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Abstract

Recently, the applications of transmission electron microscopy (TEM) related techniques have
extended from ex situ nanoscale characterization of structure and chemistry of products to
dynamic measurements of nanostructures during reaction processes. Commercially available
modified TEM specimen holders and TEM columns are being routinely employed to follow the
structural and chemical changes at elevated temperatures and even under controlled atmosphere.
Experiments performed under these rigorous conditions require careful considerations to avoid
undesirable effects from the gas impurities or contaminations from TEM grids and/or holders.
The reactivity of sample, grid, holder, TEM components, and gaseous environments must be
evaluated for each reaction process. This tutorial is aimed to outline some of the important
factors that should be considered for experimental set up used for in situ observations to ensure
the results are comparable to the ones obtained during ex situ experiments under identical

conditions.

Highlights:
e Advantages and limitations of in situ heating experiments using TEM are outlined.

e Sources of contamination and adverse reactions are identified.



e Important considerations for planning in situ experiments that can replicate ex situ
experimental results are outlined.
e Temperature and pressure response to reactivity of sample and TEM components is
explained.
e Detailed explanation for planning experimental conditions and choosing suitable TEM
based data acquisition technique is provided.
Keywords: In situ TEM, environmental (scanning) transmission electron microscope

(E(S)TEM), catalysis, nanowires, nanotubes.

1. Introduction:

Historically transmission electron microscopy (TEM) has been used as one of the most powerful
ex situ techniques for atomic scale characterization of structure and chemistry of solids,
especially of nano-structured materials. The concurrent acquisition of atomic resolution images
and nanoscale chemical analysis, from samples before and/or after synthesis provides
information about the relationship between reactants and products that can be employed to
deduce possible reaction mechanisms. In the seventies, electron beam irradiation was often
employed to initiate sintering of nanoparticles or phase transformations (Bovin and Malm 1991).
Currently, single-tilt and double-tilt heating stages are commonly used to perform controlled
heating experiments. However, information about the structural and chemical changes occurring
under ambient conditions, especially under gaseous environment, is generally missing as TEM
operates under high vacuum conditions. Similarly, the evaluation of the effect of external stimuli

such as mechanical (stress), electrical and magnetic force applied during operation, on the



nanomaterials or their ensemble cannot be determined using ex situ imaging and spectroscopy
techniques. Therefore, a number of modifications to TEM sample holders and to TEM columns
have been implemented over the years that are now routinely used for in situ measurements of

the structure, morphology, chemistry and properties of nanomaterials under reactive conditions.

During the last couple of decades, researchers have recognized the value of in situ
characterization of nanostructured materials using TEM based techniques. The need for
nanoscale measurements stems from the rigorous control of synthesis conditions that are
essential for nanofabrication. Continued progress in nanotechnology requires a bottom-up
approach, where synthesis of nanoscale components is a part of nanofabrication and nano-
manufacturing. Moreover, the properties of nanomaterials are often controlled by their nanoscale
structure and morphology, and any modification to them, occurring during the operation, will
adversely affect their performance. Hence, the in situ nanoscale characterization is essential not
only to optimize synthesis process of nanomaterials but also to determine the conditions for their

optimum performance. Some of the advantages of in situ TEM observations are:

1. The same area or the same nanoparticle is observed before, during and after being
subjected to external stimuli. Therefore, all reaction steps, including intermediate steps (if
any), may be identified if the life of the reaction intermediates is longer than the data
acquisition rate.

2. Careful design of the experiments enables observation of structural, morphological and

chemical changes concurrently.



3. Measurement of both the thermodynamic and the kinetic data for the reaction processes
leading to nanomaterials synthesis and/or functioning can be obtained.

4. A direct relationship between structure and properties is determined.

5. In situ observations result in considerable time saving as the synthesis and

characterization is performed concurrently.

Clearly the insight provided by in situ observations can be exploited to facilitate robust scaling of
nanoscale synthesis processes to the manufacturing levels. In recent years, the number of
publications describing the instrumental development and their applications has exponentially
increased and several review articles (Sharma 1998; Sharma 2005; Sharma 2005; Yao 2005;
Stach 2008), special journal issues (1998; 1998; 2005; 2008; 2009), and books (Gai 2003; Yao
2005; Barnhart 2008), have been published on this topic and will not be discussed here.
Although most of the published literature provides detailed description of the set-up employed
for successful in situ experiments, information about planning strategies for these experiments is
lacking. It is important to note that the modified TEM column and/or sample holders, used for in
situ characterization, should be treated with the same considerations as for a synthesis furnace or
chemical vapor deposition reactor since the TEM is no longer used only as characterization tool.
This paper aims to provide a tutorial concerning the most common considerations required for
successful in situ observations during heating experiments in vacuum or gaseous environments in

a TEM.

2. Reactivity of various components



As TEM samples are loaded in a heating holder and may also require additional support, it is
imperative to have an in depth understanding of the chemical nature of individual components

and their reactivity as explained in following sections.

2.1. Reaction of grid/support materials with sample and/or each other

Generally carbon films or lacey supports on metal grids, used to load the samples for TEM
observations, are most suitable to load powder samples as they provide support but have
negligible influence on structural image formation. However, the catalytic reaction can be
influenced by the nature of the support film due to metal-support interaction (MSI). Moreover,
the reactivity of support films is also influenced by the nature of the ambient. For example, Ni
nanoparticles have been reported to graphitize carbon thin films at 600 °C (Anton, 2008). Similar
catalytic graphitization of amorphous carbon by 500 nm Ni particles has also been reported to
occur under a focused electron beam (Aikawa al., 2010). Amorphous carbon support films are
also prone to break during heating due to thermal stress and will burn off (oxidize) when heated
in an oxygen environment. As a result, the area under investigation may be lost and the
experiment will fail to provide conclusive results. Silica (SiOy) thin films may be used as an
alternative support, especially to study catalytic processes. The powder samples containing
nanoparticles may also be directly loaded on the metal grids, thereby avoid a support film. In this
case the sample will attach to the grid bars due to electrostatic forces and the particles sticking
out in the vacuum, away from the grid bars will be suitable for in situ observations. However, in
this case the chemical nature of the grid becomes important and should be selected after careful

considerations as explained below.



Cu is the most commonly used grid material but other metals, such as Ni, Al, Mo, Pt, Au and
stainless steel are also available. For in situ heating, the physical and the chemical properties of
the grid material must also be considered. First and foremost, the choice of grid material is
dependent on the desired reaction temperature. Obviously Cu grids should not be used for
heating samples above its melting point (1084 °C). Additionally, it has been shown that metal
atoms start to diffuse at temperatures as low as half the melting temperature in Kelvin (Taman
temperature), which is ~ 400 °C for Cu_(Zhang and Su, 2009). The diffusion of metal atoms onto
the samples near or above the Taman temperature can be considered as an addition of a
contaminant to the reactants. As the sample is in direct contact with the grid material, the

addition of metal particles described above can affect the reaction mechanism.

Zhang et al. (Zhang and Su, 2009) have tested the stability of Cu, Ni, Mo, and Au TEM grids,
coated with ultra-thin films of a-C or SiOy, in the temperature range of 500 °C and 850°C. They
have found that although different metals and supports behaved differently, most of the grid
materials adversely changed the structure of the support material above 600 °C. For example, Cu
particles were observed to nucleate (Fig. 1) on amorphous (a)-C film at 600 °C either due to
evaporation and re-deposition or due to surface mobility above the Taman temperature (=400
°C). They have also shown that the nature of the support film also plays a role in the formation

of metal particles of the grid material.

We have found that the yield of carbon nanotube (CNT) formation increased noticeably at 490

°C when Ni/SiO; catalyst was loaded directly onto Au instead of Ni grids, as shown in Fig. 2.



We believe that since our reaction temperature is above the Taman temperature for Au (=396
°C), some Au atoms diffused to the catalyst particles and changed their reactivity. Our controlled
experiments and theoretical simulations have confirmed that a small amount of Au doping in Ni

catalysts improves the CNT vyield (Sharma et al., 2011).

Low amounts (0.2 pmol/mol) of nickel carbonyl, a volatile product that is a health hazard, have
been reported to form when a Ni single crystal was exposed to CO at low temperatures
(Lascelles and Renny, 1983). However, this reaction may not have any adverse effects on the
reaction process under observation as the rate of formation is very low (2x10° mole per cm? per

min at 130 °C) and its effect is further diminished by the fact that it decomposes above 350 °C.

2.2. Gas purity
It is self-evident that we need to use high purity gases to make sure that impurities do not affect
the reactions path. However, for some gasses this is detrimental for the success of the
experiment. For example, presence of small amount of water vapor in hydrogen will alter the
oxygen chemical potential in the gas volume; thereby lower its reducing property. Generally, a
liquid nitrogen trap on the line between gas tank and inlet to mixing chamber or ETEM column
is used to freeze out the moisture. However this method to remove water is applied only if the
boiling point of the experimental gas is below the LN, temperature. Other filters must be used

for gasses such as ammonia that will liquefy at this temperature.



Active Coke filter is also often used with carbon monoxide (CO) if purchased in steel cylinder to
remove contaminants, especially iron carbonyl species. Alternatively, CO in aluminum tank

should be used to study catalytic processes such as Fischer Tropsch reaction.

2.3.Reaction of the environment with TEM heating holder

Next, we need to consider the materials used to build the heating holders and their components.
The composition of the heating holder controls the temperature and environments suitable for its
use. The reactivity of gaseous environment must be considered for planning in situ observation
of gas-sold interactions in an environmental scanning transmission electron microscope
(ESTEM) as some of the gasses may adversely affect the components of the TEM holders, such
as the body of the heating furnace, washers, wiring material, etc. Detailed information about the
nature of the materials may be readily available and should be used to select the experimental
condition. Some of this information may be proprietary and therefore not readily available. In
this case, the manufacturer should be consulted to make sure that the liquids or gases to be used
or produced during the reaction will not harm the instrumental components. For example, Ta
heating holders will oxidize when exposed to oxygen or air, and Pt heating or thermocouple
wires will form silicides when heated above 300 °C in the presence of silane (Takahashitsh# et
al., 1985). Also, consult the relevant phase diagrams to make sure that the experiments can be

safely performed using the available instrumentation.

Kamino and Saka (1993) have developed a holder where a thin tungsten wire can be heated up to

1500 °C by resistive heating. A modified version of this holder, called a gas-injection holder



allows small amounts of gas to be introduced in the sample area. (Kamino et al., 2005) Both of
these holders are stable and can be used to obtain atomic resolution images at high temperature.
However, users must consider the reactivity of tungsten with the sample under observation as
well as with the environment prior to using it for in situ experiments. Chen and Mori (Chen and
Mori, 2009) have reported the formation and growth of W90 49 nanowires over time when a
tungsten wire was heated to 600 °C in high vacuum (10 Pa) as shown in Fig. 3a-c. High-
resolution images (Fig. 3d) show that these wires are perfectly crystalline with growth direction
along <010>. It is well known that oxidation of tungsten requires very low oxygen partial
pressure. Also, tungsten oxide nanowires have been reported to grow via vapor solid-solid
growth mechanism (Kojima_et al., 2008). The growth of oxide nanowires reported by Chen and
Mori (Chen and Mori, 2009) indicates that high vacuum conditions in the TEM have enough
oxygen partial pressure to oxidize tungsten upon heating. It is also possible that the water vapor
present in the column may be responsible for the vapor transport and growth of W90
nanowires as reported by Sahle (Sahle and Berglund, 1981). The important conclusion to be
drawn from this report is that the low oxygen partial pressure, existing under the high vacuum
conditions of the TEM column, can be sufficient to oxidize certain metal grids and should be
taken in to account while choosing the grid material. It may be concluded that an ultra-high

vacuum TEM column will be more suitable for tungsten wire holders.

2.4.Temperature and pressure considerations

The maximum achievable temperature primarily depends upon the modified heating holder and

varies between 1000 °C and 1500 °C, depending upon the source and design (Kamino and Saka




1993; Allard et al., 2009). The steady-state temperature at the sample using these holders is
stable enough to capture atomic resolution images in TEM and STEM modes. Heating holders
are also commercially available with approximately the same temperature range. However the
practical temperature range available is controlled by the (a) grid material and (b) chemical
nature of the gas environment to be used. Neither the grid material nor the gas should react with

the body of the heating holders under the experimental conditions.

The components of the TEM column and the heat capacity of the gas will also limit the highest
achievable temperature as some of the internal components of the commercially available
differentially pumped ETEMSs or ESTEMSs cannot withstand high temperatures. The heat transfer
from the sample and the holder to the other parts in the TEM column may occur due to the gas

convection. The heat transport by a gas can be calculated using the following equation:

AH =24, (T, - T,)

where p, is the heat capacity of the gas, Ts and T are the sample and gas temperature,
respectively. When a gas at room temperature is introduced in the TEM column, it will transport
heat from the sample to the other parts of the TEM column. As a result the sample will cool
down and other parts of the column may be heated. This conductive heating depends upon the
temperature difference (Ts- Tg), the heat-capacity of the gas (ua), gas pressure, distance from the
sample and the time. The rate of heat transfer in a static flow system can be calculated using the

general equation for heat transfer:
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where Q is heat transfer, t is time, and h is the convective heat transfer coefficient, A is the
surface area for heat transfer and AT is temperature difference. The convective heat transfer
coefficient is dependent upon the physical properties of the gas and the flow regime, i.e., laminar
or turbulent. As the O-ring seals, currently being used to hold differential pumping apertures in
place, in the upper and lower pole-piece bore, cannot be heated beyond 200 °C
(http://www.marcorubber.com/viton.htm), the upper temperature should be calculated for
individual experiment. Currently the recommended temperature in a modern commercial
E(S)TEM with gas flow is 1000 °C, even if the heating holder is capable of achieving higher

temperatures.

Gas heat capacity and pressure will also affect the electrical current required to achieve the
reaction temperature by resistive heating. Compared to the vacuum, higher current is necessary
to heat up the sample in a gaseous environment because gases are usually admitted at room
temperature and are sources of considerable heat loss due to conduction and/or convection.
Again, the amount of additional heating current required depends on thermal conductivity and
pressure of the gas in the cell. Table 1 gives the thermal conductivities of gases that are often
used in E(S)TEM experiments. This table shows that the thermal conductivity for H; is
extremely high so that high temperature work will require significantly higher heating currents.
If possible, it is advisable to achieve the required reaction pressures before heating the samples,
as the gas flow will drastically cool down the sample due to conductance (Table. 1). The thermal

conductivity of H;, can be reduced by mixing it with inert gases such as Ar or N, (Table. 1).

11



The highest available pressure in the sample region is usually restricted by the instrumentation
design. Generally a very low gas pressure, in the order of a few Pa, is permitted in a gas injection
system (Ross;—Fremp et al., 1999; Kamino et al., 2005). On the other hand the highest achievable
gas pressure in a differentially pumped TEM column is dependent on the pumping speed of the
system, which in turn depends on the nature of the gas as well as the design of the pumping

system (Robertson and Teter, 1998; Gai, 1999 ; Sharma, 2005). The current limit for nitrogen in

a commercially available differential pumped TEM is ~2x10° Pa (20 mbar). Again, this value
will change depending on the conductivity of the gas. The pressure for windowed gas reaction
TEM holders is higher and depends upon the design of the holder. Creemer et al. (Creemer;
Helveg et al., 2008) have obtained atomic resolution images at 1.2 bar of H, pressure at 500 °C

using such a holder.

For a particular experimental set up, the temperature and pressure are controlled by the
thermodynamic conditions required for a chemical process of interest to occur. For example,
NiO can be reduced in high vacuum conditions (107 Pa) at ~500 °C (Gajdardziska-Josifovska et
al., 2002), but CeO reduction will occur at temperature above 1600 °C (Bevan, 1955 ),
However, the reduction temperature of both these oxides can be reduced to 270 °C (Richardson

et al, 1994), and 800 °C (Sharma et al., 2004) respectively, when heated in 200 Pa of hydrogen

instead of vacuum.

2.5. Switching or mixing gasses
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Switching gases or mixing two gases is often required for initiating or evaluating certain
catalytic processes. For example, oxygen and hydrogen flows will be alternated to follow redox
behavior of a number of oxides such as ceria (CeO,) or iron oxide (Fe,O3). An abrupt change of
gasses with different heat capacities (1, and pp) will unbalance the thermal equilibrium of the
system. As a result the temperature may shift to a different reaction regime and if u, is greater
than py, then the resulting sample temperature increase may damage the holder or TEM
components. Sudden temperature changes will also cause significant sample drift for an extended
period of time making it hard to capture images, diffraction patterns or spectroscopy data. One of
the solutions to the problem is to introduce an inert gas, such as N, or Ar as a buffer between the
switching. For example, the amount of N, in oxygen can be slowly increased while decreasing
the oxygen flow such that the thermal conditions of the system are maintained. After, a suitable

period of pure N, flow, hydrogen may be slowly added to the replace the N.

The above mentioned experiment will require mixing of two gases, i.e. O, and N, or H, or N».
Crozier and Chenna ( 2011) have followed the composition of gas mixtures in the ESTEM
column using electron energy-loss spectroscopy (EELS) and found that the gas first added to the
mixing tank effectively reduced the diffusion of the second gas through the inlet line, delaying
homogeneous mixing along the line. It is interesting that, even when a highly mobile gas like H»
is involved, it takes an hour to reach equilibrium composition in the sample region. Fig. 4 shows
the time-resolved low-loss EELS collected after introduction of O,+H; mixture from a mixing
tank. The tank was first filled with 6.7x10* Pa of O, and then 3.34x10" Pa of H, was added to it.
The mixture was then immediately admitted into the TEM column and time resolved spectra

were recorded. The H, plasma peak at 12.5 eV (Fig. 4a) continuously increased in intensity (Fig.
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4b) until the equilibrium pressure in the mixture was attained after about 60 min (Fig. 4c). The
time required to reach this equilibrium condition will depend on the nature, pressure, flow rate
and order in which the gases are introduced in the mixing tank as the system is essentially in

what is referred to as a “*plug flow’” regime in reactor engineering (Crozier and Chenna, 2011).

3. Example of experiment planning:

From the above discussion it may appear that it is almost impossible to perform successful in situ
heating experiments, but we know that the results from such experiments are reported routinely.
Planning heating experiments is comparatively easy in vacuum than in gaseous environment as
introduction of gas increases the number of parameters to be considered, not only due to their
chemical nature but also due to the physical parameters such as heat capacity and diffusion rate.
The examples described here for nanowire growth may be treated as general guidelines for

planning experiments in an E(S)TEM.

Both E(S)TEM and high vacuum TEM (HVTEM), incorporated with gas handling systems, have
been successfully utilized to elucidate the nucleation, growth mechanism and reaction kinetics of
Si, Ge and GaN nanowires (Kodambaka,—Ferseff et al., 2006; Kodambaka et al., 2007; Hofmann
et al., 2008; Gamalski—Fersoff et al., 2010). In order to plan an in situ experiment, we must first
consider both the desired and undesired reactions. One of the most effective ways to explore
them is to examine the phase diagram. For example, Au-Si has a eutectic point at 360 °C for 0.2
mol/mol of Si in Au, therefore for the silicon nanowire to form via vapor-liquid-solid growth

mechanism the growth temperature must be above this eutectic temperature (Fig. 5a). On the
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other hand from the Pt-Si phase diagram we note that platinum silicide formation can start at
temperatures as low as 400 °C (Okamoto, 1995). This is an undesired reaction and restricts the
use of a heating holder with Pt heating or thermocouple wires. We also find that Si nanowires
grow Pd nanoparticles by the vapor-solid-solid mechanism (Hofmann et al., 2008); therefore the
growth temperature can selected to be below the first eutectic point (835 °C) in the Pd-Si phase

diagram (Fig. 5b).

Planning an in situ growth experiment for GaN nanowires in an E(S)TEM is more complicated
as the nucleation and growth is a two-step process; first a Au-Ga melt is formed above the
eutectic temperature, next liquid Ga reacts with ammonia (NH3) to form solid GaN nanowires.
Moreover, direct nitridation of Ga will happen only in the liquid Au-Ga droplet. Therefore, we
need to define conditions that are favorable for both steps. For the first step, the phase diagram
(Fig. 6a) can be used to determine the relationship between the desired Au-Ga ratio in a particle
and the temperature of growth. We find that the Au-Ga liquidus line spans from 0.22 mol/mol
Au in Ga to almost pure Ga above 500 °C. Next, we need to consider the conditions required for
the nitridation reaction. It is well known that nitrogen produced during the dissociation of NH3
has higher activity for nitridation reactions than for pure N, but the reaction temperature needs to
be higher than the onset temperature of NH3 dissociation (650 °C) (White and Melville, 1905).
Therefore, we prepared samples with ~ 0.5 mol/mol of Ga in Au for in situ nitridation and
nanowire growth and heated to 700 °C (Diaz et al, 2012). However, we found that local
variations in composition resulted in a distribution of active (liquid alloy) and inactive (solid)
particles. Sometimes a liquid particle (Fig. 6b) was observed to dissolve more Au from the

matrix and become solid (Fig. 6¢) and thereby inactive.
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4. Selecting appropriate characterization technique(s)

It is important to note that all of the TEM-related techniques such as imaging (bright field, dark-
field, low and high resolution), diffraction (selected area, convergent beam, and nano-
diffraction), scanning transmission electron microscopy (annular dark-field and high angle-
annular dark-field), electron energy-loss and energy-dispersive spectroscopy (EELS and EDS),
tomography, holography, etc. can be used for in situ observations. Some of these techniques can
be combined within the same experiment, depending upon the temporal resolution of the desired
technique relative to the reaction rate of the chemical process under observation. Ideally, we
should combine more than one technique to unequivocally identify each step of the reaction
process. For example, structural transformations can be followed either from time and
temperature resolved electron diffraction (Schoen;Peng et al., 2009) or high-resolution images.
(Sharma_ et al., 2009) On the other hand we need to collect spectroscopy data to determine the
chemical changes (Sharma et al, 2004; Crozier and Chenna 2011). Examples given here can be
used as guides for selecting a technique or a set of techniques that should be used to obtain as
much information as possible for a given in situ experiment. However, we should keep in mind
that the power of in situ TEM lies in providing atomic-scale information on the reaction
mechanism, the relationship between local composition and reactivity, and the relationship

between local structure and properties etc. and not the bulk behavior.

5. Recording media
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Our ability to obtain useful information from in situ TEM imaging or spectroscopy data is
strongly dependent upon available temporal resolution of the recording media. Both digital and
analog cameras, currently available to record high-resolution images, are limited to frame rate of
~30 s™ (fps). Recently, new cameras based on CMOS technology with possibility to record
images at frame rate of 200 s (fps) have been introduced (Litwiller, 2005). But their feasibility
for recording atomic resolution images is yet to be tested. Improving the time resolution for
HREM imaging is not a trivial challenge as it depends upon both the detector efficiency and
electron dose (Alani and Pan, 2001). Typical electron beam currents for HREM imaging are
between 1 nA and 10 nA; assuming recording takes place at a video rate of 30 frames s or
~0.033 s per frame, the number of electrons per frame is between 6x10° and 6x10°. Assuming
images have the standard National Television System Committee (NTSC) resolution of 440x480
pixels, there is an average of 750 electrons per pixel and one wants to detect a minimum of 8
contrast levels, then 64 electrons per pixel would be necessary on a perfect detector. However,
typical detector quantum efficiencies (DQEs) for camera are between 0.07 and 0.7 across the
spatial frequency and kV range of interest, thus requiring between 100 and 1000 electrons per
pixel. This means that, at the resolution and sensitivity of current cameras, we are already at (or
close to) the practical limit of frame rate. Increasing image integration times is frequently not an
option as the required dose may alter (damage) many samples of interest. Increases in either the
frame rate or in the resolution in terms of number of pixels per frame will require improvements
in DQE and possibly also new designs for the illumination systems of microscopes to maximize
beam current. Mooney et al. (2011) have recently reported that silicon active pixel sensor (APS)

instead of scintillator/fiber optic assembly can improve the recording rate of 40 frames s™.
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Recently, a group of researchers at Lawrence Livermore National Laboratory have modified the
TEM column to incorporate laser pulses to initiate a transient process to be investigated, e.g.,
phase transformations or chemical reactions, and timed it with the electron probe, also stimulated
by a laser pulse, precisely such that snap shots can be recorded with 15 ns temporal resolution
(King et al.and-Stuart, 2005). This microscope has been successfully employed to understand
thermal annealing processes in thin films and the laser ablation mechanism for synthesis of

nanowires (Kim_et al. 2008).

The temporal resolution that can be achieved for spectroscopy is generally lower than that for
imaging: 2 sto 10 s or more compared to 0.34 s for video imaging. Therefore, spectroscopy
techniques are often used to analyze a sample before and after a reaction, unless the process is
sufficiently slow. However, the recent introduction of a new generation of the imaging energy
filters has enabled the efficient collection of spectra at rates of up to 100 s™ is beginning to help

overcome this limitation.

6. Limitations of in situ observations:

Limitations of in situ TEM characterization include the effect of the electron beam and poor
sampling data that lead to poor statistics. Moreover, as samples suitable for TEM are usually of
nanometer-scale thickness they may not represent the reaction mechanisms as they occur in bulk
materials. Also, the reactions conditions, such as temperature and pressure that can be produced
in the TEM may not represent the real-life situation. Therefore, it is important to verify the

thermodynamic and kinetic parameters using other techniques such as X-ray diffraction,
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thermogravimetric analysis, Raman spectroscopy, etc. Also, the structure and chemistry of

reactants and products subjected to the same reaction conditions as used in the TEM should be

tested on bulk samples.

It is also important to keep in mind that we cannot follow each and every chemical reaction using

in situ TEM related techniques. Some examples of potential pitfalls are:

1.

Electron beam effects: We should always be aware of the fact that electron beam can
induce or change the reaction mechanism. Therefore observations should be made
with and without electron beam radiations. We should also compare in situ
observations with ex situ experiments.

Corrosive gases: Reactions involving corrosive gases, such as NOy, SOy, H5S,
halogens (F, Cl, Br, as reactant or products) will corrode the materials currently being
used in TEM columns and holders.

Thermodynamic conditions: Currently the heating holders as well as the microscope
configuration limit the achievable sample temperatures and pressure. For example,
although samples can be heated up to 1500 °C using filament heating holders, current
differentially pumped TEM designs limit the highest temperature to be 900 °C as the
heat transfer through gases (via convection) is higher than in vacuum (via radiation).
Reaction kinetics: Observable reaction rates are dependent upon our recording media.
Therefore, any reaction occurring faster than the recording rate cannot be captured.
Currently this limit for imaging is ~1/30 s and EDS is ~ 20s. However, there are some
recent developments that may help in resolving this limitation. For example, Kim et

al have recently reported a different modification to capture faster reaction rates by
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combining pulse heating with a pulsed electron beam (Kim;+wen et al. 2008). GIF
cameras capable of recording 100 energy-loss spectra/s have recently been introduced
but real time data is still not available to confirm the practical feasibility for obtaining
data with good signal to noise ratio for nanoparticles. On the other hand, in situ
measurements are not suitable to follow reaction processes that take weeks or months
such as the effect of thermal cycles on materials used in solid oxide fuel cells or the

deactivation of catalysts after multiple cycles.

5. Heating holders: Heating holders are an essential component for the in situ
observation of chemical reactions, as most of them require elevated temperatures. The
current status of heating holders poses a limit to the achievable reaction temperature.
Other issues with currently available commercial heating holders are lack of control
on heating and cooling rate, and thermal drift, that make it difficult to collect good
quality data. For example, samples continue to drift due to expansion of various
components for 15 min to 20 min after reaching the temperature. Therefore high-
resolution images or nanoscale spectroscopy cannot be recorded during this period
making it quite difficult to obtain temperature-resolved data. Some new commercial
designs to overcome some of these difficulties have been reported recently (Allard et

al., 2009).
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Tablel. Thermal conductivity of selected gasses and gas mixtures.

Gas Hg (WmK-1)
H» 1684
H-0 158
He 1415
N2 243
02 151
CO 232
Ar 162
5mol/mol H» in Ar 237
5mol/mol H; in N2 314
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Figurel. (a) TEM image of amorphous carbon film supported on Cu grid after in situ heating
at 600 C for 0.2 h. (b-c) Higher magnification bright-field and dark-field images showing the
formation of metallic Cu particles. (Zhang and Su)
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Figure2. Density of carbon nanotubes formed after Ni/SiO; catalyst sample, dry loaded (a)
on Ni grids and (b) on Au grids, was exposed to ~ 0.4 Pa of C2Hz at 490 °C for 10 min. Scale
bar is 100 nm. (Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna
2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011)
(Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier
and Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier and
Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna
2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011)
(Crozier and Chenna 2011)
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Figure3. Time resolved TEM images recorded after (a) 120 s, (b) 300 s, and (500 s)
showing the growth nanowires from the tungsten filament heating holder at 600 °C. (d)

High resolution image from the nanowire confirm them to have W1g049 structure and
growth direction to be <010>. (Chen and Mori 2009)
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Figure4. Time resolved Low-loss EELS showing the evolution of Hz plasma peak (marked
by red arrow in 3c) after introduction of a gas mixture of Hz + Oz from a mixing tank that
was charged with 6.7e10* Pa of O; followed by 3.34e10% Pa of H». (Crozier and Chenna)
(Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier
and Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier and
Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna
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2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011)
(Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011) (Crozier
and Chenna 2011) (Crozier and Chenna 2011) (Crozier and Chenna 2011)
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Figure5. Si-Au and Si-Pd pahse diagrams
(source: http://www.crct.polymtl.ca/FACT/documentation/SGTE/SGTE Figs.htm)
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Figure6. (a) Au-Ga Phase diagram showing the liquidus region (A) and start of solidification
in the Au rich region (B). (b-c) Experimental images extracted from a video recorded
during GaN nanowire nucleation and growth at 800 °C in 0.2 Pa of flowing NH3. (b) Liquid
particle marked A, with Ga-Au composition corresponding to the region A in the phase
diagram, (c) became solid after coalescing with another particle (marked C). The
solidification of the particle indicates that coalescence of the two particles changed the
composition of the particle in the region marked (B) in the phase diagram.
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