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Wi the development of in situ techniques inside
transmission electron microscopes (TEMs), external
fields and probes can be applied to the specimen. This
development transforms the TEM specimen chamber
into a nanolab, in which reactions, structures, and
properties can be activated or altered at the nanoscale,
and all processes can be simultaneously recorded

in real time with atomic resolution. Consequently,

the capabilities of TEM are extended beyond static
structural characterization to the dynamic observation
of the changes in specimen structures or properties

in response to environmental stimuli. This extension
introduces new possibilities for understanding the
relationships between structures, unique properties, and
functions of nanomaterials at the atomic scale. Based on
the idea of setting up a nanolab inside a TEM, tactics
for design of in situ experiments inside the machine,

as well as corresponding examples in nanomaterial
research, including in situ growth, nanofabrication with
atomic precision, in situ property characterization, and
nanodevice construction are presented.

www.small-journal.com

3247




3248 www.small-journal.com

I [eviews

1. Introduction

Nanomaterials and nanostructures have
received considerable interest because
of their unique properties, which are sig-
nificantly different from the properties of
bulk materials. Many kinds of nanomate-
rials have been applied to, or have shown
great potential in applications for, the
efficient use of natural resources, efficient
energy conversion, and efficient environ-
mental protection, thereby indicating their
relevance to a sustainable future. How-
ever, the relationship among the struc-
tures, unique properties, and functions
of a nanosystem is not well understood.
Characterization of structure or prop-
erty responses to stimuli from the sur-
rounding environment at the nanometer
or atomic scale would play a crucial role
in understanding the structure—property—
function correlation and developing new
and improved nanostructures for versatile

applications.
Transmission  electron  microscopy
(TEM), which has been significantly Figure 1.

enhanced by recent advancements, has
become a powerful and indispensable tool
for nanomaterial characterization with
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Schematic diagram showing the application of in situ TEM in studies on
nanomaterials, including dynamic observation of growth, fabrication with atomic precision,
property characterization (reproduced with permission.'47 Copyright 2014, Macmillan
Publishing), and nanodevice reconstruction (reproduced with permission®7)) inside the TEM.

In situ TEM will play a crucial role in clarifying the structure—property—function correlation of

atomic resolution. However, conventional
TEM has focused only on stable structures
in vacuum because of technical feasibility.
The dynamic state of nanomaterials “in operation” cannot
always be inferred from comparison of the beginning and
ending state of the materials. Thus, meeting the increasing
demands of nanomaterials research, in which the evolution
of materials in dynamic environments is key information, is
difficult.

In situ TEM provides great opportunities to dynamically
characterize the structures, chemical compositions and prop-
erties of materials under various external stimuli—including
electron irradiation, thermal excitation, mechanical force,
optical excitation, electric and magnetic field—in real time.
The main difference of in situ TEM from conventional TEM
is that an additional external field can be directly applied to
the specimen during observation of its structure. The electron
beam is the easiest and most direct stimulus inside the TEM.
Electron irradiation is inevitable, because the imaging elec-
trons will always interact with specimen atoms.l'>] Hence, in
situ electron irradiation experiments were initially studied,
including electron irradiation-induced growth/phase transi-
tions and nanofabrication[®!3! (Figure 1). The subsequent
development of environmental cells allowing handling of gas
or liquid in the specimen chamber of TEM brought about
an era of monitoring dynamic processes—such as catalytic
nanocrystal growth in gas!"*'%l and colloidal nanoparticle
growth in liquid?*-2Y—under a variety of reaction conditions
at and below nanoscale . It is crucial to mimic real world
conditions inside the TEM chambers so that revolutionary

materials.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

insights and understanding of material growth are possible.
To further apply additional external fields to the specimen
area, a variety of special TEM specimen holders have been
developed and improved.7] Depending on which external
field is to be applied, the special holder can be designed by
adding a corresponding action element at the tip of a TEM
holder. For example, an in situ heating holder can be real-
ized by placing a heating element into the TEM holder
(thermal radiation is used to heat the specimen generally),
which can reveal materials’ responses to high temperatures,
even beyond 1600 K.[2028 Conversely, low temperatures,
even below 10 K, can be reached by cooling with liquid
nitrogen or liquid helium,allowing in situ cooling experi-
ments to study the materials’ properties at low tempera-
tures. The development of mechanical and electrical holders
that enable quantitative measurements of mechanical forces
in the nanonewton range, and currents in the nanoampere
range, respectively, has shed light on the relationship between
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atomic structures and mechanical/electrical properties. The
capability of applying external fields or forces to TEM speci-
mens transforms the TEM specimen chamber into a minia-
turized laboratory, in which chemical reactions, structures, or
physical properties can be activated or altered at micrometer
to nanometer scales. On the other hand, the development
of ultrafast imaging—at picosecond and even femtosecond
speeds—provides the opportunity to discover new phe-
nomena in ultrashort time scales inside the TEM,2-33] with
the potential to decipher fundamentaldetails within com-
plex structures. Furthermore, the development of the holder
design and the design of the specimens ensured the work-
ability of the nanodevice inside the TEM,*3%] thereby pro-
viding further insight into the property—function relationship,
resulting in the efficient use of natural resources.

In this review, we focus on the nanoscale and atomic
scale visualization of structural evolution in functional
nanomaterials and nanodevices under (near) operational or
environmental conditions. The technical directions of set-
ting up in situ experiments in TEM, as shown in Figure 1,
are demonstrated and discussed with corresponding exam-
ples, such as in situ growth, nanofabrication at atomic reso-
lution, in situ property characterization, and nanodevice
construction.

2. In Situ Growth of Nanomaterials

Understanding the processes of material growth at nanoscale
is important for designing nanostructured materials and for
developing materials with novel properties. Given its capa-
bility to record structural and compositional changes as a
function of time, TEM provides deep insights into growth
processes, based on quantitative thermodynamic and kinetic
data. However, the study of in situ growth inside the machine
remains difficult.

The most significant problem is the source material.
In conventional TEM, obtaining high spatial resolution
involves exposing specimens to high vacuum (107 Torr or
higher), in which liquid and gas precursors are hardly pre-
served. This condition limits the study of in situ growth in
TEM. One solution is to use a solid source. Inside the TEM,
the imaging electrons will transfer energy to the spec-
imen on passing through the specimen, which may knock
the specimen atoms away from their lattice positions.!-!
The knocked atoms can migrate on the surface, or inside
the bulk, and act as the source of growth. An example
showing growth inside the TEM is the healing of nano-
pores embedded in solid membranes under electron irra-
diation.[***2 The knocked atoms will reconstruct after their
migration to the pore periphery to low surface free energy,
thereby leading to the shrinkage and even disappearance
of the pore. On the other hand, with the development of
environmental cells, gases and liquids can be introduced
into the specimen area while the other parts of the micro-
scope column remain in high vacuum, providing an oppor-
tunity to study material growth at the atomic scale inside
TEM chambers, under environments similar to real world
conditions.
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2.1. Solid-Source Growth Under Electron Irradiation

As mentioned above, electron beams, which can transfer
energy to the specimen, play an important role in solid-source
growth inside the TEM. Electron irradiation is a complex
process, including many effects such as knock-on, sputtering,
heating, ionization, electrostatic charging and so on.”l When
the transferred energy from the incident electrons is larger
than the threshold energy for displacement, the specimen
atoms will be displaced within the bulk and sputtered from the
surface. The knocked atoms, especially those still adsorbed on
the surface, are easily diffused after obtaining enough energy
from the incident electrons. The rate of beam-induced motion
is even predicted to exceed that of room temperature thermal
emotion when surface diffusion energy of the adatom is
greater than 0.5 eV.*3l On the other hand, the temperature rise
in the specimen due to electron irradiation inside the TEM
may range from a few to several hundred degrees (depending
on the materials, beam current, and some other factors), which
is sometimes high enough to cause visible phase transforma-
tions.' All these effects play important roles in nanocrystal
growth inside the TEM. Furthermore, external thermal excita-
tion can also accelerate the migration and reconstruction of
adatoms or defects, thereby promoting the formation of new
phases or structures.>>#43 Hence, the studies of in situ growth
or phase transformations always involve high temperatures.
For example, using curved graphitic structures (such as nano-
tubes and onions) as reaction cells to synthesize new structures
at high temperatures has been realized inside the TEM.[0740:47]
Given their low threshold energy for displacement, carbon
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Figure 2. Growth of a multiwalled CNT from an FeCo crystal inside
a large host nanotube under electron irradiation (50 A cm™2 to
120 A cm™) at a specimen temperature of 600 °C. The arrow points to
the tip of the growing tube. Reproduced with permission.l”] Copyright
2007, Macmillan Publishing.

atoms are easily ejected into the core of C cages. When the
cages are filled with other materials, C atoms will be sputtered
into the encapsulated materials, thereby leading to reaction or
intermixing of the components. Continuous loss of C atoms
and surface reconstruction will cause the shrinkage of graphite
shells. The self-contraction of outer shells causes an enormous
inward pressure in the interior, particularly when the cages are
filled with other materials.’?*#$41 Accordingly, C cages can act
as a rigid, temperature-resistant container that provides a con-
tinuous C source and a high-pressure environment. Using this
principle, the reaction from iron to iron car-
bide (Fe;C) inside carbon onions has been
observed in detail.[!!' Another example of
the growth of carbon nanotubes (CNTS) is
shown in Figure 2.l Given that the solu-
bility of C atoms in transition metals is low,
and their diffusion is fast, C atoms ejected
into the encapsulated metals will segregate
at the uncovered surface as extended arrays
of C networks after a short time. Therefore,
Fe, cobalt, nickel, and Fe/Co alloy particles
encapsulated in host CNTs have been used
to monitor the nucleation and growth pro-
cess of CNTs in real time and at high reso-
lution.[”l These two experiments craftily
utilized a tube or onion structure as a tem-
plate, and used the ejected C atoms from
the shells as the growth source, thereby
providing a method to study the nuclea-
tion and growth of C-based materials at
the nanoscale. However, such a method is
limited to growing materials with the same
components as the template.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The growth of 2D graphene,P*!l silicon oxide,[®23]
and Fel® layers on substrates have been observed in TEM
using the above mentioned principles. This method can be
applied to the growth of 2D materials because we can intro-
duce nearly all solid sources on planar substrates. Further-
more, substitution doping can also be observed inside the
TEM when the vacancies generated by electron irradia-
tion are filled with heterogeneous atoms.>% For example,
boron and nitrogen vacancies would be filled by C atoms—
thereby eventually forming a BCN sheet—when a BN sheet
loaded with paraffin wax as a C source was exposed to the
electron beam.[ Such electron irradiation-assisted doping
indicates a pathway for the design and synthesis of in-plane
heterostructures.

Most of the growth processes mentioned above are gov-
erned by elastic scattering processes. Inelastic scattering
collisions can produce radiolysis effects, such as electro-
static charging, which can also stimulate the growth of some
materials by electrostatic interactions.®!157] The growth of
magnesium oxide (MgO) on the surface of MgO crystals
coated with platinum particles is undoubtedly supporting
evidence.®! As shown in Figure 3, capped MgO nanorods
started growing from Pt particles, and kept growing with
continuous irradiation. The nanorod formation and growth
can be explained by electrostatic interaction mechanisms.
Under electron irradiation, MgO particles are charged posi-
tively, whereas the Pt particles may possess negative charges
because of the secondary electrons emitted by the trapped
MgO particles. The positively charged MgO species can
be attracted by the negatively charged metal particles, and
trapped at the boundary between the particles. Consequently,
the MgO builds a crystallographic lattice epitaxially under-
neath the metal particle.l®l Similarly, sodium nanostructures
can grow on sodium chloride powder, driven by electron
irradiation-induced charge and electrostatic effects.''] These
two experiments are driven by electrostatic interactions after

Figure 3. Growth of MgO nanorods on MgO substrate with Pt particles at room temperature.
Beam current density: 200 A cm~2. Each image represents an area of 9.2 x 9.2 nm?. The red
circles show the edges of the MgO nanorod. Reproduced with permission.[8! Copyright 2009,
American Chemical Society.

small 2015, 11, No. 27, 3247-3262



M \]|w’§

www.MaterialsViews.com

the substrate is charged by the electron beam. The results of
the above mentioned studies allow further investigations into
the growth of nanorods with a small length—diameter ratio.

2.2. Gas Phase Growth

To introduce gas into the specimen area, while the other parts
of the microscope column remain in high vacuum, two tech-
nologies have emerged over the years. One is the building of
an environmental cell with an electron-transparent window,
which is loaded at the tip area of the TEM holder. The spec-
imen and gas are contained inside the cell without leaking
into the column, due to the isolation effect of the window.
This window-type environmental cell can provide a gas pres-
sure of up to 1 atmosphere around the specimen.[?%] Another
approach is to modify the microscope pumping system,
allowing for a gas pressure of up to 20 mbar in the specimen
chamber.?! These technical breakthroughs have promoted
the investigation in structure evolution, nanocrystal growth,
catalysis process, and oxidation/reduction behaviors.[1+-19-58-69]

Generally, vapor phase growth can be carried out by
exposing the heated sample to a reactive gas precursor inside
the TEM. The precursor molecules are decomposed by the
electron beam or thermal excitation, then the growth species
is released, and deposited at a favorable location. For example,
growth of 1D carbon nanostructures from decomposition
of methane (CH,) or acetylene (C,H,) on nanocatalysts has
been performed to address the surface process.l'*7%-72] Helveg
et al. used a 1:1 mixture of CH,/H, (at a total pressure of
2 mbar) as the reactive gas, and Ni as a catalyst, then moni-
tored the formation of carbon structures on the Ni surfaces in
real time.[' In situ observations demonstrated that step edges
act as a growth centre for graphene growth. Similarly, Sharma
et al. also employed environmental TEM to evaluate the cata-
lytic activity of Au, Ni, and Au-Ni nanoparticles for the for-
mation of 1D carbon nanostructures from C,H,."" Both the
real-time observations and density functional theory calcula-
tions revealed that small levels of Au doping in Ni increased
the yield of 1D carbon nanostructures.”! It is worth noting
that the residual hydrocarbons in the microscope chamber, or
on the surface of the substrate, can also be used as gaseous
source to grow carbon nanostructures, although the growth
kinetics is hard to quantitatively analyze.[”>74

Another excellent example is the growth of silicon
nanowires from disilane (Si,Hg) using Au, Cu, and Pd cata-
lysts.l'o75-33] Hofmann et al. observed the nucleation and
growth of Si nanowires from Pd catalysts.['l They found that
the catalyst-Si interface free energies were lowest for atomi-
cally flat interfaces, and that the interfaces advanced via the
lateral propagation of ledges.['®l On the basis of their experi-
mental results, they proposed that growth by ledges was
an important part of the vapor—solid—solid growth mecha-
nism.['9] Some other in situ experiments have been per-
formed inside the TEM to demonstrate vapor-liquid-solid
growth. A sequence of distinct growth modes in Si nanowires
were observed and proposed—such as angled and sawtooth
modes’’! and jumping-catalyst modes,”’l—promoting the
basic understanding of the physics of crystal growth.

small 2015, 11, No. 27, 3247-3262

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S| s

2.3. Liquid Phase Growth

The gas cells can also be modified to accommodate liquids.
So liquid phase crystal growth can be carried out in liquid
cells, and monitored in real time inside the TEM.[20-24.84-92]
The liquid cell based on silicon microfabrication technology
was first designed by Williamson et al.¥ In their liquid cell
design, two Si wafers coated with 100 nm Si;N, were used
as the main frame. Selective etching was adopted to form
a viewing window on each wafer, and two reservoirs were
etched on one wafer to supply liquid electrolyte. On the other
wafer, a 0.5-1 um SiO, ring spacer was patterned, forming
a container between the two wafers after they were glued
together. However, the spatial resolution was only 5 nm,
depending on the thickness of the Si;N, membranes and the
liquid layer.[# Using this method, Williamson et al. observed
the nucleation and growth of nanoscale Cu clusters on a Au
electrode during overpotential electrochemical deposition. 4!
They found that the nucleation shared the characteristics of a
homogeneous process, with many equivalent sites available,
and that cluster growth was by equipartition of the available
material flux over the cluster surface areas.[3

Following the same concept, but reducing the thickness of
the window membranes and spacers, the spatial resolution of
liquid TEM characterization was improved to sub-nanometer
by Zheng et al.[?% Using this improved-resolution liquid cell,
they probed the growth kinetics of Pt nanocrystals. The in situ
observation demonstrated that Pt nanocrystals could grow
either by monomer attachment from solution, or by particle
coalescence. With further improvement of the spatial resolu-
tion, the same method was then applied to study the real time
growth of Pt;Fe nanorods and Pt nanocubes at atomic resolu-
tion.[2'24] In particular, the observation of Pt nanocube facet
development revealed that the conventional surface energy
minimization law breaks down at the nanoscale.[?*]

Graphene liquid cells are another feasible design for
observation of crystal growth with atomic resolution.
Because of its high shape flexibility, high mechanical tensile
strength, and impermeability to small molecules, atomic layer
graphene is considered to be a perfect support material for
encapsulating a liquid solution. Additionally, electron scat-
tering from the graphene membrane is negligible because of
the atomic thickness, which ensures image quality and resolu-
tion. Graphene liquid cells were first designed and employed
by Yuk et al.?? to explore the mechanism of colloidal Pt
nanocrystal growth.Some critical steps in nanocrystal coales-
cence were directly observed at the atomic level, including
site-selective coalescence, structural reshaping after coales-
cence, and surface faceting.[??!

3. Nanofabrication with Atomic Resolution

As described above, irradiation effects occur in nearly all
TEM systems. When the electron energy is higher than the
threshold energy for atomic displacement, the atom will be
knocked away from the lattice, thereby indicating the possi-
bility of modifying specimens at the nanoscale. The capability
of a modern TEM to focus the electron beam onto a spot that
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Figure 4. Structural evolution of MoS, monolayer under electron beam irradiation. a—c) S vacancies were aggregated and transformed to an
extended line defect or nanopore under 80 kV electron irradiation (3 A cm™2). Scale bar is 2 nm. Reproduced with permission.!” Copyright 2013,
Macmillan Publishing. d-g) As the nanopores expanded, the bridges between adjacent pores narrowed to nanoribbons. Beam current density:
40 Acm2.The ribbons showed high crystalline perfection. Scale baris 2 nm. Reproduced with permission.®® Copyright 2013, Macmillan Publishing.

is less than 1 A in diameter suggests the possibility of using
the beam to engineer materials at the atomic scale.[%3-%]
Electron irradiation effects are heavily dependent on
beam conditions. Therefore, the beam brightness, diameter,
and electron energy should be adjusted to obtain a suitable
range for different fabrications. For example, an electron
beam with a moderate intensity has been widely used to study
the formation of defects.?+97] With continuous irradiation,
the defects diffuse and agglomerate and subsequently form
complex defects.””~1% An experiment involving a monolayer
of molybdenum disulfide (MoS,) exposed to an electron
beam is shown in Figure 4. Sulfur vacancies (SVs), which
can be distinguished by analysis of the intensity profile,[:101]
aggregated, transforming into an extended line defect and
nanopore (Figure 4a—c). While the pores are growing, the
bridges between adjacent pores narrowed to nanoribbons
(Figure 4d-g). The ribbons showed high crystalline perfec-
tion that was different from MoS,, and had higher stability
than MoS, sheets when they were narrowed to sub-nanom-
eter under electron irradiation.[’¥! Further in situ electrical
measurements demonstrated that the ribbons were metallic,
thereby providing a new building block for nanodevices.[1%]

electron beam
AN

Figure s5.

Similarly, C atomic chains, C onions, and CNTs have been
obtained from a few layers of graphene using a mild electron
beam.[?103-105] A]] these experiments show a novel top-down
route for fabricating functional building blocks.

In another excellent example, CNTs were welded by a
mild electron beam to form a molecular junction.!'%-197] Per-
fect tubes would never join, but the vacancies introduced by
the electron beam promoted the coalescence of the crossed
nanotubes. The heterojunctions between CNTs and different
metal nanocrystals could also be controllably formed via
intense electron irradiation at the metal-nanotube contact
areas.1%-1191 Both metallic conductivity and covalent metal—
C interfaces are essential for the application of such hetero-
junctions as contacts in electronic devices.

Irradiation with focused electron beams has also been
used to tailor nanostructures. For example, CNTs can be
bent when the beam is focused on one side of the tube,[!!1]
and be cut when the focused beam is moved along the radial
direction of the tubes.''?l Another excellent example is the
nanopore, which can be sculpted in a variety of specimens
inside the TEM, because the threshold energy for sputtering
most existing elements is below 300 keV.>!3-115] Figure 5

Fabrication of nanopores in the graphene sheet. a) Schematic diagram of the formation of nanopores on the graphene. b) Pristine

graphene before high-dose electron irradiation. The dashed ring highlights the region to be irradiated. c,d) The same region as in (b) after
electron irradiation, demonstrating that the irradiated area is damaged gradually, ultimately forming a nanopore. The beam current is about
2.0 x 103 A cm2. Reproduced with permission.[11€]
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demonstrates the formation of graphene nanopores by a
focused electron beam. Figure 5b shows pristine graphene
before electron irradiation. Then, the electron beam was
focused within the area indicated, with a current density of
2.0 x 10> A cm™. The irradiated area was gradually damaged,
and ultimately formed a nanopore.'') However, the pore
size—which is a significant parameter because of its poten-
tial application in selective translocation of molecules—is not
fully controllable, because real-time imaging cannot be per-
formed synchronously with drilling. Thermal excitation can
be adopted to modulate the size of as-fabricated pores, as it
promotes the migration and reconstruction of defects. Con-
sequently, graphene nanopores could shrink or expand by
direct thermal excitation, depending on the ratio of nanopore
diameter to membrane thickness, thereby making the elec-
tron beam-based fabrication much more controllable.['!7]

All fabrications described above make use of electron
beam-induced displacement and sculpting, which remove
unnecessary atoms. To obtain the desired morphology, mass
loss and gain are both necessary to shape the features. Such
a process can also be achieved inside the TEM, in which
hydrocarbon molecules adsorbed on the specimen surface
are polymerized and deposited by electrons. C tubular struc-
ture examples are shown in Figure 6.4 The tubular struc-
tures were formed by electron beam-induced deposition on
the surface of Te nanowires or nanotubes, with the subse-
quent removal of the core material by direct or Joule heating.
Diverse tubular structures, such as co-axial hollow (Figure 6a),
X-shape and Y-shape connected tubular (Figure 6¢,d) could
be formed by controlling the template shape. Furthermore,
the deposited amorphous C can be an excellent adhesive for
joining or shaping features to a desired morphology.['!8:119]

Figure 6. Fabrication of diverse tubular carbon structures using Te
nanowires and nanotubes as templates. a) Fabricated co-axial hollow
tubular structures with Te nanotube as template. b) Te-C core-shell wires.
c,d) X-shape and Y-shape connected tubular structures. Reproduced
with permission.l74l Copyright 2012, Elsevier.
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Both displacement and deposition occur simultaneously
inside the TEM, but they play leading roles in different cir-
cumstances.''®l Deposition is much more obvious than dis-
placement when the beam current density is less than the
critical value; otherwise, displacement is significant. There-
fore, combining sculpting and deposition by adjusting beam
brightness and diameter is an effective strategy for fabri-
cating complex spatial structures.

4. In Situ Property Characterization

Characterization of nanostructure responses to stimuli from
the surrounding environment at the nanometer scale will
play a crucial role in further understanding the relation-
ship between the structure and properties of nanomate-
rials. However, while conventional TEM has focused much
on atomic structures, little focus has been placed on prop-
erty measurements. To study the properties and behavior
of individual nanostructures in external fields, a corre-
sponding specimen holder should be designed depending
on the external load. Most of the in situ TEM technologies
are based on the elegant design of specimen holders, such
as those used for in situ heating, biasing, and mechanical
TEM.[?]

4.1. Thermal Property Characterization

Nowadays, materials’ response to thermal excitation can
be investigated in situ on the nanoscale inside the TEM
by using heating and cooling stages. Generally, heating can
be done by placing a heating element at the tip of TEM
specimen holder. A popular design the use of a heating-fil-
ament-embracing specimen disk as an electric furnace and
embedded thermocouple, in order to measure the tempera-
ture in the furnace cup. This type of heating stage is com-
mercially available and allows heating of the specimen up
to 1300 °C, which is sufficiently high for studying thermal
properties (such as thermal stability) of materials as well as
thermal excitation-induced behavior.'20-125] For example,
Au nanorods could change their shape at a temperature of
approximately 380 °C, which was much lower than the bulk
melting point of Au (1063 °C); however, thermal stability
could be enhanced by a thin amorphous C shell coating
on the on Au surface.l'”!] In another excellent example,
the thermal excitation-induced phase transition of VO,
was monitored,['?! as shown in Figure 7. Both the TEM
image obtained at room temperature (25 °C) and the corre-
sponding fast Fourier transform (FFT) pattern revealed that
the VO, specimen is initallay in the monoclinic (Figure 7a).
As the temperature increased to 50 °C, the monoclinic VO,
phase gradually decreased while the rutile phase emerged
(Figure 7b). The coexistence of the monoclinic and rutile
phases in the same TEM image demonstrated that the
phase transition of VO, from the monoclinic phase to the
rutile phase was already underway at 50 °C. When the tem-
perature was raised to 70 °C, only the rutile phase could
be observed, which demonstrated that the phase transition
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Figure 7. TEM images of VO, at different temperatures, showing the phase transition during the heating process. a) TEM image of monoclinic VO,
at 25 °C. The insets show the corresponding i) FFT image and ii) simulated electron diffraction patterns. b) TEM image at 50 °C demonstrating that
the phase transition has occured at 50 °C. The domain wall is indicated by a dotted line. Insets show corresponding FFT and simulated TEM images
of (I) rutile and (1) monoclinic phases. ¢) TEM image of monoclinic VO, at 70 °C. The insets show the corresponding i) FFT image and ii) simulated
electron diffraction patterns. Scale bars are 2 nm. Reproduced with permission.[29 Copyright 2014, Macmillan Publishing.

had been completed. Combining this with ab initio simula-
tions, He et al. proposed that the transition process included
movement of V-V pairs and expansion along the c-axis of
the monoclinic phase.['2"]

A particular problem exists in high-temperature micro-
scopy. The drift of the image, introduced by thermal expan-
sion of the stage and the specimen material itself, can be
serious in high-resolution microscopy. Water cooling of the
specimen holder rod is usually applied to maintain the low
temperature of the body, but this device causes mechanical
vibrations in the system.*! An alternative approach is to
study the thermal properties directly using the Joule heating
of nanomaterials when a bias voltage is applied. To generate
Joule heat, a closed circuit should first be set up. A probe
TEM specimen holder is generally a good choice for this
purpose. A built-in metallic probe with a tip can be moved
back and forth in fine steps controlled by a piezo manipu-
lator. Thus, contact is possible between the probe and the
nanostructure. The probe is connected to a power supply
unit by which a voltage can be applied to the specimen.
However, the Joule heating induced local temperature rise
within the specimen cannot read directly;a reference tem-
perature field should be set up around the specimen. Gen-
erally, Au or Pt particles deposited on the specimen surface
are adopted, such that Joule heating induced evaporation of
these particles is used to reflect local instantaneous tempera-
ture.[120127] Joule heating-induced local temperatures can be
increased to higher than 1500 °C with small specimen drift,
thereby indicating that this method is a good choice for con-
ducting in situ thermal experiments. For example, when a
constant bias of 2.3 V is applied on a single-walled CNT with
12 nm diameter and 24 nm length, the Joule heating-induced
temperature increase is approximately 2000 °C inside the
nanotube.['?! The CNT can be unzipped under such a high
temperature.['*] Some other phenomena induced by Joule
heating have been observed inside the machine, such as the
sublimation of suspended few-layer graphene.['2013% Huang
et al. found that the graphene sublimation fronts consisted
of mostly zigzag edges, and that more than 99% of the gra-
phene edges observed during sublimation were bilayer edges
rather than monolayer edges.[3)]

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

4.2. Electrical Testing

If the thermal measurement probe holder described above in
Section 4.1 is connected not only to a power supply unit but
also to an electrical measuring unit, the electrical response
of the materials and corresponding electrical parameters can
be observed and measured directly inside the TEM. Such a
probe system has been widely used to study the behavior and
structural changes of specimens in an electrical field, as well
as the electrical transport properties of individual nanostruc-
tures. For example, when a bias voltage is applied to a nano-
structure synthesized inside TEM, the electrical conductivity
can be obtained directly.['%213! Therefore, both synthesis and
property characterization can be realized inside the same
equipment, which is important for guiding the design of
materials with novel properties, and nanodevices based on a
single nanostructure. This probe system has also been widely
used to study the behavior of nanodevices, and their failure
mechanisms, for applications such as memory, nanobatteries,
and so on. More detailed examples will be given in Section 5.

Another noteworthy phenomenon under application of
a bias voltage is mass transportation.[3>-1401 Electromigra-
tion—one of the most popular mechanism to explain the
mass transportation—is a process of directional material
flow induced by an electric current; this process is observ-
able only at elevated temperatures and at high current den-
sities.'1*!] Regan et al. were the first to report controllable
and reversible atomic scale mass transport along the CNTs
inside the TEM, using indium metal as the prototype trans-
port species.'*2] Although the exact nature of the driving
mechanism was not very clear, Regan et al. considered that
electromigration model was perhaps more analogous to the
in situ experiments.['32] Soon afterwards, Svensson et al. dem-
onstrated experimentally that CNTs can be used as “nano-
pipettes”, in order to deposit and retrieve solid material on
a nanometer scale inside the TEM.I'33 The process relied on
the electromigration force, which is created at high electron
current densities, enabling the transport of materials inside
the hollow core of CNTs.'33l Further in situ experiments
found that the metal nanocrystal remained largely solid and
crystalline when the crystal was bodily transported inside the
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CNTs.[1381391 Motion and rearrangement of metal atoms on
the crystal surface were considered to be the main reason for
this. However, Zhao et al. found that not only electromigra-
tion but also thermomigration or thermal evaporation caused
by Joule heating could induce mass transportation.'*?l Zhao
et al. further discussed the competitive relationship between
the thermal gradient force and electromigration, force and
concluded that the thermal gradient force overrides the elec-
tromigration force in most conditions.['*2]

4.3. Mechanical Testing

Mechanical properties may change significantly when the size
of a material is reduced to the nanoscale, because many fun-
damental assumptions of classical mechanics fail. To investi-
gate the mechanical behavior and corresponding structural
changes in nanostructures, a dedicated mechanical holder
should first be designed. The key to a mechanical holder is the
loading of a tensile or compressive mechanical force on the
specimen, while tracking the structural changes in real time.
The probe holder is one of the most popular designs
because additional mechanical force can be introduced by
back and forth movement of the probe, and has been widely
used to study mechanical behaviors, such as deformation,
inside the TEM.I!43-1481 Using a probe holder, Wan et al. found
that Na nanostructures grown from NaCl powder revealed
superplastic elongations of 300% under the influence of ten-
sion."!] Zheng et al. utilized the same holder to reveal defor-
mation processes in nanometer-sized Au crystals.1*l They
found that partial dislocations located at the free surfaces
dominated the plastic deformation of Au nanocrystals.[140]
Further in situ experiments revealed the nucleation, migra-
tion and annihilation of the dislocation-originated stacking
fault in tetrahedral Au nanocrystals, uncovering a unique
deformation mechanism via dislocation interactions inside
the confined volume of nanocrystals.'*’] Another noteworthy
phenomenon is liquid-like pseudoelasticity, which was first
observed by Sun et al. when an external mechanical force was
applied to a sub-10 nm crystalline Ag particle,'*’] as shown in
Figure 8. From the cycle of compression (Figure 8a—e) and
stretching (Figure 8f-i) of the Ag crystal, Sun et al. found that

S| s

Ag nanoparticles could be deformed like a liquid droplet, but
these nanoparticles retained their highly crystalline form in
the interior, with no sign of dislocation activity during defor-
mation.['¥”l Combining these observations with atomistic sim-
ulations, Sun et al. concluded that the shape change of such
small particles was dominated by surface diffusion.[*7]

Recently, another innovative in situ mechanical testing
method based on the TEM grid has been developed by Han
et al.l¥9-154] Nanowires are scattered randomly on the TEM
grid, then covered with a colloidal thin film, which could
curl or shrink under electron irradiation or thermal excita-
tion. As a result, some wires are wrapped in the curled thin
films, thereby being bent or subjected to an axial tensile
force. Using this method, in situ tensile and bending experi-
ments have been performed on Si nanowires, silicon car-
bide (SiC) nanowires and Ni nanowires.'*-1>4] They found
that the continuous plasticity of Si and SiC nanowires was
accompanied by a process of increased dislocation density
in the early stages, followed by an obvious lattice distortion,
finally reaching an entire structure amorphization in the most
strained regions of the nanowires.'>!'52 They also found that
partial and full dislocation nucleation, motion, escape, and
interactions were responsible for the ultra large strain—up to
14% in bent Si nanowires.!'>

The methods mentioned above have an obvious deficiency,
which is the inability to quantify the force load. To overcome
this problem, a mechanical quantity sensor is integrated into
the tip of the holder. By using this method, in situ tensile tests
have been performed on CNTs,['*] BN nanotubes,[1?] WS,
nanotubes,’>”l and other 1D or 2D nanostructures.!38-162]
In situ nanoindentation tests can also be performed inside
the TEM using a similar holder.'®*17] Shan et al. applied
a compression force to a nanocrystalline cadmium sulphide
(CdS) hollow sphere and recorded the dynamical process.'®?]
They found that the CdS hollowed sphere was capable of
withstanding extreme stress (approaching the ideal shear
strength of CdS).['%] Using the same method, a series of in
situ nanoindentation experiments were performed on pillar
metal samples.['%+191 Many interesting phenomena, such as
mechanical annealing in both face centered cubic and body
centered cubic metals,['o1%7] stress saturation, and deforma-
tion mechanism transitions were observed.[1%]

Figure 8. Reversible pseudoelastic deformation of a Ag nanocrystal. a) Initial geometry of the Ag nanocrystal. The diameter of the base is 9.8 nm
and the height is 4.6 nm. b—i) Dynamic shape evolution of the Ag nanocrystal during compression and stretching. The base part retains its size
in the first stages of compression, and later turns to a pancake-like structure. During stretching, the base almost recovers its initial size, with a
slight decrease in diameter, from 9.8 to 9.2 nm. j) Final geometry of the Ag nanocrystal. All scale bars are 5 nm. Reproduced with permission.[147]

Copyright 2014, Macmillan Publishing.
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Additionally, many other designs for in situ nanome-
chanical TEM holders have been proposed.[2027:168] Using
these dedicated holders, many in situ mechanical tests have
been conducted inside the TEM. Considerable experimental
details can be found in previous specialized reviews or book
chapters.[109-172]

4.4. Testing Other Properties

Light can also be introduced into the specimen chamber via
optical fibers, or by adding an LED on the tip of the holder,
thereby allowing the study of light-induced phenomena in
photoactive materials and photocatalysts under their working
conditions.'73-17] External magnetic fields can be applied to
the specimen by the addition of Helmholtz coils on either
side of the specimen, or by bringing the piezo-driven sharp
needle (comprising a permanent magnet) close to the
specimen, thus, studying the magnetization dynamics and
some other magnetic phenomena at the nanoscale becomes
possible.[26’176’177]

5. Nanodevice Construction

A thorough knowledge of the structure—property relation-
ship is insufficient in nanomaterial research. The ultimate
goal is the efficient use of materials and natural resources.
Towards this goal, and to further understand the relationship
between property and function, nanodevices are set up inside
the TEM to study their functions and working/failure mecha-
nisms. Based on the material properties, TEM holder design,
and method of preparation of specimens, many nanodevices
may be set up inside the TEM. In this section, we focus on
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three types of device: nanoextruders, random access memory,
and nanobatteries.

5.1. Nanoextrusion

As described in the growth section, intense electron irradia-
tion would cause shrinkage of a CNT or C onion. The self-
contraction of the outer shells causes an enormous inward
pressure in the interior at high temperatures, particularly
when the cages were filled with C or other materials.[6-34484]
Based on these experiments, C cages can be used as nano-
extruders to study the mechanical behavior of the encapsu-
lated materials.

Figure 9 shows that when a CNT is partly filled with a
Fe;C nanowire and placed under electron irradiation at
600 °C, the collapse of the tubes leads to a pressure of
20-40 GPa, which pinches and cuts off the encapsulated
Fe;C crystal (Figure 9a—d).*Yl Similarly, self-compression
of C onions has been used in several extrusion experi-
ments when metal crystals are encapsulated inside the gra-
phitic shells.[*178] As reported by Sun et al.,[*8] the particles
(including Au, Pt, Mo, and W) encapsulated inside graphitic
shells became spherical under electron irradiation in a wide
beam, due to the surface stress exerted by the graphitic shells
during removal of atoms and reconstruction. A hole was
drilled into one side of the onion, using a focused electron
beam with a diameter of 2 nm. The material under pressure
could escape through the hole. During the continuing collapse
of the shells, pressure build-up occurred, and the solid metal
was gradually extruded through the hole. Due to the contrac-
tion of the graphitic shell, deformation occurred at a scale of
0.1 m s7! to 1 nm s, thereby allowing the detailed study of
nanocrystal stability under continuous load conditions.

" metal crystal carbon nanotube

electron beam

ERRR

Figure 9. Electron irradiation-induced collapse of a carbon nanotube tube, and deformation of the encapsulated Fe;C crystal. a) Tube before
irradiation. b,c) Irradiation leads to the collapse of the tube, and deformation of the Fe5C crystal. d) Tube collapse cuts off the thinned Fe;C crystal.
e) Schematic diagram indicates how contraction of the tube deforms and extrudes the encapsulated Fe,C crystal. Reproduced with permission.?4!

Copyright 2006, American Association for the Advancement of Science.
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Resistive switching behavior and corresponding structural changes during in situ electrical tests. a) Schematic of the in situ TEM

experimental set-up. b) Cross-sectional image corresponding to a fresh Ag/ZrO,/Pt memory device. ¢) Current-voltage (/-V) curve of the memory
device during SET operation. The inset shows the TEM image of the device after the SET process. d) /-V curve of the device during a RESET
operation. The inset shows the TEM image after the RESET process. €) EDX analysis of the device conducted at the initial-, ON- and OFF-states. The
EDX spectra were sequentially obtained at the conductive filaments region with a 30 s acquisition time, using a 20 nm electron beam. Reproduced

with permission.B7]

5.2. Random Access Memory

Modification of the TEM holder and methods of prepara-
tion of the specimen allow the establishment and function-
ality of more devices inside the machine. For example, using
a probe holder, a specially-developed resistive memory
was used to study the switching characteristics and physical
mechanism.717%-185] As shown in Figure 10, Liu et al. dem-
onstrated an oxide-electrolyte-based resistance random
access memory (ReRAM), fabricated directly onto the W
probe (Figure 10a,b), applying a bias voltage to the Ag/ZrO,/
Pt memory.’’”l When the magnitude of the negatively biased
voltage exceeded the threshold voltage, as shown in Figure 10c,
conductive filaments formed inside the solid-electrolyte layer
and connected the two electrodes, thereby indicating that
the device switched from the high-resistance (OFF) state to
the low-resistance (ON) state. When a positive voltage was
applied (Figure 10d), the device switched back to the OFF
state because of the dissolution of the conductive filaments.
The energy dispersive X-ray (EDX) spectra obtained from
the conductive filaments region in the initial-, ON- and OFF-
states shows that no Ag signal was found in the initial-state
in the ZrO, film, but a Ag signal was present in the ON-state.
However, the Ag atoms in the conductive filaments cannot
be re-collected into the Ag electrode because of the weak
Ag signal in the OFF-state. The density of residual Ag atoms
would increase with the number of switching cycles.?”! Liu
et al. proposed a modified microscopic mechanism based on
the local redox reaction inside the ZrO,-electrolyte system
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to account for observed resistive switching effect.’”7] Such
a method contributes to a comprehensive understanding of
resistive switching behavior, which will serve as a guide for
enhancing performance and reliability of ReRAM and for
further promoting the rapid development of a universal non-
volatile memory system. Using the same principle, a kind
of memristive abacus device, based on synaptic Ag-Ge-Se
electrolytes, was observed inside the TEM.['] The conduc-
tive Ag,Se dendrite formed and dissolved when positive and
negative biases were applied on the Ag electrode. The bias-
driven phase transformation caused memristive long-term
potentiation and depression.

5.3. Nanobatteries

With the development of in situ techniques, nanobatteries can
be set up inside the TEM, allowing for real-time and atomic-
scale observations of battery charging and discharging pro-
cesses.187188] Tt provides not only a deeper understanding of
the fundamental sciences of batteries, but also critical guid-
ance in development of advanced batteries. Two types of
nanobattery cells based on different types of electrolyte have
been created inside the TEM, one based on liquid (including
room temperature ionic liquid) electrolytes,3038:189-1971 and
the other based on all solid components.[197-217]

Designing and setting up liquid-electrolyte-based devices
inside TEM is necessary to investigate the behavior of elec-
trochemical devices at the nanometer scale. However, liquid
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is generally difficult to preserve in vacuum because of high
vapor pressure, as described in the growth section. Making
the liquid electrolyte work in the machine is the principal
challenge. One method for solving this problem is to use
room-temperature ionic liquids. Given ultralow vapor pres-
sure, ionic liquids can be handled in a vacuum. Huang et
al. set up a nanoscale-electrochemical device (consisting of
SnO, nanowire as an anode, ionic liquid as electrolyte, and
a LiCoO, particle as a cathode) inside the TEM to enable
direct real-time visualization of the structural changes during
electrochemical charging.’®) Huang et al. found that the reac-
tion front is a “medusa zone”, containing a high density of
mobile dislocations. The dislocation cloud functioned as a
structural precursor to an electrochemically driven solid-
state amorphization, which is the major effect that plagues
the performance and lifetime of anodes in Li-ion batteries.[*?]
Further experiments found that the Li,Sn phase possessed
a spherical morphology, and was embedded into the amor-
phous Li,O matrix.'"!l The charging rate could also be dra-
matically altered by coating the SnO, nanowires with carbon,
aluminum, or copper.'?] Following the same concept, but
changing the anodes materials, Liu et al. observed the electro-
chemical lithiation of individual Si nanowire anodes.'*"] They
found that carbon coating and phosphorus doping resulted in
a order of magnitude increase in the charging rate.'®’] These
experiments provide important mechanistic insights towards
the design of advanced batteries.

As an alternative approach, application of the electro-
chemical liquid cell is a much more universal technique for
liquid-based devices, as the liquid can be sealed in a Si-based
cell and isolated from the vacuum. Using this principle, a
Li-ion battery with a commercial liquid electrolyte was set
up inside the machine.3319519] These experiments elucidated
several strategies for improving the performance of commer-
cial Li-ion batteries.

Solid battery cell experiments are another important
group of experiments that can be conducted inside the TEM,
and are applicable to both Li-ion batteries[!’-21l and Na-ion
batteries.[213217] Generally, in the Li-ion battery cell, Li metal
is used as the reference electrode and lithium source, and the
native Li,O layer formed on the metal surface acts as a solid
electrolyte. Using a Si nanowire as anode, Liu et al. studied
the dynamic lithiation process with atomic resolution. They
found that the migration of sharp interface (=1 nm thick-
ness, between the crystalline Si and the amorphous Li Si
alloy) played an important role in the lithiation process.[22!
The measurement of the growth rate of the amorphous Li Si
layer during the first lithiation showed the self-limiting lithi-
ation, which was attributed to the retardation effect of the
lithiation induced stress.2’!l They also observed anisotropic
swelling of Si nanowires with intermediate dumbbell-shaped
cross sections. The large tensile stress developed inside the
nanowire may cause a necking instability and fracture.[”]
Soon after, the experiments were extended to other anode
materials systems, including germanium nanowires and nano-
particles,l'92971 gallium nanorods,?] CNTs,2%! and alu-
minum nanowires.!'’]

Following the same concept, but changing the refer-
ence electrode and electrolytes, Na-ion batteries have also

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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been set up inside the TEM.13217] In these cells, Na metal
is used as the reference electrode and sodium source, and
the layer of sodium oxide (Na,O) and hydroxide (NaOH)
grown naturally on the metal surface acts as a solid electro-
lyte. Using tin nanoparticles as anode materials, Wang et al.
studied the structural changes and phase transformations of
Sn particles during electrochemical sodiation.['?! The first
sodiation process occurred in two steps with a uncracked
volumetric expansion of 420%; reversible sodiation/desodia-
tion processes were demonstrated for Sn particles without
fracture.’’’] Soon afterwards, Han et al. found that Al,O4
coated Sn particles had remarkably high initial capacity
and high capacity retention, compared with those made of
bare Sn nanoparticles, which could be used to improve bat-
tery cycle performance.[?’*! Besides, the anode was replaced
by some other materials, such as SnO,,'¥l FeF,,”!% carbon
nanofibers,?'” and performed inside the TEM.

6. Summary and Outlook

TEM is currently one of the most powerful analytical tools
for structural characterization of nanomaterials with atomic-
scale resolution. The development specialized specimen
holder designs enables the application of external fields to
specimens inside the TEM, thereby extending the capabili-
ties of the TEM beyond static structural characterization to
in situ observation of materials in stimulating environments.
The atomic-scale visualization of the structural evolution
of the specimen under operational conditions introduces
new possibilities in the investigation of relationships among
structure, unique properties, and functionality; essential in
designing new materials and devices for the efficient use of
our natural resources and a sustainable future.

Now, aberration corrected TEM and scanning TEM
(STEM) equipped with high-resolution electron energy loss
spectroscopy (EELS) enables the investigation of not only
the structure, but also the elemental composition and chem-
ical bonding of nanomaterials at the atomic scale. However,
transient nucleation events during chemical reactions are still
a great challenge to characterize in situ. Ultrafast TEM has
achieved imaging with a spatial and temporal resolution of
10 nm and 10 ps respectively, representing a thousand-fold
improvement over current TEM, which shows great poten-
tial in understanding the molecular dynamics of chemical
reactions, in space-time mapping of lattice vibrations, and
in recording so-called “hidden states” far away from equi-
librium.?'8] However, ultrafast TEM is still in its infancy,
methods of imaging with atomic spatial resolution and ultra-
fast temporal resolution is a direction for further develop-
ment in the future.

Another direction for furthering in situ TEM is the
development of versatile sample stage and holder geom-
etries, which will allow for the multi-modal probing of mate-
rial functionality both in situ and in operando. The electron
optics should encompass a pole piece that can accommodate
the new stage, differential pumping, detectors, aberration cor-
rectors, and other electron optical elements for measurement
of materials dynamics.?’®! The combination of advanced
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specimen holder design and instrument modification, means
that more and more experiments will be possible inside the
TEM, leading us to believe that all current experiments
related to nanomaterials may be realized inside TEM in the
near future; such that TEM may become a basic common
tool utilized in the same way as normal optical microscopes
are used in the lab now. Dynamic in situ experimentation
on nanomaterials and the related instrumentation and tech-
niques will undergo a rapid development and may be applied
to a wide range of scientific research areas in future.
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