Chapter 1
A Brief History of Controlled Atmosphere
Transmission Electron Microscopy

Ai Leen Koh, Sang Chul Lee, and Robert Sinclair

Abstract In this chapter, the development of controlled atmosphere conditions to
study gas-solid reactions inside the transmission electron microscope (TEM) will
be presented. The two successful approaches to achieve this, namely the use of
electron transparent windows and the incorporation of small-bore apertures inside
the TEM combined with differential pumping, will be discussed. Finally, we will
also describe the state-of-the-art instrumentation available today to study the
behavior of nanomaterials in reactive gas environments, which have been largely
brought about by the development of aberration correctors, monochromators,
specialized TEM holders, as well as faster and more sensitive spectrometers.
Examples that highlight the diverse applications in this field will be provided.

1.1 Introduction

It was clear to the original pioneers in the 1930s or so that an electron microscope
requires a background high vacuum. Indeed, once the transmission electron micro-
scope (TEM) was being applied to examine the microstructure of metals and alloys,
specimen contamination, generally from breakdown of residual hydrocarbons in the
TEM atmosphere, became a real issue. This was further exacerbated by the
introduction of small probe work in the 1970s for microanalysis of chemical
composition. The historical trend therefore required increasingly good vacuum
conditions especially in the specimen and electron gun chambers.

This evolution clearly contrasts with the desire to study materials in their natural
environment, such as atmospheric gaseous conditions or even in liquids. Accord-
ingly, methods needed to be devised whereby the overall microscope vacuum
environment could be maintained while viewing the sample in a controlled
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environment. In this chapter, we will outline the historical progression of these
developments alongside the advances in TEM itself.

The main purpose of such experiments is to derive as much information as
possible about material interactions with the environment, whether under ambient
conditions such as in corrosion or in vivo biological processes, or extreme condi-
tions as might be required for catalytic reactions or non-equilibrium liquid phase
processes. This clearly represents a significant broadening to the scope of in situ
TEM observations whereby one examines the changes to a material system under a
controlled external stimulus such as heating, cooling, electrical bias, and mechan-
ical stress. The behavior of the specimen under high-vacuum conditions already has
its own merit as many manufacturing processes are carried out in vacuum, espe-
cially for the semiconductor industry. However, the added value of the controlled
environment has extensive implications. Indeed, a recent analysis of in situ TEM
publications (Sinclair 2013) showed a noticeable increase in recent years attribut-
able mainly to environmental TEM (ETEM) studies, as illustrated in Fig. 1.1,
a trend which continues as noted later.

Historically, the interest for environmental chambers inside the electron micro-
scope came about as a means to allow wet specimens to be examined in vivo
(Marton 1934) while at the same time, minimizing any possible damage and
artifacts associated with conventional biological specimen preparation. The pres-
ence of an environmental chamber was also thought to be advantageous in reducing
specimen contamination produced by the electron beam and residual hydrocarbon
gases present in the microscope. In the 1970s, the reason to pursue this expanded to
include the study of chemical reactions at elevated temperatures, as described later.

In 1935, Marton (1935) suggested two methods in which gas pressure and
composition could be controlled inside the electron microscope. The first involved
modifying the specimen holder by placing a pair of electron transparent “windows”
above and below the specimen to seal it, and the gas atmosphere, from the column.
The second involved modifying the objective pole pieces of the electron micro-
scope, by placing a pair of small apertures above and below the specimen (see also
later papers by Ruska 1942, and Abrams and McBain in 1944). Gas leakage into the
column is then limited to that which escapes via the apertures. These two
approaches have evolved separately, and successfully, alongside the TEM and are
referred to as the closed cell (“window”) and “apertures,” respectively, in this
chapter.

In the 1970s, the term “controlled atmosphere electron microscopy” (CAEM)
was coined by several groups including Feates et al. (1970) and Baker (Baker and
Harris 1972; Baker 1979). Despite the sub-nanometer imaging resolution of the
TEM (about 0.25 nm or so in the 1970s), its value was found to be limited because
materials can only be viewed in a vacuum environment, and the tactic had been to
examine a specimen before and after reaction. Of significant interest is the actual
appearance of the specimen during reaction. Thus, CAEM is used to describe the
technique in TEM in which reactions between gases and solids are studied at very
high magnifications, while they are taking place, under realistic conditions of
temperature, pressure, and reaction time (Baker 1979). The key design feature of
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Fig. 1.1 (a) Number of publications identified using the keywords “in situ”, “transmission
electron microscopy” and “TEM?”, showing a steady increase over the last 20 years and a marked
increase in 2012; (b) Breakdown by various subcategories of in situ papers presented at the 2012
Microscopy and Microanalysis Conference (USA) and the 2012 European Microscopy Conference
(UK). These subcategories are in situ electrical biasing, electron beam heating, thermal heating,
gaseous environment, liquid environment, mechanical loading, and laser stimulation. Reprinted
with permission from Sinclair (2013)
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CAEM is the ability to operate at high pressure in the specimen region (3 x 10* Pa,
or 225 Torr), while maintaining very low pressure (10> Pa, or 10~ Torr) in the
rest of the microscope.

Since the 1970s, there have been a number of comprehensive reviews highlight-
ing the developments in the field of CAEM, or environmental transmission electron
microscopy (ETEM) as it is more commonly known today, as well as its diverse
applications. Readers can refer to the articles and book chapters by Flower (1973),
Allinson (1975), Butler and Hale (1981a), Sharma (2001, 2005), Sharma and
Crozier (2005), Gai et al. (2007, 2008), Jinschek and Helveg (2012), publications
from the Technical University of Denmark (Hansen and Wagner 2012; Wagner
et al. 2012), Jinschek (2014), the Takeda group from Osaka University (Takeda
et al. 2015) as well as their references therein. We have elected to present the
historical developments in this field in a chronological sequence, with an emphasis
toward gas-solid reactions in the TEM. For comprehensive reviews and applica-
tions for liquid-solid reactions and interactions, articles and book chapters by
Parsons (1974), Parsons et al. (1974), Butler and Hale (1981b) and de Jonge and
Ross (2011), and their references therein, are good starting points. A later chapter of
this book also discusses liquid phase electron microscopy techniques and applica-
tions. We conclude with a number of examples spanning from the 1970s that
highlight the diverse applications in this field, and where we think the future in
this area lies.

1.1.1 Window Approach

The first approach to attain environmental conditions inside the transmission
electron microscope is by use of a specialized specimen holder combined with a
windowed cell. A pair of electron transparent “windows” is placed above and below
the specimen to seal it, and the gas atmosphere, from the column. In this method,
containment is total—the windows completely seal off the specimen and its sur-
rounding gas environment so that the high vacuum of the microscope remains
unchanged. The windowed design has the advantage of working with higher gas
pressures (depending on the strength and thickness of the windows). Wet samples
can also be imaged with this setup. The reader can refer to a later chapter in this
book which describes the developments in the field of liquid cell electron
microscopy.

There are several advantages using a specialized holder combined with win-
dowed cells. First of all, the holder can be used in different TEMs without
modifications to the microscope column. To date, this approach is the only one
that is capable of achieving ambient pressure conditions. However, the specimen
geometry and the field of view are usually significantly smaller than in a conven-
tional TEM, and the sample can only be moved or tilted together with the
windows since it is sandwiched between them. Additional scattering information
from the (usually amorphous) window material is superimposed on the image and
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diffraction pattern of the sample, leading to compromises in image resolution.
The interaction also hinders the acquisition of energy-dispersive X-ray spectros-
copy (EDS) signals. The thin films used as windows should have low gas or
vapor permeability, and must be able to withstand the pressure difference between
the microscope vacuum and the design pressure of the holder device when
mounted. There is the possibility of windows rupturing inside the microscope
during an experiment, leading to the degradation of the electron column and
source vacuum.

The earliest documentation of a closed cell for electron microscopy was by
Marton in 1935, who attempted to use two 0.5-pm aluminum foils as windows.
In 1944, Abrams and McBain constructed a closed chamber out of two perforated
platinum disks covered with plastic film windows less than 100 nm thick, and
sealed to vacuum-tightness using wax. It could withstand an atmospheric pressure
difference between the inside of the cell and the remainder of the electron micro-
scope. Using this setup, the authors were able to observe the movement of liquid
and bubbles inside the electron microscope. However, they found water of one
micron thickness to be “practically opaque to electrons.” The lack of fast, contin-
uous recording capability also precluded the possibility of the observations of
Brownian movement in colloidal particles. Moreover, the cell was completely
sealed and hence capable of operating at only a single (fixed) pressure.

Variable-pressure controlled dynamic experiments were not possible until cells
were designed such that a connection existed between the gas space around the
specimen and the outside of the microscope. Heide (1962) constructed a specimen
holder for a Siemens Elmiskop I electron microscope using two specimen grids
with the flat surfaces facing each other. The separation of the two grids was
controlled by pieces of thin metal foil. Both specimen grids were covered with a
supporting film of low contrast, which could withstand the gas pressure over the
central openings, and one of the grids served at the same time as a supporting film
for the specimen. The gas inlet was sealed against the microscope column vacuum
when the holder was inserted inside the microscope, and gas was injected through a
tube placed in the opening of the column along the specimen holder. Air or gas
pressures could be varied up to atmospheric pressure with this design.

There were a number of limitations to these earlier basic designs of the closed
cells, as highlighted in the review article by Butler and Hale (1981a):

1. The single gas line does not enable experiments to be performed with gas
flowing continuously over the specimen.

2. The relatively poor metal-to-metal seal between the apertures and the cartridge
results in some leakage into the column.

3. The specimen cannot be heated unless it is supported independently of the
windows.

Improvements in these three areas were realized in later designs. Escaig and
Sella (1969) incorporated a heater and twin gas lines in their holder so that the
temperature of the specimen could be varied while gas continuously circulated over
it. Earlier window cells were made out of plastic which were generally not suitable
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for high temperature work because of damage during heating and were thus
employed mainly in the biological field to provide a hydrated environment for
in vivo studies. Escaig and Sella (1966, 1968, 1969) made improvements to the
windowed cells that consist of triple layers of carbon, nitrocellulose, and silica
(facing the specimen), maintaining a gap of approximately 1 mm between window
and specimen, which was successfully employed for in situ oxidation of copper,
tungsten, and titanium (Escaig and Sella 1972).

Another limitation of the windowed cells is that they tend to bulge under
pressure, resulting in a longer electron beam path length at higher pressure. In
order to reduce the beam path length and stabilize the films, Fukami and Adachi
(1965) developed plastic micro grids consisting of holes of 0.1-10 pm in diameter
which were used as the supporting frame for a continuous carbon film. The plastic
micro grids were also used as substrates in the production of micro metal grids with
thicknesses >30 nm which were stronger and more resistant to heat than their
plastic counterparts (Fukami et al. 1966, 1972).

In the late 1960s and 1970s, the development of high-voltage (1 MeV) electron
microscopes (HVEM) led to enclosed gas reaction cells with thicker, stronger
windows being developed. Dupouy (1968) designed a single gas-line room tem-
perature device with windows constructed out of carbon/colloidion of 60 nm
thickness. Twin gas-line top entry designs capable of a range of temperatures
were also constructed by Fujita et al. (1976) and Doi et al. (1977). Fujita
etal. (1976) built a holder for gas and liquid experiments on a 3MV-class electron
microscope, which could be used in the temperature range of —100 to 1000 °C and
up to a pressure close to two atmospheres. The window cell consisted of three
films whose materials could be vapor-deposited aluminum, SiO4 and carbon films,
depending on the purpose, and they were supported with metal (Ni) of 300 and
400 mesh in size. The specimen was set directly on the center Ni mesh, or on a
vapor-deposited film coated on the Ni mesh. The specimen was directly heated by
the application of a current to the Ni mesh. The increased penetration ability of the
HVEM led to a significant improvement in contrast at these high operating
voltages. Specimen damage was found to depend on the heat conductivity of the
supporting film, and decreases when the supporting film has high heat conductiv-
ity. The use of crystalline window materials of higher strength also became a
consideration for use with HVEM, and single crystal corundum which was ion-
beam-thinned to ~180 nm was one possible material option (Allinson 1970). In
window-limited holders, the strength and thickness of the window material
determines the maximum gas pressure and, in principle, pressures as high as
atmospheric pressure can be attained, although the thickness of window material
needed to sustain such pressures may not be compatible with instrument
performance.

Progress in the development of closed window cell systems was stalled until
the 2000s, when holders based on micro-electro-mechanical systems (MEMS)
technology for both gas (Creemer et al. 2008; de Jonge et al. 2010; Yokosawa
et al. 2012; Yaguchi et al. 2011; Allard et al. 2012; Alsem et al. 2012) and liquid
(Williamson et al. 2003; de Jonge et al. 2009; Ring and de Jonge 2010; Klein
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etal. 2011) TEM applications emerged. This technique uses miniaturized, low mass
heating devices and is integrated with a heater and thermal sensor which allows
much more rapid thermal response than standard specimen furnace-based heating
holders. The specimen drift is also stabilized at a more rapid rate, leading to better
control of the reaction process and the imaging experiments. The windows are
usually produced using micro-fabrication techniques and consist of a silicon frame
with an electron transparent silicon nitride membrane which is tens of nanometers
thick. A lot of effort was given to miniaturize the thickness of the gas volume in the
windowed cell to confine the gas along the electron beam path into a layer that is as
thin as possible (tens of micrometers). Consequently, these MEMS devices allow
for correspondingly higher pressures without loss of resolution or damage to the
electron source. Atomic resolution with holders like these have been attained,
sometimes at local gas pressures of one atmosphere or more (Giorgio et al. 2006;
Creemer et al. 2008; de Jonge et al. 2010; Yokosawa et al. 2012; Yaguchi
et al. 2011; Allard et al. 2012; Alsem et al. 2012). Improvements are also made
to the windowed cell support film. Kawasaki and coworkers (2009) demonstrated
that carbon films with thickness <10 nm could withstand pressure differences
greater than two atmospheres. A schematic design of the flow system for atmo-
spheric pressure (scanning) TEM ((S)TEM) is illustrated in Fig. 1.2.

Vacuum ‘ 1 Focused electron beam
Nanoparticles
Gas

SiN membrane

Silicon

Epoxy
Scattered electrons

Fig. 1.2 Schematic of the flow system for atmospheric pressure (scanning) transmission electron
microscopy ((S)TEM). A sample compartment filled with gas at atmospheric pressure is enclosed
between two silicon microchips supporting electron-transparent SiN windows. The microchips are
separated by a spacer and sealed with epoxy. Gas entry and exit are not shown in this drawing. The
flow cell is placed in the vacuum of the electron microscope. Images are obtained by scanning a
focused electron beam over nanoparticles attached to the fop window and detecting elastically
scattered transmitted electrons. The dimensions and angles are not to scale. Reprinted with
permission from de Jonge et al. (2010)
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1.1.1.1 Specimen Holders with Gas Injection Systems

An alternative specimen holder design which reduces the number of gas molecules
inside the microscope column incorporates a gas injection system was developed by
Kamino and coworkers in 2005 (Kamino et al. 2005). This holder is compatible for
use with a 300 kV Hitachi high-resolution H-9500 TEM, which has a high-speed
turbo molecular pump added to pump the specimen chamber, a 0.3 mm restricting
aperture above the specimen chamber to restrict the gas leakage into the upper
column, and a safety valve in the gun area to further maintain the safe high vacuum
in the gun area. Specimens are supported on a fine tungsten wire which was
employed as a heating element of the holder, and gas was injected onto specimens
via a nozzle. The maximum pressure near specimens is ~10~> Pa, while the pressure
in the electron gun chamber was kept to ~3 x 10~*Pa (2 x 10 Torr).' The holder
requires no self-confined window cell and can heat the sample up to 1000 °C with
the injection of gases like H,, Oy, air, water vapor, etc. An evaporator could also be
added to the design to allow for both synthesis of metal oxide support and
deposition of catalyst nanoparticles in situ (Kamino et al. 2006). For pressures up
to an atmosphere, a windowed environmental cell holder is necessary. Yaguchi
et al. (2011) give details of a windowed environmental cell holder for Hitachi
microscopes that builds on the Kamino et al. (2005) design, wherein the tungsten
wire passes between two SiN windows of 15 nm thickness with a spacing of about
1 mm, and incorporates a micropressure gauge fabricated using MEMS technology,
to measure the pressure inside the windowed cell accurately.

1.1.2 Aperture Approach

The second approach to controlled atmosphere transmission electron microscopy
makes use of small apertures placed above and below the specimen, which restrict
the flow of gas from the specimen chamber into the microscope column. The
apertures must be large enough to permit the passage of incident, diffracted and
scattered electron beams, and yet small enough to avoid too great a gas leak.
Leakage into the column vacuum is controlled by the size of the apertures and
supplemented by differential pumping. In order to maintain the pressure conditions
at the specimen cell while retaining the very low pressure in the rest of the
microscope, an equilibrium condition such that the effective pumping speed of
the differential pumps exceeds the leak rate of the apertures should be achieved.
The first pair of apertures is placed closest to the sample and most of the gas leaking
through these apertures is pumped out of the system using a turbo molecular pump.
The second pair of apertures is larger than the first pair (because they experience a

! We have, throughout this article, used pressures converted to SI units as well as those quoted in the
original publications (in parentheses). The conversions are 1 Torr = 1 mm Hg = 1.33 mbar = 133.3 Pa.
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much smaller pressure drop) and is used to further restrict the leakage of gases into
the microscope column.

The main advantage of the aperture type system is that the basic instrument
resolution is preserved (i.e., not degraded by the presence of membranes in the
windowed cell). Specimen holders that are used in a regular (high-vacuum) TEM
are also compatible with this setup. However, the maximum gas pressure is limited
to ~10° Pa (tens of Torr) at best. At higher gas pressures, the resolution deteriorates
because of the rather thick gas layer (5—10 mm depending on pole-piece gap).

The first aperture environmental cell inside the TEM was reported and
constructed by Ito and Hiziya in 1958 to enable direct and continuous observations
of chemical reactions in a heated gas environment. The specimen chamber of a JEM
electron microscope was modified and diaphragms were introduced to prevent
diffusion of the gas from the chamber to the electron source. The gas pressure
ranged from about 10~ to 133 Pa (10~ to 1 mm Hg), and the specimen could be
heated up to 1000 °C using a high temperature furnace which the group had
constructed two years earlier (Takahashi et al. 1956).

In the same year, Hashimoto and coworkers (1958) constructed a specimen
chamber with a metallic wire with a high melting temperature (e.g., tungsten) as
the heating device. Gas pressures of up to ~1.33 Pa (10~ 2 Torr) could be introduced
through a valve of the holder to react with the specimen at elevated temperature.
The range of pressure was expanded to about 40 kPa (300 Torr) in a later design
which included differential pumping (Hashimoto et al. 1966, 1968). In both ver-
sions, the wire was placed between two Pt apertures of diameters 50—100 pm and
spaced 0.3-0.5 mm apart. The specimen stage could be taken out of the electron
microscope column through an airlock system without breaking the vacuum. These
efforts led to the production of a commercially available (JEOLCO JEM AGI
attachment) gas reaction stage, and the image resolution achievable was 5-10 nm
with an air pressure of 40 kPa (300 Torr).

The Hashimoto cell was adapted by Feates et al. (1970) onto a JEOL 7A
microscope with continuous recording facilities. The latter was made possible by
incorporating a 20 mm diameter hole in the center of the fluorescent viewing screen
to allow the electron beam to strike a secondary screen with a transmission
phosphor. The underside of the phosphor was viewed by a 25 mm “Plumbicon”
television camera, and the image was displayed on a television screen (300 mm
diameter), which increased the effective magnification of the instrument to greater
than 2.5 million times. Additional refinements included direct recording of the
image on videotape, slow-motion replay facilities, and the provision of permanent
records on 16 mm cine film.

In the 1960s and 1970s, a number of electron microscopes were adapted to
incorporate gas reaction attachments. Gallegos (1964) converted an existing hot
stage for a JEM-6A electron microscope into a gas reactor by attaching a syringe
needle to the hot stage. The gas nozzle was shaped into a slit, which facilitated the
impingement of gas onto the specimen. The column vacuum was maintained at
about 0.1 Pa (1 x 107> mm Hg) in this setup. Fryer (1968a, 1968b) investigated the
oxidation of graphite catalyzed by palladium by heating the specimen to 500 °C
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using a heating stage in a Siemens Elmiskop I electron microscope in high vacuum
(1.33 x 1072 Pa, or 10> Torr), and then introducing dry air over the specimen by
means of a special attachment, and recording the specimen behavior over photo-
graphic plates and video tape (by means of closed circuit television). In the same
year, Mills and Moodie (1968) designed, constructed, and installed an electron
microscope stage on a Hitachi HU-11A microscope which included gas injection
capability via a curved capillary. There was no differential pumping mechanism.
Rather, the column pumps, working through the same capillary, established a rate
adequate for the evacuation of the line between the taps and the valves, and for the
adjustment of pressure in the fixed volume.

The need for differential pumping was recognized as a means of increasing the
range of allowable pressures in the apertured chamber. Besides the modified
Hashimoto (1966, 1968) design, Baker and Harris (1972) incorporated a modified
JEOL AGI gas reaction attachment onto a 100 kV JEOL JEM-7A “high-resolution”
electron microscope wherein the specimen chamber was evacuated by a three-stage
diffusion pump backed by a rotary pump. The attachment consisted of only one
aperture, which compromised the maximum allowable pressure up to 30 kPa
(or 225 Torr) instead of 40 kPa (300 Torr) in the Hashimoto design, but retained
its full diffraction capability. In addition, a glove box was added to the entry port of
the microscope to load specimens into the microscope in a high purity argon
atmosphere. A high sensitivity Plumbicon camera viewed the underside of the
transmission phosphor and its output was monitored and recorded continuously
on videotape, with an effective exposure time of 40 ms and a total recording time of
1 h per tape. Ward and Mitchell (1972) from the Cavendish Laboratory in Cam-
bridge also produced an environmental chamber by mounting two 20 um apertures
0.75 mm apart in the gap of the objective pole piece. The space between the
apertures was effectively separated from the rest of the microscope column, and
its environment may thus be varied independently. The addition of a diffusion
pump with its own backing system to the microscope’s normal pumps enabled the
pressure in this space to be increased to one atmosphere (10> Pa) without signifi-
cantly altering the column pressure.

With the advent of HVEMs in the 1960s and 1970s, Swann and Tighe (Swann
and Tighe 1971; Swann et al. 1972; Swann 1972) designed and constructed an
environmental cell for the 1 MV AE1-EM7 electron microscope. The environmen-
tal specimen chamber was located between the objective pole pieces of the micro-
scope. It consisted of four apertures which were machined concentrically with the
upper objective pole piece thus obviating the need for special aperture alignment
facilities inside the microscope. The specimen chamber itself was surrounded by a
second, differentially pumped chamber which further reduced the leakage rate of
the reaction gas into the microscope column. The specimen holder was of the side-
entry type and could be translated £1.5 mm using the normal, side-entry specimen
stage. The specimen rod was supported at its tip by a conical socket inserted into the
normal side-entry stage. The distance between the specimen apertures was 5.5 mm
which was large enough to accommodate a tilting hot stage and yet short enough to
obtain satisfactory images of crystalline samples at pressures up to 10° Pa
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Fig. 1.3 Environmental specimen chamber situated between the objective pole pieces of the AEI
EM?7 one million volt electron microscope, with the side entry, single tilt hot stage shown in
position. Reprinted with permission from Swann (1972)

(760 Torr) of He or 20 kPa (150 Torr) of air. The specimen and differential chamber
apertures were large enough to transmit complete diffraction rings at 1 MV from
crystal planes with spacings larger than 0.05 nm. A movable objective aperture
system was provided below the gas reaction cell and was hermetically sealed to
prevent gas leaking into the lower part of the microscope column. The superior
penetrating power of the high-voltage electron microscope, compared to 100 kV
instruments that were commonly available during that time, facilitated the obser-
vations of thin foils with micrometer thicknesses (Swann and Tighe 1977). The
resolution achievable was about 10 nm in 20 kPa (150 Torr) of air. Increasing gas
pressure led to a decrease in image intensity and contrast, with the latter better in
dark-field imaging mode at all pressure levels (Fig. 1.3).

In the 1980s, improvements in the objective lens pole-piece design led to the
development of atomic-resolution medium-voltage (200400 kV) TEMs which
allowed in situ heating experiments in vacuum at atomic resolution (e.g., Sinclair
et al. 1988). This further led to resurgence in the interest in the environmental cell
designs in the 1980s and 1990s, with several groups modifying the objective pole
pieces of various TEMs. Differential pumping was incorporated in all the
modifications.

Rodriguez and coworkers (1990) modified the specimen chamber region of a
JEOL 200CX TEM/STEM to accommodate a specially designed environmental
cell and specimen heating stage to continuously observe changes in the appearance
of a specimen as it underwent reaction with a beam of atomic oxygen.
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The environmental cell was differentially pumped making it possible to work at an
oxygen pressure of 2 kPa (15 Torr) and at the same time maintain a vacuum of
1.3 x 107* Pa (107° Torr) in the rest of the microscope column. The microscope
setup also included a closed circuit television link in conjunction with a videotape
recorder so that dynamic events occurring during the reaction could be captured and
replayed later for analyses. The output from the camera was continuously moni-
tored and stored on a Sony %" VO-7600 videocassette recorder. In situ electron
diffraction of the reacting specimen was also possible.

Lee and coworkers (1991) designed an objective pole piece for a JEOL 4000
(400 kV) TEM with a gap of 14 mm. Five apertures were used, and additional holes
were machined into the pole piece to accommodate the extra gas handling equip-
ment and to provide extra pumping ports. Differential pumping between the
primary and secondary apertures, and pumping of the volume surrounding the
pole piece and the upper secondary aperture and the condenser stack aperture,
was accomplished by four turbo molecular pumps. The point-to-point resolution of
the pole piece in the modified state was 0.41 nm. The column vacuum was in the
lower 107> Pa (10~ Torr) range with no gas in the cell. At 400 kV, the maximum
diffraction angle that could be observed corresponds to 24 mrad (d = 0.08 nm). The
cell was pressurized to 9.3 kPa (70 Torr) with H, gas for several hours with no
adverse effects on microscope performance. Images could be recorded on conven-
tional microscope plates or on high-resolution video tape via a Gatan TV camera.

Doole and coworkers (1991) modified a JEOL 4000 EX TEM by introducing
differential pumping apertures and achieved a resolution of 0.31 nm at 400 kV
under a pressure of 560 Pa (4.2 Torr) of H, and at temperature of 670 °C. Apart
from the gas, the microscope was effectively unaltered (Goringe et al. 1996).
Specimen shifts and tilts and heating capabilities were all available, as were the
standard imaging apertures. A thin-window for energy-dispersive X-ray spectros-
copy (EDS) and a parallel electron energy-loss spectrometer were available for
analytical work.

Boyes and Gai (Boyes et al. 1996; Boyes and Gai 1997), then at DuPont,
permanently modified the objective lens area of a Philips CM30T TEM/STEM
system with a pole-piece gap of 9 mm, by introducing two pairs of apertures above
and below the specimen. The apertures were mounted inside the bores of the
objective pole pieces rather than between them as in previous designs. With this
approach, regular specimen holders compatible with conventional TEMs could be
used, as well as objective apertures for diffraction contrast experiments. The
controlled environment (ECELL) volume was the regular specimen chamber of
the microscope, and was separated from the rest of the column by the apertures in
each objective pole piece and by the addition of a gate valve, which was normally
closed, in the line to the regular ion-getter pump (IGP) at the rear of the column. A
schematic of the basic geometry of their ECELL aperture system is illustrated in
Fig. 1.4. A turbo molecular pump as well as an additional IGP was added to the
microscope. Differential pumping was introduced at the sample area of the ECELL
and at the level of the second condenser (C2) lens and selected area (SA) apertures.
(111) lattice fringes of gold islands of 0.24 nm could be resolved at 500 °C in 40 Pa
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Fig. 1.4 Schematic of the basic geometry of the ECELL aperture system from Boyes and Gai
(1997)

(0.3 Torr) N, at 200 kV accelerating voltage. The maximum allowable pressure in
this design was 5 kPa (50 mbar) (Boyes and Gai 1997). At 200 kV, diffraction
patterns extend out to a real space equivalent of <0.07 nm. Regular, small probe
scanning TEM (bright-field and annular dark-field) imaging and chemical and
crystallographic analyses capabilities were also available.

In Arizona State University, Sharma and coworkers (1994) modified a Philips
400-T TEM operated at 120 kV to include a differentially pumped environmental
cell, based on the Swann (Swann and Tighe 1971; Swann et al. 1972) design. Then in
1998, a Philips EM 430 (300 kV LaBg source) high-resolution TEM was modified by
fitting a differentially pumped environmental cell (E-cell) in the objective lens pole-
piece gap (Sharma and Weiss 1998). It consisted of two sets of apertures placed
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above and below the sample. Smaller apertures were used for the upper apertures to
reduce the leak rate to the electron gun source. The larger lower aperture in the E-cell
makes high-angle electron diffraction possible. {422} diffraction rings of Au
showing reflections out to 0.083 nm were achieved. The E-cell could handle up to
2.7 kPa (20 Torr) of gas pressure. Regular single- and double-tilt heating holders
could be used to heat the samples up to 1300 °C and 850 °C, respectively. This was
likely the first E-cell setup to include a post projector energy filter (Gatan Inc.) to
filter the inelastic scattering from the gases/thick samples as well as to obtain energy-
filtered images (chemical maps). The Gatan Imaging Filter (GIF) could also be used
as a parallel electron energy-loss spectrometer to obtain chemical information in the
sample composition during the reactions.

In the 2000s, TEM manufacturer Philips Electron Optics (now known as FEI
Company) adapted the Boyes and Gai design and further improved the image
resolution by incorporating a field emission gun (FEG) and a SuperTwin objective
lens which has a narrower pole-piece gap (about 5 mm). An extra pumping stage is
introduced to protect the FEG better (Hansen et al. 2006). FEI Company custom
built ETEMs for Haldor Topsge (a chemical company in Denmark) (Hansen
et al. 2001), Osaka University in 2005 (Yoshida and Takeda 2005; Yoshida
et al. 2007), and Arizona State University (Sharma and Crozier 2005) as part of a
collaborative effort.

The latest series of ETEMs from FEI Company is based on the Titan platform,
which is a three-condenser lens (scanning) TEM system. Technological improve-
ments in electron microscopy over the past 15 years can be incorporated into these
state-of-the-art ETEMs. For example, the spatial resolution is better than 0.1 nm
when the microscope is operated at 300 kV with an aberration corrector (Haider
et al. 1998a, b) in the image-forming (objective) lens. Spherical aberration correc-
tion of the objective lens minimizes image delocalization and leads to directly
interpretable TEM images. This is especially crucial for in situ ETEM experiments
where reactions and processes are dynamic, leaving little time for the recording of
through-focal series images. The addition of a monochromator (Tiemeijer 1999)
reduces the energy spread of the incident electron beam to better than 0.2 eV. An
energy filter for imaging and electron energy-loss spectroscopy, an energy-
dispersive X-ray spectrometer, scanning capabilities for STEM and bright-field
and dark-field detectors can be incorporated in the setup. The instrument is also
equipped with a residual gas analyzer to monitor the composition of the gases, and a
plasma cleaner in the specimen chamber (Fig. 1.5).

On other fronts, Gai and Boyes (now at the University of York) are developing
an ETEM equipped with aberration correctors in both the image- and probe-
forming lenses as part of a collaboration with JEOL, which is another major
electron microscope company (Gai and Boyes 2009; Boyes et al. 2013; Boyes
and Gai 2014a, b). The instrument has both a gas tolerant turbo molecular pumping
vacuum system and a wider gap objective lens pole piece in order to accommodate
a 1000 °C hot stage, and aims to retain the original full function (S)TEM imaging
and chemical analysis capabilities while operating at temperatures of >500 °C in a
controlled gas environment. The increase in pole-piece gap is found to have little
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effect on spatial resolution owing to the aberration correctors. Currently, the system
operates in both (E)STEM and (E)TEM modes with up to 5 kPa (50 mbar) in gas
pressure.

There is also a possibility of the resurgence of HVEM for environmental studies,
as exemplified by researchers at Nagoya University (Tanaka et al. 2013, 2014) who
have been developing the reaction science high-voltage electron microscope
(RSHVEM), which is a 1 MV high-voltage (S)TEM that can be used to observe
nanomaterials under gas, liquids, and illuminating light conditions. Samples of
micrometer thicknesses can be observed. The microscope vacuum is supported by
a three-stage differential pumping system comprising five turbo molecular pumps.
It is also equipped with electron tomography, energy-filtered TEM and electron
energy-loss spectroscopy capabilities.

1.1.3 Development of UHV TEM for Epitaxial
Growth Studies

The desire to image atomically clean surfaces and to perform epitaxial growth
studies has led to the development of ultrahigh-vacuum (UHV) specimen environ-
ments in TEMs. Because of the highly reactive nature of the starting materials, a
UHV specimen environment is required so that a clean initial surface can be
prepared, usually by annealing at high temperatures. To perform controlled envi-
ronment studies, McDonald and coworkers (1989) modified a JEOL 200CX high-
resolution TEM with point resolution of 0.25 nm, to obtain an UHV environment of
~1.3 x 1077 Pa (10~ Torr) (cf. vacuum of 1.3 x 107> Pa, or 10~/ Torr in regular
TEMs) in the specimen region. This was achieved by isolating the specimen
chamber from the manufacturer’s vacuum system, incorporating differential
pumping, and using larger pumps, pumping manifolds, improved vacuum seals,
and replacing or removing non-vacuum-compatible materials from the specimen
chamber. The modified design permitted a variety of different experiments at
pressures from <13 Pa (0.1 Torr) to ~1.3 x 1077 Pa (1079 Torr). The system was
fitted with a calibrated leak valve for the introduction of gases, and in situ heating
and evaporation capabilities were also added to the specimen viewing position,
where high resolution could be maintained at temperatures exceeding 600 °C. In
situ cleaning and thin film deposition capabilities were also added.

Hammar and coworkers from the IBM Research Lab (1996) modified a Hitachi
9000 UHV-TEM operated at 200 kV, with a base pressure in the column of
3 x 107% Pa (2 x 107'° Torr) with the beam on or off. The modifications consist
of a gas inlet system for the introduction of oxygen or germane in the column, and a
double-tilt heating stage which allows the application of precise dark-field condi-
tions and in which the samples can be heated with direct current up to 1400 °C
during observation. This setup has been used extensively to study the growth of
nanowires in situ (see Applications section).
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1.2 Applications

Controlled atmosphere transmission electron microscopy has been applied in a
variety of materials research problems. In this section, we highlight its major uses
in the areas of oxidation and reduction processes, growth of one-dimensional
materials as well as catalysis. The reader can also refer to the chapters on
growth experiments and catalysis studies in this book for more examples within
these topics.

1.2.1 Oxidation and Reduction Processes

Early applications of CAEM focused on oxidation and reduction processes, often at
high temperature, using both aperture- and window-type cells. Using their aperture
environmental cell, Ito and Hizaya (1958) observed the oxidation of Al into
y-Alumina at 400 °C in 13.3 Pa (0.1 Torr) of air and the reduction of Cu,O to Cu
at 300 °C in 13.3 Pa (0.1 Torr) of H, by monitoring the changes in the diffraction
patterns of the specimens. Hashimoto and coworkers (1958) observed the growth of
needle-like tungsten oxide crystals on the surface of a tungsten filament at 850 °C in
400 Pa (3 Torr) of air. Diffraction analyses showed that the needles were composed
of y-tungsten oxide, which transformed to the a-phase (WO3) upon further heating
to 1400-1600 °C. WO3; was found to evaporate above 2000 °C. Hashimoto and
coworkers (1968, 1966, 1970) performed similar work on ammonium molybdate
(NH4)sMO,0,4.4H,0 at 700 °C in air pressure of 1.3-20 kPa (10-150 Torr), and
cuprous iodide (Cul) at 700 °C in hydrogen gas of pressure 6.7-20 kPa (50—
150 Torr). Using the gas nozzle apparatus on a JEM microscope, Gallegos (1964)
performed oxidation studies on Fe, Cu, and Ni which had been vacuum evaporated
onto carbon support grids at high temperatures, as well as the reduction of these
oxides.

The environmental cell for the 1 MeV AE1-EM7 high-voltage electron micro-
scope designed by Swann and Tighe (1972) was utilized in a variety of redox
experiments, including Ti oxidation at 450-850 °C (Flower and Swann 1974),
hematite (Fe,O3) reduction to magnetite (Fe;04) (Swann 1972; Swann and Tighe
1977), and oxidation of Ni-30Cr and TDNiCr (Flower and Wilcox 1977). It was also
used to observe the microstructural changes in Ta during in situ heating in nitrogen
(Swann et al. 1973). The high penetrating power of the 1 MeV HVEM permits
continuous observation of foils which were mechanically much stronger than those
suitable for medium voltage work. It was thus possible to follow the oxidation of a
single grain from 100 % metal to 100 % oxide without any problems of foil buckling
or fracture. In these experiments, the early stages of nucleation and growth could be
followed and the morphology and crystallography of the reactant products could be
established, and models to explain the growth kinetics during oxidation
(or reduction) could be deduced, albeit at limited resolution (on the order of 10 nm).
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Using the JEOL TEM modified with a UHV system (Mcdonald et al. 1989), Ross
and Gibson (1992) observed in real time the nature and motion of the silicon (111)
surface steps during in situ oxidation inside the microscope, at temperatures from
room temperature to 900 °C, by both O, and H,O at pressures from 1.3 x 10° to
0.13 Pa (10~® to 10~ Torr), as well as in one atmosphere O,. By using an imaging
technique based on the behavior of forbidden reflections in Si, they showed that
surface steps of two monolayers in height do not move noticeably during oxidation
of several atomic layers of the silicon specimen. In contrast, bilayer step movement
was observed in the “etching” of silicon by oxygen at higher temperatures.

With the increasing interest in nanomaterials in recent years, Crozier and
coworkers (1998) subjected Pd catalyst particles to oxidation and reduction cycles
and studied the changes in particle structure and morphology with in situ electron
diffraction and imaging, and found that many of the oxide particles form voids
when reduced to Pd metal. The decrease in volume that occurs during reduction
is often accompanied by a combination of particle shrinkage and void formation.
Koh et al. (2013) reported the first direct study on the oxidation of carbon
nanotubes (CNTSs) at the resolution of an aberration-corrected environmental trans-
mission electron microscope (ETEM), as the same nanotubes were located and their
changes identified as they underwent oxidation at increasing temperatures in situ in
the ETEM. Their findings show that only the outside graphene layer is being
removed and, on occasion, the interior inner wall is oxidized, presumably due to
oxygen infiltrating into the hollow nanotube through an open end or breaks in the
tube, contrary to earlier reports based on ex situ observations that CNT oxidation
initiates at the cap of the tube and proceeds along its length.

1.2.2 Catalysis

Another major area which has benefited greatly from the development of environ-
mental TEM is catalysis. The active surface sites of heterogeneous catalysts
facilitate conversion of reactants into products and their properties depend on a
number of factors including the type and number of surrounding atoms at the
surface, the supporting material, and the presence of reactants and products
(Molenbroek et al. 2009). A thorough understanding of the nanoparticle structure
and its correlation to activity is therefore important to establish rational catalyst
design strategies, and electron microscopy is invaluable in this regard owing to its
sub-nanometer resolving ability. Although nanoparticles may be synthesized with
predefined shapes and surface sites, the morphology of the as-synthesized particles
may be influenced by reaction conditions. There is therefore tremendous interest in
obtaining atomic level structural and chemical information on the catalysts in situ,
in their working conditions. A much more detailed review is given in a later
chapter, and we confine our comments to those which illustrate the growth of the
field historically.
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1.2.2.1 Catalyst Deactivation Studies

The pioneering experiments of catalytic decomposition of hydrocarbons on metal-
lic surfaces were conducted by Baker and coworkers in the 1970s. Using CAEM
(Baker and Harris 1972), Baker and coworkers were able to directly observe the
formation of carbon filaments on metal surfaces (Fe, Co, Cr) when reacted in
hydrocarbon environments (Baker et al. 1972a, b). The authors noted that the
presence of a small particle located at the growing end of each filament appeared
to catalyze the growth of the carbonaceous structure. From the experimental data, a
mechanism to describe the filament growth process was developed, and activation
energies for filament growth were determined (Baker et al. 1973, 1979). The growth
of filamentous carbon is a major concern in many industrial processes involving
blast furnaces, steam cracking, fuel pins, and boiler tubes of nuclear reactors and
various heterogeneous catalyst systems, where the catalyst deactivates due to the
spatial limitations imposed on the filamentous carbon growth (coke formation and
fouling) by the reactor (Baker 1989, 1990). The motivation for studies relating to
the formation of carbon filaments has been the drive to inhibit the growth of this
form of carbon deposit.

Besides fouling, catalyst deactivation can also occur from sintering. Gai and
Boyes (1997) studied the dynamic effect of Cu-Pd intermetallic alloy particle
catalysts supported on carbon at 250 °C in an Hy/He and CO/He environments,
and found that the particles were more faceted in CO than in H, and sinter faster in
H,. Liu et al. (2004) used in situ ETEM to study the sintering mechanisms on
Al,O5-supported Pd catalysts in an oxidizing environment. For fresh catalysts,
particle sintering occurred via a traditional ripening and coalescence mechanism
and was significant at temperatures from 700 °C. In the case of used catalysts,
gasification of carbonaceous material around these particles in an oxidizing envi-
ronment resulted in movement and coalescence at temperatures as low as 350 °C.
Simonsen and coworkers (2010) performed time-resolved imaging of Pt
nanoparticles dispersed on amorphous Al,O3 support during exposure to 1 kPa
(10 mbar) of synthetic air at 650 °C inside an ETEM, and showed that Pt nanopar-
ticle sintering was mediated by an Ostwald ripening process.

1.2.2.2 Investigations on Catalysts and Their Supports

The properties of heterogeneous catalysts are often determined by the interactions
between the catalyst nanoparticles and their supports (typically metal oxides).
Molecules can restructure the surfaces of heterogeneous catalysts under reaction
conditions. The nature of the support has important influence on the properties of
supported metal catalysts and this has been an interest in the ETEM community
over the years. Here, we present a summary of work performed on Au and Cu
catalysts, and ceria supports.
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(a) Au catalysts

While bulk Au is chemically inert, supported Au nanoparticles (Au NPs)
(on selected oxides such as CeO, and TiO,) catalyze a wide variety of
reactions such as CO oxidation (Haruta 1997), water-gas shift reactions
(WGSR) (Fu et al. 2003), and selective and total oxidation of hydrocarbons
(Hayashi et al. 1998). The catalytic performances of Au markedly depend on
particle size, dispersion, supports, and preparation methods. For example,
catalytic activity measurements of Au particles of 1-7 nm deposited on rutile
TiO, show that smaller particles have higher activity (Williams et al. 2010).
Au nanoparticles supported on TiO, have been shown to have higher catalytic
rates than those supported on Al,O3 in CO oxidation and WSGR (Arrii
et al. 2004; Sandoval et al. 2007)

Using an aberration (image)-corrected ETEM, Yoshida, Takeda, and
coworkers (Yoshida et al. 2012; Takeda and Yoshida 2013) showed that
adsorbed carbon monoxide molecules caused the facets of a Au nanoparticle
supported on CeO, to reconstruct during CO oxidation at room temperature
(Fig. 1.6). By operating at a lower accelerating voltage (80 kV), which
improved the image contrast of light-element atoms, they also observed bright
and dark contrast features extruded from the reconstructed facets of gold
nanoparticles. Using image simulations in combination with ab initio elec-
tronic calculations, they showed that the electron micrograph allowed deduc-
tion of an energetically favorable model for CO adsorption (Fig. 1.7).
Uchiyama and coworkers (2011) examined a large number of Au/CeO, cata-
lysts using ETEM and found that the morphology of Au nanoparticles changes
from faceted during CO oxidation in CO/air to becoming more round with
decreasing CO partial pressure relative to air. They also examined Au
nanoparticles supported on a non-oxide (TiC) crystal and observed no mor-
phological changes in the Au nanoparticles supported on TiC when switching
the gases. Using aberration-corrected ETEM, Kuwauchi et al. (2013) show
that catalytically active Au NPs move reversibly and stepwise by approxi-
mately 0.09 nm on a CeO, support surface at room temperature and in a
reaction environment. The lateral displacements and rotations occur back and
forth between equivalent sites, indicating that Au nanoparticles are loosely
bound to oxygen-terminated CeO, and may migrate on the surface with low
activation energy.

Kuwauchi and coworkers (2012) studied the intrinsic structure of Au/TiO,
catalysts at room temperature under various gas reaction conditions with the
ETEM (high vacuum, O, at 100 Pa, N, at 100 Pa and 1 % vol CO in air at
100 Pa), and observed that the Au NPs changed their morphology systemat-
ically depending on the environment. Based on the ETEM observations,
structural evolution diagrams depicting the morphology of the catalysts as a
function of electron current density and dose in various gas environments were
derived.
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a b

Vacuum CO/air

Fig. 1.6 Au{100}-hex reconstructed surface under catalytic conditions. GNP supported on CeO,
in (a) a vacuum and (b) a reaction environment (1 vol.% CO in air gas mixture at 45 Pa at room
temperature). Two {100} facets are present in the rectangular regions indicated by I and II in (a).
The enlarged images of these regions in vacuum and in the CO in air gas mixture are shown at
the bottom of (a, b), respectively. In vacuum, the distance between the topmost and the second top-
most {100} surface layers of 0.20 nm 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 of 0.29 nm was the same as the corresponding distance in a { 100} plane in crystalline
bulk gold. In the reaction environment, both the average distance of the adjoining Au atomic
columns and the interplanar distance changed to 0.25 nm. These changes in positions of the Au
atomic columns correspond well to those of the Au{100}-hex reconstructed surface structure. To
reduce random noise, the images in (a, b) were obtained by averaging four successively acquired
images. Figure reprinted with permission from Yoshida et al. (2013)

(b) Cu catalysts
Another catalyst material that is of interest is Cu. Cu nanoparticles on supports
are used as catalysts for methanol synthesis and hydrocarbon conversion
processes for fuel cells. Cu alone may work as a methanol synthesis catalyst,
but the activity increases significantly for Cu supported by ZnO. Hansen
et al. (2002) examined Cu nanoparticles dispersed on ZnO and silica supports
and found that for the Cu/ZnO catalysts, the shape of the particles changes
with varying gas composition. The addition of water to hydrogen gas
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[137-0.370)

Fig. 1.7 Adsorbed CO molecules on a Auf100}-hex reconstructed surface under catalytic condi-
tions. Aberration-corrected ETEM images in (a) vacuum and (b) a reaction environment (1 vol.%
CO in air at 100 Pa at room temperature) taken using 80 keV electrons using an under-defocus
condition. (¢) The observed image in the rectangular region in (b) at higher magnification. (d) A
simulated image based on an energetically favorable model. The model is superimposed on the
simulated image. The model in (e) plan view along the [001] direction of crystalline gold and (f)
cross-sectional view along the [110] direction of crystalline gold to show the undulating topmost Au
layer. C atoms, blue colored balls; O atoms, red colored balls; CO adsorbed Au atoms within the
surface hexagonal lattice, darker green colored balls; the other Au atoms within the surface
hexagonal lattice, brighter green colored balls; the Au atoms within and below the second topmost
surface layer, gold colored balls. By fitting the simulated images with the observed images, the
viewing direction in (a—c) was determined to be the [1.37, —0.37, 0] direction of the crystalline
Au NP. As shown in models (d, e), the [1.37,—0.37, O] direction is nearly parallel to one side of the
surface hexagonal lattice. To reduce random noise, the images in (a—c) were obtained by averaging
four successively acquired images. Figure reprinted with permission from Yoshida et al. (2013)

transforms the Cu crystals into a more spherical morphology, whereas the
removal of H,O from H; causes the Cu crystals to revert to their original form.
For Cu nanocrystals supported on silica, the support was found to have
negligible influence on the structure. Vesborg and coworkers (2009)
performed time-resolved measurements of the methanol synthesis reaction
over a Cu/ZnO-based catalyst using a laminar flow tube reactor and compared
the activity measurements with ETEM observations of Cu/ZnO particles
during exposure to comparable reaction conditions. Using ETEM, it was
revealed that qualitatively, the Cu particles appear to be more flat under
more reducing conditions and more spherical when exposed to a more oxidiz-
ing environment. The gas-dependent morphology of the Cu nanoparticles is
consistent with the dynamic microkinetic model proposed by other research
groups. Wagner and coworkers (2003) utilized electron energy-loss spectros-
copy (EELS) to investigate metal-support interaction in a Cu/ZnO catalyst by
examining the energy-loss near edge structure (ELNES) at the Cu L3 ioniza-
tion edge as the catalysts are heated in a CO/H, environment in the ETEM. The
intensity of the ELNES reflects modifications in the electronic structure of
Cu. They found that in the Cu/SiO, system, the ELNES intensities were
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constant, reflecting that no structural changes of the Cu nanocrystals are
observed. Changes in the ELNES were observed when the particles were
dispersed on a ZnO support, and were interpreted as a tensile strain in the Cu
nanoclusters induced by the ZnO support, as well as a Cu-Zn alloy formation
induced to a degree depending on the severity of the reduction treatment of the
catalyst.

Ceria particles and ceria-based supports

Cerium-based oxides continue to attract considerable attention because of their
current and potential use in metal-supported oxide catalyst applications, e.g., in
automobile three-way catalytic converters, solid oxide fuel cell anodes, and
water-gas shift reactions. The valence state of cerium changes from Ce* to
Ce** during the associated phase transformations (2CeQ, < CeO3 + 0.50,),
and the ability of this material to reversibly accept or contribute oxygen to its
surroundings is the basis for its use in catalytic applications where redox pro-
cesses are important. Parkinson (1989) envisaged feasibility of directly studying
atomic rearrangements in catalysts and catalyst supports under reaction condi-
tions by electron microscopy, when he presented HRTEM images of the ceria
lattice, taken under flowing nitrogen at 2.7 kPa (20 Torr) which revealed lattice
fringes from the {111} planes (separation=0.312 nm). Such studies show
promise of providing a detailed understanding of the mechanisms involved in
certain types of heterogeneous catalyst.

Sharma and coworkers (2004) characterized the reduction behavior of high-
surface-area (HSA) and low-surface-area (LSA) CeO, catalysts in hydrogen
gas at elevated temperatures using EELS by analyzing the Ce M, s white line
intensity ratio. The relative intensities of the M5 and M, peaks in the Ce EEL
spectra depend on the oxidation state of Ce. The authors found a direct
correlation between the extent of reduction and surface area, with significant
Ce reduction occurring by 600 °C in the HSA sample whereas with the LSA
sample, significant reduction took place around 700-800 °C.

Wang and coworkers (2008, 2009) followed the dynamic redox process
taking place in individual ceria and ceria—zirconia nanoparticles. The samples
were progressively heated and cooled while maintaining the same Hj-rich
atmosphere. Re-oxidation may occur rapidly at temperatures below 600 °C
due to residual background oxygen/water vapor in the sample area or in the
ETEM column, and the structure and chemistry were monitored using high-
resolution TEM imaging, electron diffraction, and electron energy-loss spec-
troscopy (EELS) (Fig. 1.8). The studies show that for ceria nanoparticles with
an average size of 20 nm, oxygen vacancies present in the reduced ceria
undergo rapid ordering leading to the immediate formation of Ce,O5. The
reduced ceria has a C-type lattice in which the lattice parameter is doubled
compared to that of the parent fluorite structure. In the ceria—zirconia
nanoparticles, the more active structure has predominantly disordered cations
and shows no evidence for oxygen vacancy ordering during reduction.

Cargnello et al. (2013) studied CeO, which has been found to be an “active
support” in terms of increasing the rates of redox reactions. By tailoring the
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Fig. 1.8 Dynamic changes of atomic-level structure characterized by high-resolution imaging
(upper row) and electron diffraction (middle row) and chemistry analyzed by the electron energy-
loss spectrum (lower row) at (a) 245, (b) 693, and (c) 600 °C in 67 Pa (0.5 Torr) of H, along the
[21-1] zone axis from the same individual ceria nanoparticle during the redox process. (b) After
reduction, arrows in the high-resolution image and extra spots along the (220) plane in the electron
diffraction pattern show the superstructure formed during reduction. The reversal of Ce Ms/My
intensity indicates the reduction and re-oxidation from Ce** to Ce** and from Ce®" to Ce** during
heating and cooling, respectively. Figure reprinted with permission from Wang et al. (2009)

“length” of a ceria-metal interface, through the use of monodisperse Ni, Pd,
and Pt nanocrystals, CO oxidation in ceria-based catalysts was found to be
greatly enhanced at the ceria-metal interface sites, and the metals deposited on
ceria had higher catalytic rates than their alumina-supported counterparts, as
evidenced by the much lower temperatures needed to completely oxidize CO.
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(d) Catalyst promoters
Besides catalysts themselves, there are also catalyst promoters which cause
more than proportional increases in activity or selectivity when added to a
catalyst, and are therefore essential to achieve the required activity or selec-
tivity in catalysts. Hansen et al. (2001) performed in situ TEM imaging of
Ba-promoted Ru catalysts in their working conditions in an ETEM, and
suggested that the increased activity to be related to a two-dimensional
barium-oxygen overlayer on the Ru crystals.

(e) Electron energy-loss spectroscopy (EELS) for quantification of gases and
catalytic products
With the developments of electron energy-loss spectrometers and their attach-
ments onto modern ETEMs, redox reactions in catalysts and other materials
system can be studied by monitoring changes in the EELS spectra of the speci-
mens. EELS thus offers another avenue of TEM characterization in addition to
imaging and diffraction capabilities. For example, Lopez-Cartes and coworkers
(2003) performed ETEM studies on Rh/Ce( gPry,0,_ catalysts under H, con-
ditions at temperatures ranging from 298 to 1223 K, and observed the occurrence
of consecutive reduction of Pr** and Ce** ions, and the formation of an oxygen-
deficient Ln;s03 (Ln: Ce, Pr) ordered phase, by analyzing the fine structure in
EELS spectra of their My s edges. The group at Arizona State University (Sharma
et al. 2004 and Crozier et al. 2008) studied the dynamic changes taking place
during redox reactions in ceria and ceria—zirconia nanoparticles in a hydrogen
atmosphere by monitoring the white lines in the Ce EELS spectra, and determin-
ing the Ce oxidation state by its Ms/M, intensity ratio.

Crozier and Chenna (2011) show that, while modern ETEMs are fitted with
residual gas analyzers to monitor the composition of the gases, one can also
perform quantitative analysis of gases in an ETEM with in situ EELS with an
accuracy of 15 % or better (provided that some precautions are taken during
the acquisition to account for the extended gas path lengths associated with the
reaction cell). They have since employed this technique to detect and quantify
catalytic products directly inside the ETEM (Chenna and Crozier 2012). Ru
nanoparticles supported on SiO, spheres were used as the model catalyst for
CO oxidation and CO methanation. CO oxidation reaction was performed by
flowing He:CO:CO, in 50:8:4 ratio in the ETEM. CO has a carbon n* peak of
286.4 eV, and as the temperature of the specimen was increased inside the
ETEM, the C n* peak from CO, (at 289.7 eV) was found to increase in
intensity, indicating that the greater percentage of CO had been converted to
CO,. There was good agreement between the EELS measurements and the
results obtained using an ex situ catalytic reactor. In CO methanation, a CO,
and H, gas mixture of 4:1 pressure ratio was admitted to the environmental
cell and EEL spectra were collected at different temperature. A shoulder peak
at about 286.4 eV started to appear at 400 °C, corresponding to CO formation,
and became more dominant at increasing temperatures.

A key challenge to successfully applying EELS in catalysis is the peak
overlap between reactant and product gases. This can be overcome by the use
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of electron microscopes equipped with monochromators, which significantly
improves the energy resolution from 1 to 0.2 eV or better. Baldi and coworkers
(2014) utilized monochromated EELS in an ETEM to observe hydrogen
absorption and desorption in individual Pd nanocrystals by directly probing
the bulk plasmon resonance mode of the Pd nanoparticle. On hydrogen
absorption, individual Pd nanocrystals exhibit large red shifts (exceeding
2 eV) in their bulk plasmon resonance, and these shifts are reversible on
desorption. The individual particle spectra are then correlated with particle
size and crystallinity using the high spatial resolution of aberration-corrected
TEM imaging, and hydrogen loading and unloading isotherms of individual
Pd nanocrystals were then deduced.

Photocatalysis

Photocatalysts are also an important class of catalyst materials with applica-
tions relating to sustainable energy development. Several groups have recently
explored different ways for light irradiation of samples inside the (E)TEM.
One approach is the use of specialized lens-based or fiber-based TEM speci-
men holders that permit specimens to be illuminated with light and electrons at
the same time (Shindo et al. 2009; Cavalca et al. 2012). Combining the use of
these holders with an ETEM, Cavalca and coworkers (2012, 2013) investi-
gated the photoreduction of cuprous oxide (Cu,O). Water vapor was leaked
into the ETEM specimen chamber and the specimen was exposed to light with
405 nm wavelength for various time periods while the electron beam was
blanked. Then, the column was evacuated to ~1.3 x 10~* Pa (10~® mbar)
pressure for 5 h to reduce the water vapor in the column before the electron
beam was illuminated on the sample to record changes post-reaction. TEM
images show that Cu,0O nanocubes were degraded after photoreduction. Dif-
fraction patterns show the transformation of the cubes from Cu,O to Cu, and
the change in oxidation state of Cu is also elucidated in the Cu L, 5 edge using
EELS. The group at Arizona State University (Miller and Crozier 2013)
designed an illuminating system for the ETEM whereby light is introduced
through a port on the microscope, and they observed surface amorphization in
TiO, nanocrystals when the latter were irradiated with light while exposed to
water vapor inside the ETEM (Zhang et al. 2013).

1.2.3 Nucleation and Growth of One-Dimensional

Nanomaterials

Another application of ETEM is the in situ nucleation and growth of
one-dimensional nanomaterials such as carbon nanotubes and nanowires, as
described in a later chapter.

Since their discovery in 1991 carbon nanotubes (CNTs) (Ilijima 1991) have

found an increasing number of applications, most notably as field emission electron
sources in displays or in X-ray tubes for medical applications (e.g., Rinzler
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Fig. 1.9 Image sequence of a growing carbon nanofibre. Images (a-h) illustrate the elongation/
contraction process. Drawings are included to guide the eye in locating the positions of mono-
atomic Ni step edges at the C—Ni interface. The images are acquired in situ with CH4:H, ratio of
1:1 at a total pressure of 210 Pa (2.1 mbar) with the sample heated to 536 °C. All images are
obtained with a rate of 2 frames per sec. Scale bar, 5 nm. Figure reprinted with permission from
Helveg et al. (2004)

et al. 1995; de Heer et al. 1995; Wang et al. 1998; Choi et al. 1999; Sugie
et al. 2001). Observations of carbon nanotube growth can be made in situ using
ETEM and was reported by two groups in 2004. Helveg et al. (2004) formed carbon
nanofibers from methane decomposition over Ni nanocrystal catalysts supported on
MgAl,0,4 (CH4:H, ratio = 1:1), at temperatures 500-540 °C and total pressure of
200 Pa (1.5 Torr), and observed, in real time, the growth of the nanofibers at the
high resolution of the TEM (Fig. 1.9). Carbon nanofibers were found to develop
through a reaction-induced reshaping of the Ni nanocrystals, with the nucleation
and growth of graphene layers assisted by a dynamic formation and restricting of
mono-atomic step edges at the Ni surface. Sharma and Igbal (2004) used a Ni/SiO,
catalyst and acetylene as the precursor gas. The catalysts—supports were dry loaded
on 400 mesh Ni grids, and heated at 400 °C for 30—-60 min in vacuum or in 133—
266 Pa (1-2 Torr) of H, using a furnace-based heating holder. When 13.3-200 Pa
(100-1500 mTorr) of acetylene (C,H,) was introduced into the ETEM at a tem-
perature ~450 °C, catalytic decomposition of C,H, on the Ni/SiO, catalysts led to
the growth of carbon nanotubes. Multiwall nanotubes formed at temperatures as
low as 450 °C while only single-wall carbon nanotubes (SWNTs) formed at higher
temperatures ~700 °C and above. The growth rate, structure, and morphology of the
CNTs are found to be dependent upon reaction temperature and pressure. When the
growth temperature was maintained at 480 °C, multiwalled CNTs are observed to
grow in a zigzag manner, forming waves, spirals or loops, at an average rate of 35—
40 nm/s under C,H, pressures of 2.67—13.3 Pa (20-100 mTorr), whereas SWNTs
with diameters ~3.5 nm form at growth rates of 6-9 nm/s observed at C,H,
pressures <1.33 Pa (10 mTorr) (Sharma et al. 2005). When the C,H, pressure
was maintained at 0.13 Pa (1 mTorr) and the growth temperature varied from 450 to
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650 °C, both the inner and outer nanotube diameters were found to decrease with
increasing temperature (Sharma et al. 2007).

The catalyst plays an important role in the growth of CNTs via the CVD process.
For example, the size of the catalysts dictates the SWNTs diameters grown (Zhang
et al. 2002). For surface-bound CVD, the interactions between the catalyst and
support play a critical role in controlling catalyst size distribution (Lolli et al. 2006).
A fundamental question of interest is the physical and chemical state of the catalyst
during the CNT growth process. Yoshida and coworkers (2008) vacuum-
evaporated 1 nm-thick Fe on SiO, and heated the substrate in an ETEM to
600 °C in high vacuum, and subsequently, in a mixture of C,H,:H, =1:1 at 10 Pa
(0.08 Torr). They concluded, from real-time observations of the nucleation and
growth processes of CNTs, that the nanoparticle catalysts are fluctuating crystalline
cementite (Fe;C) particles. Hofmann et al. (2009) studied catalyst—support and
catalyst—carbon interactions during the CVD growth of SWNTs using a combina-
tion of ETEM and in situ, time-resolved X-ray photoelectron spectroscopy, and
found the active state of Fe and Ni catalysts to be the crystalline metallic
nanoparticles. Pd (silicides) and Au are catalytically less efficient for C,H, disso-
ciation compared to Fe and Ni.

The growth of ultra-long, vertically oriented SWNT carpets or forests using
CVD (Chattopadhyay et al. 2001; Hinds et al. 2004) is also of interest because of
their suitability in a number of potential applications. To promote and sustain the
growth of SWNT carpets, an approach known as “super growth” was developed by
the Iijima group, whereby the introduction of H,O led to an increased activity and
lifetime of the catalysts (Hata et al. 2004). Amama and coworkers (2009) showed a
posteriori that the addition of H,O promotes super growth of SWNTSs by inhibiting
Ostwald ripening in the Fe catalyst nanoparticles on Al,O3; support. Kim
et al. (2010) demonstrated using both ex situ quantitative measurements of CNT
growth rate and in situ ETEM observations that termination of SWNT carpet
growth can be linked to the evolution of the catalyst morphology and Fe subsurface
migration. Yoshida and coworkers (2009) also demonstrated that the deposition of a
proper quantity of Mo on substrates with Fe catalysts leads to the formation of
Fe-Mo carbide nanoparticle catalysts of (Fe,Mo0),3Cg structures as well as Fe;C. Mo
suppresses the nucleation of iron silicates which inhibits catalytic activity in the
growth of CNTs, thereby increasing the CNT yield.

The electronic properties of carbon nanotubes are influenced by their chirality
(e.g., Odom et al. 1998; Wilder et al. 1998). Existing synthesis methods cannot
controllably produce nanotubes with a specific type of conductivity. Harutyunyan
and coworkers (2009) show that by varying the noble gas (He or Ar) during
thermal annealing of the catalyst in combination with oxidative and reductive
species, the yield of nanotubes with metallic conductivity can be significantly
increased. TEM characterization reveals a strong difference in the morphological
behavior of Fe nanoparticles depending on the gas environment at 500 °C, with all
particles in He exhibiting stronger faceting whereas those in Ar were more round
shaped.
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Fig. 1.10 (a) Phase diagram for the Au-Si binary system. The typical reaction path for Si
nanowire growth is indicated by arrows. (b—f) Schematic diagrams of the process of Si and Ge
nanowire growth from Au: (b) Au is deposited on HF-dipped Si. (¢) Heating above 370 °C forms
AuSi eutectic droplets containing ~20 % Si. (d) Exposure to a source gas such as disilane which
adsorbs preferentially at the droplet surface and supersaturates the droplet with Si. (d, e) Si
precipitates beneath the droplet. (f) Heterostructures such as Si/Ge nanowires are grown by
changing the source gas. Figure reprinted with permission from Ross (2010)

In situ TEM has also been used to probe the vapor-liquid-solid (VLS) mecha-
nism for the growth of semiconductor nanowires. One of the simplest forms of
nanowire growth is by chemical vapor deposition (CVD), whereby a catalytic
droplet (commonly a liquid Au-semiconductor eutectic) is formed on a surface
and then exposed to a gas supply of the growth material, as illustrated in Fig. 1.10.
Ross and coworkers (2010) from IBM studied semiconductor (Si and Ge)
nanowires during the growth process in situ using a UHV-TEM which has been
modified to enable chemical vapor deposition (CVD) and evaporation processes in
situ (Hammar et al. 1996; Ross 2000). In the Si nanowire growth experiments, a Si
(111) wafer cleaned with an HF dip and heated above 1200 °C to desorb any surface
oxide was evaporated with Au (the catalytic material), and then mounted in the
microscope with the Au-covered side vertical. Wire growth was then initiated by
heating the specimen (using direct current) and exposing it to disilane gas. When
nanowires grow epitaxially, perpendicular to the surface, they are also
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Fig. 1.11 (a) The pole-piece region of the UHV TEM showing the specimen holder and the
capillary tube through which gas is introduced. (b) The specimen, cut from a Si(111) wafer,
showing AuSi droplets and the nanowire growth direction. The nanowires are shown as cylinders
although their surfaces are actually faceted. (¢) Typical TEM image of nanowires during growth,
in this case at 550 °C and 1.3 x 107 Pa (1 x 107 Torr) Si,Hs. Figure reprinted with permission
from Ross (2010)

perpendicular to the electron beam, With this geometry, the nanowire/catalyst
interface is parallel to the electron beam so that phenomena at the growth interface
can be resolved easily (see Fig. 1.11, and Ross 2010).

In situ growth studies of nanowires have led to new insights into the VLS growth
mechanism. Ross and coworkers (2005) found that Si nanowires growing from a Si-Au
eutectic show periodic sawtooth facets, which are at an angle to the growth direction.
The wire surface is not smooth. Rather, growth occurs at a (111) facet at the end of
the wire, and the size and shape of this facet oscillates periodically during growth.
At higher temperatures and lower pressures, the presence of small amounts of
oxygen was found to change the morphology of Si nanowires grown using the VLS
process with Au (Kodambaka et al. 2006). Wires of almost constant diameter and
several micrometers in length can be formed in the presence of oxygen, in contrast
with wires grown in disilane alone, which show significant changes in diameter
over sub-micrometer length. Contrary to the conventional VLS growth model
assumptions, Au diffusion during nanowire growth determines the length, shape,
and sidewall properties of the nanowires (Hannon et al. 2006). Au can diffuse from
one catalyst droplet to another during growth, i.e., Au migrates over the surface as
well as up and down the nanowire sidewalls, and Ostwald ripening during growth
can lead to the termination of growth due to the disappearance of the Au catalyst.
Using the same experimental setup, Kim et al. (2008) obtained quantitative
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measurements on the nucleation and growth kinetics of Si from a Au-Si eutectic
liquid, and by using a simple kinetic model, provided insights into the nanowire
growth process.

In some cases, it is also possible to grow nanowires in a high-vacaum TEM
without supplying the growth material as a gas precursor. Instead, evaporation from
the sample provides the flux required for the growth mechanism to be activated. For
example, Stach and coworkers (2003) observed in real-time TEM observations of
the growth of GaN nanowires via a self-catalytic VLS mechanism. These nanowires
nucleate and grow from Ga droplets formed during thermal decomposition of GaN
at elevated temperatures in a vacuum of ~1.3 x 1075 Pa (1Ix 1077 Torr).

Metals other than Au are also of great interest for VLS growth studies because
they allow flexibility in designing electronic properties such as doping type and
doping level in as-grown nanowires (Ross 2010). They also provide the opportunity
to grow nanowires with different surface structures. Wen et al. (2009) added Al to
Au catalysts to raise the eutectic temperature with Si or Ge, and formed composi-
tionally abrupt interfaces in Si-Ge and Si-SiGe heterostructure nanowires using the
vapor-solid-solid (VSS) method. Chou et al. (2012) grew Si/Ge nanowires and
heterojunctions with compositionally abrupt interfaces using a catalyst based on
alloying Ag with Au. Hofmann and coworkers (2008) demonstrated that an envi-
ronmental TEM with higher base pressure compared to the UHV-TEM can also be
used to grow Si nanowires from Pd and Au catalysts.

1.2.4 Windowed Cell Holder Applications

A key limitation in differentially pumped ETEM systems is that the maximum gas
pressure allowed is usually not more than 2 kPa (20 mbar), which is about three
orders of magnitude lower than the ambient pressure condition at which many
applications are concerned. This “pressure gap” can be bridged by the use of closed
window gas cell TEM holders, as described in Sect. 1.1. In this section, some of the
applications arising from the use of such closed cell systems in the area of solid-gas
reaction studies are described. The reader can also refer to a later chapter about how
the windowed cell setup can be used to study specimens in their native liquid
medium.

Using the MEMS-based nanoreactor developed by Creemer et al. (2008),
Yokosawa and coworkers (2012) investigated the (de)hydrogenation behavior of
Pd islands at H, pressure up to 4.5x10° Pa (4.5 bar) and temperature up to 400 °C,
and observed, in electron diffraction mode, Pd crystal lattice expansion and shrink-
age owing to hydrogenation and dehydrogenation, respectively. Vendelbo
et al. (2014) also used a similar MEMS reactor which has been fitted with quanti-
tative mass spectrometry, to analyze gases exiting the nanoreactor, and reaction
calorimetry, to study the oscillatory behavior exhibited in catalytic reactions occur-
ring under fixed conditions (in this case, at 10° Pa, or 1 bar, of CO:0;:He of
3 %:42 %:55 % ratio and temperatures 659-729 K). Pt nanoparticles, which
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catalyze the oxidation of CO, gradually transformed from a more spherical shape
toward a more facetted shape as the CO conversion increased rapidly, and
transformed back to the more spherical shape on decrease in CO conversion, and
retained that shape until CO conversion increased steeply again. Their studies
showed a direct coupling between the oscillatory CO conversion behavior and the
Pt nanoparticle shape changes.

With an MEMS-based environmental holder developed by Protochips Inc.,
Ghassemi and coworkers (2014) studied the mechanism of transformation of
two-dimensional TizC,, also known as “MXene”, into a TiO,/carbon hybrid mate-
rial during oxidation at different temperatures and under different heating rates.
The specimens which consisted of delaminated TizC,Tx (where T stands for the
“terminating group” and x is the number of surface groups per TizC, unit cell)
flakes were dropcast on holder-compatible chips with electron transparent win-
dows, sealed in ambient air, and flash-oxidized (by increasing the temperature
stepwise to 950 °C) or slowly heated to 450 °C at a rate of 0.1 °C/s and maintained
at 450 °C for 2 h. With flash oxidation, TiO, particles were first formed in a planar
thin film morphology and subsequently shrank laterally and grew vertically into 3D
particles with the anatase phase, whereas slow heating led to the formation of planar
nanocrystals of mainly rutile phase.

1.3 Current Status and Outlook

This chapter review illustrates that numerous researchers have contributed virtually
since the original construction of the TEM to improving and applying the ability to
observe material reactions in an encompassing environment, at the resolutions
uniquely available with the transmission electron microscope, and with its improv-
ing analytical capability. Moreover, with the increasing development of specimen
holders for both windowed and aperture systems, the breadth of experimentation
(as illustrated by the compilation in the present text) is only broadening, and at an
impressively rapid rate. An update of the analysis summarized in Fig. 1.1 to include
the date of the 2014 International Microscopy Congress is shown in Fig. 1.12. It
appears that there has been another significant jump in the numbers of in situ TEM
publications, and that the trend noticed in Sinclair (2013) has been firmly
established. The environmental (gas and liquid) contributions to this trend remain
at over 50 %, as alluded in Fig. 1.12b. It is our conclusion that environmental
studies in the TEM will continue to grow, both in numbers and in innovation, and
that they will provide ever more insight into material reactions of scientific and
technological interest.
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Fig. 1.12 (a) Number of publications until 2014 identified using the keywords “in situ”,
“transmission electron microscopy” and “TEM”; (b) Breakdown by various subcategories of in
situ papers presented at the 2014 Microscopy and Microanalysis Conference (USA) and the 2014
International Microscopy Congress (Czech Republic). These subcategories are in situ electrical
biasing, electron beam heating, thermal heating, gaseous environment, liquid environment,
mechanical loading, and laser stimulation
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