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Abstract

We review the development of time-resolved, high-resolution environmental scanning/
transmission electron microscopy [E(S)TEM] for directly probing dynamic gas—solid,
liquid—solid, and gas-liquid—solid interactions at the atomic level. Unlike a regular TEM,
such a microscope allows us to use high gas pressures (up to 40 mbars) in the sample
region. The unique information available from experiments performed using E(S)TEM
has enabled visualization of the dynamic nature of nanostructures during reactions. Such
information can be directly applied to the development of advanced nanomaterials such
as carbon nanotubes, silicon nanowires and processes, including the design of novel
routes to polymers synthesis, and has aided in the identification of important phenomena
during catalysis, chemical vapor deposition, and electrochemical deposition.

Introduction

The synthesis and functioning of tech-
nologically important materials, including
catalysts, is often a direct result of their
interactions with gases or liquids at ele-
vated temperature. Deeper insights into
dynamic surface phenomena and nano-
structures at the nanoscale not only help
us to understand structure—property rela-
tionships under reaction conditions, but
also assist us in selectively synthesizing
nanostructured materials with a desired
structure or properties. Traditional inves-
tigations related to nanostructured mate-
rials have relied upon observations made
before and after a reaction. However, to
obtain insights into active sites and the
operation mode, it is important to
observe nanomaterials in situ, under
reaction conditions. In situ environmen-
tal scanning/ transmission electron
microscopy [E(S)TEM and ETEM] pro-
vides us with the possibility of directly
probing dynamic processes in real time.

Catalytic materials have been tradition-
ally used in many chemical processes
but recently are also being employed
for the synthesis of nanostructured mate-
rials such as nanotubes and nanowires.
Catalysts generally lower the energy
barrier of a chemical process. However,
their activity is often reduced over a
period of use because of changes in sur-
face area (coalescence) or reaction with
contaminants or reaction products (poi-
soning). Therefore, it is important to
understand the nanoscale chemical and
structural changes occurring in the cata-
lyst (bulk as well as surface) under reac-
tion conditions to optimize and maintain
the catalytic properties. Techniques such
as extended x-ray absorption fine struc-
ture, x-ray photoemission spectroscopy,
Raman, x-ray diffraction, and scanning
tunneling microscopy can be employed to
obtain information at different levels. But
transmission electron microscopy (TEM)-
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related techniques are most suitable for
obtaining atomic level information from
catalyst particles before, during, and
after reaction. This has been recognized
for more than 30 years, since the early
low-magnification ETEM research on
catalysts.!

In order to observe gas-solid interac-
tions directly, either the TEM column
or the sample holder must be modified.
In the earliest ETEM studies, different
approaches were employed to contain gas
(or liquid) environments inside the TEM
vacuum column. For in situ studies with
modest resolution, environmental cell-
jigs (ECELLs or microreactors) were
designed to be inserted between the
objective lens pole pieces of the electron
microscope (EM).! Typically, pairs of
apertures are added on either side of the
sample with differential pumping lines
attached between them. Reviews of early
modifications and the significant scien-
tific impact of ETEM on the chemical and
materials sciences are provided by
References 4-7. However, these modifica-
tions were observed to adversely affect
the performance of the TEM, especially
the microscope resolution, and necessi-
tated the frequent opening and rebuilding
of the microscope. In the late 1980s and
1990s, considerable effort was directed
toward incorporating gas cells in the TEM
column of medium voltage electron
microscopes with better resolution®?
based on the design and engineering of
Boyes, Doole, and Gai at the University of
Oxford. Improved resolution was
achieved due to two factors: the availabil-
ity of medium-voltage TEMs with large
objective pole-piece gaps and vibration-
free vacuum pumping, based on molecu-
lar drag and turbo molecular pumps
(MDPs and TMPs, respectively). ETEM
and lately E(S)TEM have now been suc-
cessfully employed to understand the
fundamental role of defects in heteroge-
neous catalysis,!? bulk diffusion processes
in catalysis and electronics,'! structures in
high-temperature  superconductors,!?
nanocatalyst sintering,'® reduction,* oxi-
dation,'® nitridration,!® polymerization,!”
chemical vapor deposition,!8 electron
beam induced deposition,'?? hydroxyla-
tion,?! dehydroxylation,?? and sintering.
In this article, we illustrate some recent
activities using ETEM, focusing on the
development of atomic-resolution ETEM
and its applications in the area of
gas—solid-liquid reactions for catalysis,
polymerization and the fabrication of
nanostructured materials such as nan-
otubes and nanowires, as well as cluster
formation during electrochemical deposi-
tion at the liquid—solid interface.
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The Development of Atomic-
Resolution ETEM

The first successful ETEM modification
with atomic resolution was of a Philips
CMB30 developed by Gai and Boyes in
1997.2425 This was achieved by extensively
modifying the entire EM column of a 300
kV CM30T high-resolution TEM with the
introduction of a fully integrated and per-
manently mounted ECELL system for
atomic resolution studies of dynamic
gas—solid reactions and in situ nanosynthe-
sis. A highlight of this development® was
the novel ETEM design, with the objective
lens pole pieces incorporating radial holes
for the first stage of differential pumping
(Figure 1). In addition, the regular sample
chamber of the ETEM is the controlled
environment ECELL. It is separated from
the rest of the column by the apertures in
each objective pole piece and by the addi-
tion of a gate valve in the line to the regu-
lar jon-getter pump at the rear of the
column. Differential pumping systems are
connected between the apertures using
MDPs or TMPs. This permits relatively
high gas pressures in the sample region,
while maintaining high vacuum condi-
tions in the rest of the ETEM column. The
design permits detailed tilting of samples
for studies of defects which are key to
properties of materials, crystallography,
chemistry, gas—solid-liquid reactions and
the use of regular sample holders.

Dynamic atomic resolution imaging and
electron diffraction can be complemented
by chemical analysis capability by incor-
porating Gatan imaging filter-parallel elec-
tron energy loss spectroscopy (GIF-PEELS)
and a scanning TEM (STEM) attach-
ment.?>?” A conventional reactor-type gas
manifold system enables the introduction
of flowing gases into the ETEM, and a
sample stage with a furnace (hot stage)
permits heating up to 1000°C. For dynamic
atomic resolution, a few mbars of gas pres-
sures are routinely used in the ECELL.
Higher gas pressures are possible with
some loss of resolution due to multiple
scattering of electrons through thicker gas
layers. A mass spectrometer or residual gas
analyzer is added to monitor the composi-
tion of gases entering and exiting the sam-
ple area. Low electron dose techniques are
used for in situ experiments to avoid elec-
tron beam effects. However, in situ data
should always be checked in a parallel cal-
ibration experiment with the beam off and
the sample exposed to the beam only to
record the reaction end point. This ensures
a completely non-invasive characteriza-
tion. A video system connected to the
ETEM facilitates digitally processed
recording of dynamic events in real time,
with a time resolution of ~1/30 s.
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Under carefully simulated conditions,
data from in situ ETEM can be related
directly to structure-activity relationships
in technological processes. Because of the
small amounts of solid reactant in the
microscope sample, measurement of reac-
tion products is performed on larger sam-
ples in a microreactor operating under
similar conditions and used for correlation.
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Figure 1. (a) Atomic resolution
environmental transmission electron
microscopy (ETEM) design of Gai and
Boyes:2425 schematic representation of
the basic geometry of the controlled
environment ECELL in a Philips CM30
showing radial holes through objective
lens pole pieces and the aperture
system. The gas inlet, the first stage of
differential pumping lines (D1) between
the environmental cell apertures,
condenser aperture (C2), a second
stage of pumping (D2) at the condenser
lens, selected area (SA) diffraction
aperture, and TEM camera vacuum are
indicated. (b) Schematic of the
accessories to the ETEM.

The original in situ atomic resolution
ETEM??5 has evolved and later ver-
sions have been installed in laboratories
throughout the world,?$? suggesting that
the technique will continue to provide
unique information on nanomaterials, as
well as catalytic and related processes.

In Situ ETEM in Wet Environments
for Polymerization over
Nanoparticles on Nanosupports

Many technological hydrogenation and
polymerization processes are derived from
liquids, and the associated chemical reac-
tions occur on the nanoscale. ETEM can
be used to develop novel routes for
hydrogenation and polymerization reac-
tions in the liquid phase. For example,
novel cobalt promoted-ruthenium nano-
particle catalysts on nanoscale rutile titania
support have been developed for the
hydrogenation of low vapor pressure
aliphatic dinitriles (such as adiponitrile
or ADN, NC(CH,),CN)), to hexamethyl-
ene diamine (HMD, H,N(CH,),NH,) at
temperatures <300°C.3* HMD is a key inter-
mediate for polymers. Atomic resolution-
in situ ETEM studies under controlled wet
environments at the nanoscale have eluci-
dated novel hydrogenation and polymer-
ization reactions using ADN in the liquid
phase and have also revealed a hitherto
unknown lattice structure in the resulting
organic products. The products can form
different compounds under ex situ condi-
tions upon exposure to air and CO,.

A liquid feed heating holder3" » shown
in Figures 2a and 2b enables in situ

Figure 2. Sample holder for ETEM
studies in wet environments: (a) holder
with liquid injection tube (L) and heating
(T); (b) Enlarged tip of the holder. L and
T denote liquid injection tube to the
sample in the furnace and the
thermocouple, respectively.3!
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nanosynthesis of organic fibers and poly-
mers in liquid-gas—solid environments in
the ETEM.® Liquid is injected onto the
sample via the tube L and gas is inserted
using the gas-manifold system of the
ETEM. Nanoscale cobalt-promoted Ru on
titania nanosupports are highly active, as
illustrated in the real-time in situ nanosyn-
thesis studies using the ETEM (Figures 3a
and 3b). Parallel reactivity studies, per-
formed ex situ on larger amounts of the
promoted nanocomposite systems, show
very high selectivity (Figure 3c), confirm-
ing the ETEM findings. During the hydro-
genation, partial reduction of nanotitania
leads to anion vacancy defects via glide
shear mechanism and Ti%. Electron
transfer from the support to Ru reduces
Ru d-band electron vacancies. In the Co-
promoted system, the Co d-band vacan-
cies are maintained, which is key to
supplying H atoms for the hydrogenation
over Ru. The synergistic effect between
the nanometals and the interaction with
the nanosupport with anion vacancies
(associated with Lewis acid sites) provide
highly active sites for the reaction.®® The
in situ results provide guidelines for
designing active sites for hydrogenation
processes in general.

In situ wet imaging has simultaneously
revealed bis-hexamethylene triamine
(BHMT) during the ADN-hydrogenation
in the liquid phase. BHMT is used for
sealants, coatings and polyamides. Figure
3d shows Co-Ru nanoparticles on nano-
titania in ADN liquid at RT, and Figure 3e
shows the formation of BHMT fibers at
100°C. Enlargement of the fiber in Figure
3f reveals nanolayers and the lattice struc-
ture of BHMT with a periodicity of 0.56
nm. In situ polymerization to nylon (6,6)
following the reaction of HMD with
adipic acid solutions is illustrated by
Figures 3g and h: 3g shows the Co-Ru/
nanotitania in the solutions at room tem-
perature and Figure 3h shows the forma-
tion of the polymer (e.g., at P) at 188°C.

In Situ Atomic Scale Twinning
Transformations in Metal Carbides
The dynamical atomic scale reactions in
carbides of transition metals, including
WC, under reaction conditions are of
great importance in fuel cell technolo-
gies and nanoelectronics.* WC powder
systems exhibit extensive atomic scale twin
boundary defect structures. WC is hexago-
nal (space group P-6m2), with a = 0.2906
nm and ¢ = 02838 nm. The atomic
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resolution-in situ ETEM studies of the
same thin area of (100) WC sample in 20%
H, /He at a pressure of about 3 mbar are
shown in Figure 4b. The twins are along
[001] with lattice modulations along [010].
Figure 4a shows atomic twin defects at RT
and Fig. 4c shows the corresponding elec-
tron diffraction (ED). Figures 4b and 4d
show the dynamic image and ED, respec-
tively, of the same area at 450°C, reacted for
15 min. Figure 4b demonstrates the elimi-
nation of almost all of the twin structures
and the transformation to W nano-metal
and carbon nanostructures including
nanotubes.3* The presence of the metal was
confirmed by the emergence of {100} reflec-
tions due to cubic o-W (with a = 0.32 nm)
in the parent crystal and by compositional
analysis. Similar atomic scale interfacial
interactions are important in other transi-
tion metal carbides and nitrides.

Measuring Heterogeneity in
Complex Oxide Catalysts
Environmental (S)TEM [E(S)TEM] can
be employed to relate catalytic properties
to the structure and chemistry of individ-
ual nanoparticles. For example, the struc-
ture and chemistry of active particles can
be identified and compared to that of

Figure 3. Real time in situ liquid—catalyst—gas reactions at the nanoscale in ETEM. (a) Co-Ru nanocatalysts (e.g., at C)/nanotitania (e.g., at
U), in vacuum at room temperature (RT). (b) Wet sample: in situ hydrogenation of adiponitrile in the liquid phase over the catalyst at ~100°C,
showing the desorption of hexamethylene diamine (HMD) nanofibers. The rapid growth of the organic product at ~0.25 nm s -1, indicates a
highly selective catalyst. (c) Parallel reactivity tests confirming ETEM data of very high hydrogenation selectivity for Co-Ru nanocatalysts on
nanotitania (bar for run number 1) compared to unpromoted Ru catalysts (bar for run number 2). Small amounts of bis-hexamethylene triamine
(BHMT) and hexamethylene imine (HMI) are also produced. Full adiponitrile (ADN) conversion is observed.® (d) Wet ETEM studies of Co-Ru
on nanotitania in ADN liquid and H, gas at RT; (e) In situ growth of bis-hexamethylene triamine (BHMT) fiber (at H). (f) The enlarged image of
the fiber (at H) shows 0.56 nm periodicity of the BHMT lattice. (g) Co-Ru/nanotitania particles (for example, shown at m at the edge of a grid
bar used to support sample) in HMD and adipic acid solutions at RT; (h) /n situ polymerization (e.g., at P) over the catalyst at 188°C.
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Figure 4. Atomic resolution-in situ ETEM studies in real time of dynamic atomic level
twinning transformations in (100) tungsten carbide powders in 20% H,/He at 3 mbar of gas
pressure.?* Images and electron diffraction data are recorded from the same sample area
during reactions: (a) atomic scale twin defects at RT (indicated by arrows); (c) electron
diffraction at RT; (b) dynamic image at 450°C indicating the elimination of almost all of the
atomic twins (arrows); and (d) electron diffraction of (b) at 450°C, indicating the emergence
of {100} cubic W reflections (arrowed), and carbon nanostructures in the parent crystal.34

inactive particles. An example of this is
shown in Figure 5. The redox temperature
of ceria can be lowered by doping with zir-
conia. Nanoscale characterization of indi-
vidual particles of a ceria-zirconia sample
with nominal composition CeZrO, reveal
both inter- and intra-granular variation in
Zr content.? Figure 5 demonstrates inter-
granular heterogeneity across two adja-
cent particles showing different ceria
content. In some cases, chemical hetero-
geneity is observed within a particle (i.e.,
with the surface being rich in ceria or vice
versa). Interestingly, chemical heterogene-
ity disappears after the sample is subjected
to several redox cycles. Such composi-
tional variations can play an important
role in the performance of bimetallic or
mixed oxide catalysts.

The Redox Behavior of Ceria-
Zirconia Catalysts

The oxidation and reduction behavior
of nanoparticles often plays an important
role in catalytic processes. Hansen et al.3
have shown that the morphology and
reducibility (the fraction of material
reduced) of a Cu/ZnO catalyst changes as
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a function of the reducing environment.
E(S)TEM has also been successfully
employed to monitor the redox behavior
of individual particles of ceria from the
oxidation state of Ce using electron energy
loss spectroscopy at different tempera-
tures, as shown by Sharma et al.%3” The
cerium M, 5 ratio (or so called “white-line”
ratio) changes as Ce is reduced from the
+4 to the +3 state at high temperature in a
reducing environment (Figures 6a and
6b). The change in the white-line ratio can
be used to monitor the extent of reduction
in individual particles with temperature
and time (Figure 6¢). Such measurements
show that the compositional and struc-
tural heterogeneity of particles is responsi-
ble for the improved reducibility. On the
other hand, particles with homogenous
composition reduce at lower temperature
compared to heterogeneous particles. The
ease with which Ce transfers from +4 at
high temperature to +3 upon cooling or in
an oxidizing environment (the so-called
oxygen storage capacity) was lower for
particles with higher Ce content. Since
doped ceria is also a potential anode mate-
rial for solid oxide fuel cells, similar meas-
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Figure 5. Annular dark-field scanning
transmission electron microscopy
[(S)TEM] image (a) and electron energy-
loss spectroscopy line profile (b) from
two individual particles (marked by arrow
in the image) in a Ce Zr,_ O, solid
solution sample. The image and line
scans are used to identify CeO,-rich and
ZrO,-rich solid solution domains at the
nanometer scale.

urements will be crucial to identify the
optimum composition for the best redox
property.

The white-line ratio is also a function of
the oxidation state for a number of transi-
tion metal oxides such as Fe, Cu, Co, and
Mn. Therefore, it is feasible to use the
white-line ratio to determine their valence
state under reaction conditions.

ETEM Studies of Crystal Growth
We have seen how imaging of nanopar-
ticles in a gaseous environment or under a
liquid film can contribute to a detailed
understanding of catalyst synthesis and
operation. We now discuss the application
of ETEM to studies of fundamental crystal
growth processes at both the vapor—solid
and the liquid-solid interface. TEM has
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Figure 6. High-resolution images and corresponding background-subtracted Ce M, ; peaks
recorded at (a) RT and (b) 700°C in 1.5 Torr of dry H, from pure CeO, sample showing
disordered edges and relative change in the white-line intensity. A small shoulder also
disappeared with reduction. (c) Reversibility of the Ce oxidation state for CeZrO, samples
on heating (diamonds) and cooling (squares) in dry H,. The y-axis is the white-line ratio.

been widely used for the study of crystal
growth (for a recent review see Hawkes
and Spence?). Quantitative measurements
made in a controlled environment can be
used to extract the rate-limiting steps dur-
ing growth, and in situ studies can give
clues on how to control the nanostructures
that form via self-assembly or catalytic
processes.

Synthesis of Carbon Nanotubes

In situ observations of the nucleation
and growth of one-dimensional nanoma-
terials have provided an unprece-
dented insight into and control of their
synthesis. One-dimensional nanostruc-
tures—nanowires (NWs) and carbon
nanotubes (CNTs)—are often synthesized
by catalytic chemical vapor deposition.
Potential applications require strict con-
trol on the diameter, length, and (in the
case of CNTs) the number of walls and the
chirality: multiwall CNTs with controlled
diameter and length are required for field
emitters, whereas semiconducting single-
walled CNTs are used for transistors.
Flowing a carbon-containing precursor
such as CH,, C,H,, CO, or alcohol over a
transition metal catalyst such as Ni, Fe,
Mo, or Co produces a mixture of single-
walled and multiwall CNTs, graphene rib-
bons, and amorphous carbon. Since the
sample chamber of an ETEM can be used
as a chemical vapor deposition reactor, the
formation of these structures can be mon-
itored using time-resolved imaging. The
first in situ observations of the growth of
carbon structures were of filamentous car-
bon.2 More recently, high-resolution in situ
measurements have been used to explain
the growth mechanisms and growth con-
ditions of carbon nanofibers and nano-
tubes. 341

The effect of synthesis conditions (tem-
perature and pressure) on structure was

obtained from statistical analysis of data
obtained during in situ observations of
CNT syntheses using ETEM (Figure 7a).
In this example, it is interesting to note
that although single-walled CNTs are
observed to form at temperatures as low
as 500°C, their fraction increases continu-
ously with temperature with 95% yield at
650°C in 1 mTorr of C,H,.#! In Figure 7b
we show how ETEM can be used to pro-
vide information on the kinetics of CNT
growth. In order to calculate the number
of carbon atoms being used for CNT
growth as a fraction of available carbon
atoms, the temperature, pressure, number
of walls of the nanotube, and its growth
rate must be known. Linear growth rates
are found from digital videos recorded
at synthesis conditions, whereas high-
resolution images (or measurements of
the inner and outer diameter) show the
number of walls in the growing CNT. To
calculate the area growth rate, A, it is
assumed that the walls of the CNT are
perfectly cylindrical and all grow at the
same rate and that their radii do not
change significantly during growth. We
then obtain

N
A 21 2ny, . E M
where 7, is the radius of the nth wall, N is
the total number of walls, and E is the aver-
age rate of change of length of the
nanotube (the linear growth rate). The area
of growth is then multiplied by the
graphitic areal density of ¢ = 38.3 carbon
atoms/nm? to obtain the number of carbon
atoms used per second to grow the nano-
tube. This type of calculation shows that
the number of carbon atoms used to form
a CNT is only a fraction of the total flux of
carbon atoms provided by the precursor.
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Figure 7. (a) Statistical distribution
showing the effect of temperature on
the number of walls of CNTs in
samples synthesized at different
temperatures over time at 1 mTorr of
C,H, during in situ observation using
E(S)TEM. (b) Linear growth rate of a
double-walled CNT formed at 550°C
using Ni/SiO, catalyst in 2.6 mTorr of
C,H,. Note the irregular growth rate that
is related to the formation of a kink.

These results show some of the excit-
ing possibilities of making atomic level
observations of the dynamics of cat-
alyzed nanostructure growth, with new
opportunities to understand and moni-
tor atomic level changes during
nanoscale synthesis.

Nucleation and Growth of Si and
Ge Nanostructures

Because of its importance as a model
system and its applications within the
semiconductor industry, the epitaxial
growth of Si and Ge by chemical vapor
deposition has been studied exten-
sively using ETEM. The main difference
between such studies and those described
in previous sections is the highly reactive
nature of the starting materials. This
means that an ultrahigh-vacuum (UHV)
specimen environment is required so that
a clean initial surface can be prepared,
usually by annealing at high temperature.
UHV electron microscopes are less well
suited for higher pressure environmental
work of the type described above, and
growth is generally observed at lower
pressures, up to say 10-° Torr, by leaking
the precursor gases directly into the
sample area.

One of the most fascinating areas
of recent interest is the formation of
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semiconductor nanowires. Similarly to
CNT formation, nanowires are grown by
depositing catalyst particles onto a sub-
strate. The catalyst particles enhance the
growth rate locally, resulting in the for-
mation of extended wire-like structures.
Unlike CNTs, however, these nanowires
can form epitaxially on the substrate
under appropriate conditions. Nanowires
have applications in electronic devices,
information storage, microelectromechan-
ical systems, and perhaps even photo-
voltaics. For many applications, it is
essential to control the structure, orienta-
tion, and location of the nanowires, and
the factors that determine the growth rate,
orientation, and epitaxial relationship
with the substrate are therefore of key
importance. It is possible to grow wires
epitaxially on a substrate that is mounted
“vertically” in the TEM, so that the elec-
tron beam passes parallel to the substrate
surface.*? The wires then grow perpendi-
cular to the electron beam, allowing
growth kinetics to be measured, the cata-
lyst structure to be examined, and the wire
surfaces to be characterized during
growth.

In Figure 8 we show examples of epitax-
ial nanowires imaged during i situ growth.
Figures 8a and 8b show video stills during
growth of Si and Ge nanowires via an Au-
Si or Au-Ge catalyst, respectively. The lig-
uid nature of the eutectic catalyst droplet is
clearly visible from its curved surface and
the lack of diffraction contrast. Such videos
confirm the “vapor-liquid-solid” model of
NW growth,® in which incoming flux is
collected at the droplet surface and dis-
solved in the droplet, leading to a supersat-
uration that drives deposition at the
liquid-solid interface. Measurements of
growth rates under various conditions
allow the rate-limiting steps to be deter-
mined, further confirming this model.#
However, in situ studies also demonstrate
effects that are not expected from the
model, such as surface faceting (Reference
42; Figure 8a) and diffusion of the catalyst
during growth.®> In the case of Ge NWs,
in situ studies also show an alternative
growth mode occurring at temperatures
below the bulk eutectic temperature (Figure
8¢): vapor—solid-solid, where the catalyst is
a solid Au particle rather than a liquid Au-
Ge eutectic. Unexpectedly, the faster
vapor-liquid-solid growth mode also
occurs below the eutectic temperature, with
the liquid stabilized at low temperatures by
the supersaturation of Ge in the droplet.*

The vapor-liquid-solid (VLS) growth
process in materials such as Si-Au and
Ge-Au provides a model system for
studying liquid phase epitaxy, particularly
the phenomena occurring during nucle-
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Figure 8. (a) Si nanowire imaged in dark field during growth at 600°C in 2 x 10-6 Torr
Si,Hg. The crystalline wires and the liquid catalyst droplet are clearly visible. Au-induced
surface structure consisting of nanoscale facets is visible on the right side (from Reference
42). (b) Ge nanowire imaged in bright field during growth from Ge,Hg at 340°C and 4.6 x
10-¢ Torr. (c) Ge nanowire imaged in dark field under similar growth conditions, 360°C and
8 x 106 Torr, but growing via the vapor—solid—solid (VSS) growth mode. The catalyst is
faceted and shows twin contrast characteristic of solid Au.

ation of a solid particle in a supersaturated
eutectic liquid. The well-controlled geom-
etry of the wires and droplets means that
they can act as mini-reactors accessible to
analytical and high-resolution TEM,
potentially allowing a variety of interest-
ing observations at the solid-liquid inter-
face. One example is the unexpected
kinked morphologies observed when seg-
ments of dissimilar materials (such as GaP
and Si) are integrated in a single wire.#”

A quantitative understanding of the
important phenomena during NW
growth may enable us to design complex
structures for advanced applications.
However, before this aim can be fully real-
ized, it is necessary to extend UHV ETEM
experiments to higher pressures to make
the results more relevant to growth in
conventional reactors. The techniques
described above that have already been
pioneered for the study of catalysts will
undoubtedly be helpful in achieving this
aim.

Electrochemical Deposition at the
Liquid-Solid Interface
Electrochemical processes at the
liquid-solid interface are important phe-
nomena with applications in energy
storage, integrated circuit fabrication,
the prevention of corrosion, and the for-
mation of coatings and nanostructured
materials. Because electrolytes often
have high vapor pressure (in comparison
to the eutectic liquids used in vapor-
liquid-solid NW growth or the polymers
discussed above), the liquid must be

fully enclosed to prevent evaporation
during the experiment. An additional
essential requirement for studying elec-
trochemical processes in the TEM is the
need to integrate electrodes. A complete
electrochemical cell with three electrodes
can provide electrochemical measure-
ments that complement the images that
are recorded simultaneously in the TEM.
One approach to achieving this®4 is
shown in Figure 9a, where the liquid is
confined between two electron transpar-
ent membranes and the electrodes are
either patterned into thin films (as
shown here for the working electrode) or
are composed of wires inserted into the
electrolyte (the reference and counter
electrodes). In the example shown in
Figure 9b, comparison of the current-
time transients and the growth kinetics
of individual Cu clusters with predic-
tions from electrochemical nucleation
and growth models showed that one
particular pathway for copper deposi-
tion, attachment of Cu onto the surface
followed by surface diffusion to an exist-
ing cluster, needed to be included to
explain the kinetics observed.* The
effect of the additives that are widely
used to change the properties of the
deposit, and the spatial correlations

between island nucleation = sites,
can also be examined using in situ
microscopy.505!

Liquid cells are complex to build but
may be adapted for a variety of growth
and corrosion processes at the liquid—solid
interface, and commercial versions are
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Figure 9. (a) Schematic diagram showing the construction of a liquid cell designed for
three-electrode electrochemical experiments in the TEM (adapted from Reference 48).

(b) Current-time transient (red curve) and (c) series of bright-field video frames extracted at
the times indicated by blue tick marks, showing the nucleation and growth of copper
clusters on a polycrystalline Au electrode. The growth was carried out at a constant

potential of —0.063V (from Reference 49).

available.”? Experiments involving water
and other high vapor pressure liquids
could become easier and hence more
widespread if cells such as that in Figure
9a could be combined with microfluidics
technology to enable controlled flow, mix-
ing, or heating of liquids.

Conclusions

In this article, we have shown several
examples of the application of ETEM for
the study of changes in the structure
and composition of nanoparticles, the cat-
alytic formation of materials, and growth
processes at the gas—solid and liquid—solid
interface. It is clear from these and the
many other examples in the literature that
the ability to impose a controlled environ-
ment in the STEM and TEM provides a
powerful probe of catalytic, electrochemi-
cal, and other reactions. The range of mate-
rials and processes studied continues to
expand, as the combination of good spatial
and temporal resolution with the advanced
analytical tools available in modern micro-
scopes provides a unique window into
nanoscale processes. Despite the experi-
mental complexity, ETEM studies are
essential for improving our understanding
of nanostructure formation, catalysis, and
other nanoscale processes that have both
industrial and academic importance.
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