], such as hydrogen and air, and a conventional high vacuum of 10~> Pa. The real-
time visualization of atomic behaviors during crystal growth, such as coalescence
and surface reconstruction, were acquired with AC-ETEM. Boyes et al. [28] focused
on the same area. They demonstrated the dynamic ESTEM imaging of single atoms
detected “loose” on the carbon support in 0.02 mbar hydrogen gas at 25, 400, and
500 °C. With the advanced in situ ETEM techniques, the SACs and their dynamics
during catalysis could be captured [158, 159].

In most experiments, SACs were stabilized by diverse defects, which limited the
fabrication and development of high-metal-loading and thermally stable SACs. In
2019, Lang et al. [160] developed the method that isolated Pt atoms can be stabilized
through a strong covalent metal-support interaction, which utilizes the crucial oxide
reducibility of support. Firstly, a 1.8 wt% Pt/FeOx catalyst was prepared (denoted as
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Pt;/FeOy), and subsequently calcined at 800 °C in air for 5 h (denoted as Pt;/FeOx-
C800). AC-HAADF-STEM was used to compare the nature of Pt species between
two materials. As Fig. 9.38a, b and c, d shows, there only existed isolated Pt atoms
dispersed on the support, and there were no Pt nanoclusters or NPs observed even
though the sample had experienced 800 °C calcination. Following is the designed
in situ ETEM experiment. Colloidal Pt NPs were supported on Fe,O3 at a 1 wt%
loading (denoted as 1Pt/Fe,O3-NP). Prior to calcination, about 300 Pt particles with
an average particle size of about 3 nm were visible across a randomly picked Fe, O3
support (Fig. 9.38e, f). After heating to 800 °C under a flow of 1 bar O, for 20 min,
the total number of Pt NPs decreased to ~200, since many of the 2—3 nm Pt NPs
shrank/or disappeared entirely (Fig. 9.38g, h). Therefore, the researchers proposed
that the Fe, O3 support could facilitate the dispersion of Pt NPs and transform into
isolated Pt atoms by high-temperature calcination. Three factors which played crucial
roles in the dispersion were concluded as high temperature to promote Pt mobility;
the presence of molecular O, to partially oxidize the surface of Pt NPs, thereby
enabling vaporization of (mobile) PtO,; and a strong interaction between support
and surface Pt atoms.

The isolated atoms sometimes could coalesce under a specific gaseous environ-
ment, or even possess cycles of coalescing to NPs and dissolving back to single
atoms. Dai et al. [161] demonstrated the cyclical precipitation—dissolution of Rh
NPs in response to redox cycling of the ambient gas. These dynamic evolutions must
be studied with the employment of in situ ETEM or gas-cell system to monitor the
whole process, or else we could only obtain the ex situ information of the catalyst

L
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Fig. 9.38 a, b AC-HAADF-STEM images of Pt;/FeOx and ¢, d Pt;/FeOx-C800, highlighting
atomically dispersed Pt (circled in b). 5 nm scale bar for panel a, 2 nm scale bars for b, d, and
100 nm scale bar for ¢. e-f HAADF-STEM images of 1Pt/Fe;O3-NP before, and g-h after in situ
calcination at 800 °C under 1 bar flowing O; for 20 min: the yellow squares in panels e and g show
the same sample area. A 50 nm scale bars in e and g and 10 nm scale bars in f and h (reproduced
with permission from Ref. [160], Copyright 2018, Springer Nature)
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which easily caused a misunderstanding due to the change of gaseous environment
and temperature, and the real catalytic factors or components could not be revealed
anymore.

9.3.5.3 Photocatalysis

As an important catalytic process widely used in sustainable energy development,
photocatalysis attracted tremendous attention. Considering the outstanding ability of
ETEM for real-time observation, introducing light in the ETEM would facilitate the
understanding of the photocatalytic mechanism at the atomic scale.

Two mainstream methods allow the introduction of light irradiation into the ETEM
nowadays, modifying the specimen holder or the TEM column.

Generally, the modifications of the TEM column have been done using traditional
optics [162] (reflective surfaces, lenses, ellipsoidal and/or mirrors, etc.) or optical
fibers [163—167]. Actually, as early as 1984, Suzuki et al. [163] had used optical fiber
to direct 514.5 nm light from a 4 W Ar-ion laser into the specimen chamber to study
dislocation motion in II-VI compounds. In 2004, Yoshida et al. [164] employed
the same design to study the photodecomposition process of poly-hydrocarbons on
TiO; catalyst films. The intensity of the light was measured to be 10 mW/cm? (A =
360 nm) on the sample plane. This system enabled researchers to change wavelength
and intensity by changing the light source easily. With UV light, they observed the
decomposition phenomenon of the organic materials, which was considered to be a
distinct photocatalytic process catalyzed by TiO; thin films.

Miller and Crozier [165-167] devised a system for in situ illuminating a sample
with visible and UV light inside a TEM with the employment of optical fiber as well.
The fiber enters the ETEM in a direction perpendicular to the sample rod, and has
no physical contact with the sample holder. This configuration allows for movement,
tilting, heating, and cooling of the sample with little impact on the optical fiber.
They balanced various considerations and showed no notable detrimental effect on
the microscope performance while illuminating the sample with over 1 W/cm? of
broadband UV and visible light. Zhang [168] employed the system in the same year
to investigate the surface structure of anatase nanocrystals under the conditions of
photocatalytic splitting of water (Fig. 9.39a). When the titania was exposed to light
and water vapor, the initially crystalline surface converted to an amorphous phase
with 1-2 monolayers thick (Fig. 9.39b, c).

The method based on traditional optics evolved slightly slower. In 1995, Ohno and
Takeda [162] developed an apparatus of the side-entry type that enabled laser beam
introduction using a reflection mirror, optical window, and lens with the modification
of a JEOL 2000EX TEM. Thus, the specimen could be illuminated simultaneously
by both electron and laser beams.

Picher et al. [169] proposed another approach which used a parabolic mirror
to focus the light from an external source and simultaneously collect the sample
response in 2014. A free-space, broadband (wavelength . >200 nm), high-efficiency
(1.5 sr) light delivery and collection system is employed, which is independent of



9 In-Situ Gas Transmission Electron Microscopy 309

Fig. 9.39 a Schematic diagram on in situ TEM showing gases flowing into the sample chamber
from an external mixing tank, and exiting through differential pumping apertures in objective lens
pole pieces. The temperature is controlled with a heating holder. Light illumination is provided by
an optical fiber which is supported by a brass tube perpendicular to the sample rod; the fiber tip is
cut at an angle to direct the light onto the sample. b Fresh anatase particles after 40 h in HyO gas at
150 °C, light exposure 12 h; ¢ magnified images of the (101) and (002) surfaces after illumination.
The image was taken in 20 s including adjusting the focus (reproduced with permission from Ref.
[168], Copyright 2013, American Chemical Society)

the TEM sample holder. The insertion of a parabolic mirror between the sample
holder and the lower objective pole piece of the ESTEM satisfied the delivery and
collection of light. Light reaches the parabolic mirror along a free-space beam path
through a viewport on a hollow rod into the vacuum system, then be focused on the
sample. At the same time, due to the collection of light information of the parabola
itself, multiple types of spectroscopy analyses could be integrated into the system,
such as Raman spectroscopy. Therefore, it allows the simultaneous collection of
microscale spectroscopy data and nanoscale ESTEM images to complement atomic-
scale information with a large-scale picture of the structure and kinetics, mitigating
the need for two separate in situ measurements. This rod-mirror assembly replaces
the objective aperture holder, and both of them are easily interchangeable.
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In general, the introduction of light by both optical fiber through a separate
port in TEM and employing various mirrors based on traditional optics involves
the modification of the microscope, which limited the use of the current system to
a single specific microscope while maintaining holder flexibility. Oppositely, the
holder-based designs could be used in different microscopes.

Shindo et al. [170] modified double-probe piezo-driving specimen holder by intro-
ducing alaser irradiation port in one of two arms. As aresult, the new specimen holder
consists of a piezo-driving probe and a laser irradiation port, both of which can be
3-dimensionally controlled by using piezoelectric elements and micrometers. While
the piezo-driving probe interacts with the specimen set in the holder in several ways,
the laser beam causes photo-induced phenomena to occur.

Cavalca [171, 172] followed the same modifying idea of the specimen holder,
and developed two novel types of holders that enable in situ illumination: lens-
based holder design and fiber-based holder design. The former design comprises a
standard TEM specimen holder with a customized tip, whose custom parts can be
adapted easily to other holder shafts. The fiber-based design was constructed using
a feed-through equipped with single or multiple multi-mode optical fibers, which
might be highly desirable for a study of the optical properties of nanomaterials in the
future. Cavalca performed the photo-induced degradation of cuprous oxide (Cu,0)
experiment using both TEM holder designs, and yielded the same result. Water vapor
was leaked into the specimen chamber to a steady-state pressure of ~3 mbar and the
sample was exposed to light with . = 405 nm and a power density of 6 W cm™2
for various time periods. The column was then evacuated to 10~ mbar for 5 h in
order to reduce the water vapor before the specimen was exposed to the e-beam.
This procedure excluded the influences induced by e-beam. The morphology of
particles evoluted considerably, with change in lattice spacing (electron diffraction
patterns) and oxidation state (electron energy loss spectroscopy). A more detailed
and complete analysis of the reduction reaction was finished in 2013 [172].

9.4 Conclusions and Outlook

Over the past decades, the introduction of gases in the TEM truly changed the tradi-
tional post mortem characterization limited to the vacuum environment. With the
developing accessory technologies (such as aberration corrector and microelectrome-
chanical system) and continuously updated design of the TEM, the research boundary
expanded gradually and steadily, ranging from structural characterization to atomic-
scale activity and property of materials. Accordingly, the various, demanding and
stricter restrictions in different exploring fields promoted the improvements in
accessory technologies and design.

There is no doubt that there exist universal and concurrent pursuits in almost all
TEM research areas, while specific and unique requirements emerged during special
experiments. In general, the requirements could be classified as follows.
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9.4.1 Spatial and Temporal Resolution

With the incorporation of a monochromator and aberration corrector (probe/image),
the spatial and energy resolution in commercially available ETEM already reached
the criterion that satisfied many applications. For example, the Themis ETEM (Ther-
moFisher), which is combined with image C corrector, Thermo Scientific X-FEG
module, and monochromator technology, could reach the TEM point resolution of
0.12 nm, while the system energy resolution could minimize to 0.25 eV, with the N,
pressure <0.5 mbar. As for the window approach, advancing processing technology
for the generation of ultrathin windows could minimize the scattering of electrons,
further improving the spatial resolution. Among ultrathin graphene, graphene oxide,
and boron nitride membrane as specimen supports for TEM developed in recent
years, graphene membrane stands out with an atomic thickness of only one carbon
atom used in a liquid cell.

However, the spatial resolution would decline to some extent on account of the
scattering of gas molecules doubtless, which is influenced by the pressure and variety
of gas as well. Meanwhile, the maximum pressure reported in the literature published
is 5 bar (window mode), which is still far below some real reaction conditions.
Therefore, the balance between gas pressure and spatial resolution still should be
paid enough attention to keep, no matter what kind of methods are employed, e.g.
improvement of aperture design.

Another more serious obstacle laid on the temporal resolution due to the demand
for the observation across a range of time scale, especially for ultrafast time scale.
The employment of ETEM in in situ experiments is usually prepared for monitoring
and recording the whole dynamic reaction process, which probably happened in
several milliseconds or even nanoseconds. The vital emphasis is the data collection or
recording media, which is confined to the electron dose, detection quantum efficiency
(DQE) of the camera, and information processability of the computer.

At present, in terms of recording attachment, the temporal and spatial resolution
are contradictory performances. Available technologies usually satisfied one of them
to sacrifice another one, for example, image acquisition systems allow high spatial
resolution (<0.1 nm) images with low temporal resolution (0.033-0.2 s range) or
low resolution (a few nanometers in single shot mode) with high temporal resolu-
tion [173]. The compromise between them restricts the applications in observing
numerous quick chemical reactions.

One of the solutions to the dilemma is the direct electron camera, which is based
on complementary metal-oxide semiconductor (CMOS) technology. As the indirect
electron detection method, conventional charge-coupled device (CCD) cameras with
a capability of 20 frames per second (fps) [174] would have to convert high-energy
electrons to photons firstly, which encumbered the response speed. The direct elec-
tron camera omits the essential fluorescent coating in CCD, improving the electron
collection efficiency a lot. The fps with correspondingly high DQEs of readout rates
reached 10* (such as Gatan K3, 1500 frames per second at 5760 x 4092 pixels can
be achieved) magnitude. The highly improved temporal resolution provided new
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possibilities in in situ experiments, while it’s still inadequate in observing transient
nucleation events or intermediates during chemical reactions.

Regardless of the camera, another radical method is ultrafast TEM, in the
time scale up to femtosecond/nanosecond theoretically. Two principal approaches
have emerged in recent decades: the stroboscopic ultrafast electron microscope (4-
dimensional ultrafast electron microscope, 4D UEM) [175—-177] and the nanosecond-
time-resolved single-shot instrument (Dynamic Transmission Electron Microscope,
DTEM) [178].

4D UEM has expanded the depth and breadth in different application fields,
including photon-induced near-field EM [179], diffraction patterns [180], EELS
[181], tomography [182], cryo-EM [183], Lorentz imaging [184], imaging in liquid
[185], etc. Using this method, temporal, and spatial resolution can be maintained at
the optimum levels, but the fact that the specimen must be laser-pumped millions of
times means that the process being studied must be perfectly reversible—the sample
must recover from the excited state back to the ground state between shots. This
limitation allows 4D UEM to study the perfectly reversible chemical and materials
processes, but is unavailable to many of the structural phase transformations and the
nucleation, growth and mobility of dislocations, voids, and even complex nanostruc-
tures [178]. In this regard, 4D UEM may not be appropriate for investigating catalytic
reactions.

As for DTEM, since all the information is obtained in a single specimen drive
event, this technique is able to measure irreversible and unique material events that
could not be studied by the stroboscopic approach. However, the limitation of this
method is that space-charge effects in the beam can lead to degradation in resolution,
and the essential high current will limit the overall temporal and spatial resolution
of the instrument as well [186—-189].

The stroboscopic and single-shot approaches to high-time-resolution in sitt TEM
are complementary, based on similar physical principles but in different regimes, and
occupy specific superiorities, respectively. Limited to the electron—electron interac-
tions and the brightness of the electron source, the spatial and temporal resolutions of
the single-shot technique are in the nanometer and nanosecond scale, compared with
the sub-picosecond time scale of the stroboscopic approach [189]. The stroboscopic
approach is restricted to highly reversible processes, and limited by the emittance
which determines the spatial coherence obtainable in a given spot size, which affects
contrast and resolution. The detailed interpretation could be consulted in Chap. 10,
4D Ultrafast TEM.

9.4.2 Multiple Stimuli and Characterization Techniques

There is no doubt that researchers always endeavor for observation of the most real-
istic status of the specimen under various conditions, simulating the actual perfor-
mance in operating conditions. The ETEM possesses extraordinary prospects in
the visualization of dynamic changes in morphology, structure, and chemistry of
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materials at the atomic scale, especially when it is employed with external stimuli
(strain/heating/cooling/electrical biasing/lighting).

Considering the varying stimuli probably induce different manifestations of the
specimen, it would naturally take the other common characterization methods into
the incorporation of ETEM. A combination of in situ ETEM and other characteri-
zation techniques, e.g. gas chromatography, quadrupole mass spectroscopy, in situ
spectroscopy (infrared/ultraviolet—visible near-infrared/Raman spectroscopy), in situ
XRD, in situ nuclear magnetic resonance (NMR) spectroscopy, and in situ XPS,
in situ XAS, would be the fast-growing and fascinating area in the future.

It is clear that spectroscopy was paid a lot of attention, for its outstanding comple-
mentary ability to ETEM: (1) the ETEM focused on changes in a small area while
the spectroscopy could give a whole overview of the sample to ensure the local
effects are representative, or elucidate the specific situation happened actually; (2)
the ETEM could observe the morphologic and structural changes, but is slightly
weaker in chemical component analysis (EDS and EELS focus on subtle informa-
tion), which is exactly the superiority of spectroscopy. Definitely, the spatial and
temporal resolution of the spectroscopy is another challenge for the synchronous
acquisition of information with the TEM images.

As for electron-beam-sensitive materials, the solution which could degrade the
electron beam irradiation damage is the pursuit of researchers all the time. Clearly,
the diffraction mode is the most common method which satisfies real-time dynamic
crystallographic characterization of structure with much lower electron dose inter-
acted with a specimen. Nowadays, no matter whether in ETEM or in a gas-cell
holder, the diffraction capability is reserved well and is employed to characterize the
beam-sensitive specimen still.

However, since the diffraction methods provided the average results over mate-
rials, another technique named as integrated differential phase contrast iDPC) STEM
[190, 191] emerged and developed well in recent years. The iDPC-STEM enabled
the linear imaging of the projected electrostatic potential in a lattice, and the resulting
contrast is nearly proportional to the atomic number Z instead of its square in the high
angle annular dark field (HAADF) STEM, greatly improving the capacity of light-
element imaging. Intriguingly, the iDPC technique allowed the researchers [192] to
image the adsorbed molecules with a high resolution and signal-to-noise ratio under
an ultra-low beam current. The lower damage allows continuous images of the same
area so that the temporal changes of structures could be investigated, especially in
studying various porous catalysts [193] and inside hydrocarbon pools.

Furthermore, the introduction of gas in TEM sometimes could compensate the
electron irradiation damage for specific materials in continuous characterization, e.g.
Yuan et al. [73] introduced the protection gas (O,) in the ETEM chamber to compen-
sate the lost oxygen atoms in TiO;, considering the surface structures can be easily
damaged by the electron beam. By analogy, the specific gas which could facilitate
the repair of the irradiation damage for electron-sensitive materials, especially the
oxides, satisfies the requirement of real-time dynamic continuous characterization at
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the atomic scale in TEM. In other words, the introduction of gas weakened the influ-
ence imposed on the specimen by the electron beam to some extent, which provided
a possible solution for the characterization of electron-beam-sensitive materials.

9.4.3 Accurate Process Control

It has been a focused problem for a long time since the TEM was invented and would
be a continuous problem in the following development: the accurate manipulation of
the specimen and external stimuli, including sample position (avoidance of sample
drift), uniformity, temperature (enough high/low temperature, and fast real-time rate
of temperature change), and gas flux.

The more complex the system designed and the more equipment involved, it would
be more difficult to obtain the accurate parameters or control the whole reactor/system
accurately, especially when they interacted and influenced themselves. The external
stimuli aggravated the situation, especially when the extreme environment is consid-
ered to realize in the TEM, e.g. corrosive gaseous environment and multi-stimuli
incorporated holder. Definitely, there are some efforts directed to mitigate the problem
but a universally available solution is still to be realized.

The electron beam irradiation is also a vital question for TEM characterization.
It should be seriously considered, especially for electron-beam-sensitive materials,
such as zeolites and metal-organic frameworks. The approach, which would entirely
eliminate the influence of the electron beam, or rational model established to deduce
and evaluate the influential extent imposed on the specimen by the electron beam, is
the pursuit of the researchers.
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