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Abstract 14 

Solid state phase transformation is an intriguing phenomenon in crystalline or non-crystalline solids due 15 

to the distinct physical and chemical properties that can be obtained and modified by the phase 16 

engineering approach. Compared to bulk solids, nanomaterials exhibit enhanced ability for phase 17 

engineering due to their small sizes and high surface-to-volume ratios, to facilitate various emerging 18 

applications. To establish a comprehensive atomistic scale understanding of phase engineering, in situ 19 

electron microscopy techniques have emerged as a powerful tool, providing unprecedented atomic-20 

resolution imaging, multiple characterization and stimulation mechanisms, and real-time integrations 21 

with various external physical fields. In this Review, we present a comprehensive overview of recent 22 

advances in in situ transmission electron microscopy (TEM) studies to characterize and modulate 23 

crystalline nanomaterials for their phase transformation under different stimuli, including mechanical, 24 

thermal, electrical, environmental, optical, and magnetic factors. We briefly introduce crystalline 25 

structures and polymorphism, and summarize phase stability and different phase transformation models 26 

for quantitative understanding. The advanced experimental setups of those in situ techniques are well 27 
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outlined and the advantages of in situ TEM phase engineering are highlighted, as demonstrated via some 1 

representative low-dimensional material examples. In addition, we present the distinctive properties that 2 

can be obtained from such in situ phase engineering. Finally, some current challenges and future research 3 

opportunities in this emerging research field as well as their potential applications are suggested.  4 
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1. Introduction 
The field of nanoscience and nanotechnology has emerged as a fascinating and rapidly growing area of 

research.1-4 Nanomaterials, i.e., materials with dimensions at the nanoscale (typically ranging from 1 to 

100 nm), have attracted significant attention due to their unique properties and potential applications in 

various fields, including catalysis, energy storage, solar cells, electronic devices, and biomedical 

applications. The increasing demand for nanomaterials with specific physicochemical properties has 

highlighted the need for both a comprehensive understanding and the ability to tune these properties. 

Achieving precise control over the properties of nanomaterials is crucial for tailoring their behaviours 

and optimizing their performance in various applications. Generally, several strategies have been adopted 

to tune the properties of materials, including alloying, doping, defect engineering, elastic strain 

engineering, and also phase engineering.5, 6 Among these strategies, phase engineering modulates the 

crystalline structure, which changes the atom packing mode and leads to the significantly different 

properties of crystal materials.7-9 

The root of the phase engineering is polymorphism, which is “the occurrence of different crystal 

structures for the same chemical entity” and leads to different properties, including stability,10, 11 

electrical,12 optical,13-16 electronic,17 catalytic,18 and magnetic19 properties. For example, a comparison 

of the optical properties of 4H-Au and face-centered cubic (fcc)-Au has been reported,10 showing the 

change of the absorption range in UV-vis spectrum, the vibration modes in Raman spectra, and the shift 

of the surface plasmon resonance (SPR) peaks in electron energy loss spectroscopy (EELS) spectra. A 

more explicit impact of the phase change is on the catalytic properties, which is associated with the 

surface geometry as well as the electronic structure, as demonstrated by the higher oxygen reduction 

reaction activity in face-centered tetragonal (fct) FePt@Pt core-shell nanoparticles compared to the fcc 

counterparts.20, 21 Thus, the phase is of great importance for the physicochemical properties of crystal 

materials. In bulk materials, numerous phase transformations have been achieved and applied in realistic 

applications, such as the shape memory alloy used for the actuation tasks in the fields of aerospace, 

automotive, and biomedical22, as well as the GeSbTe phase transformation materials used in rewritable 

optical discs and memories. When it comes to nanomaterials, the formation of metastable phases and 

phase transformations become easier due to the surface energy effect. This is because the competition 

between internal packing and minimum surface energy in nanomaterials becomes significant. The surface 

energy plays a dominant role in the total system energy, which makes the unconventional phase 

(including the amorphous structure) in nanoscale materials possible by modulating their surface energy. 
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It has been verified that the size can be a promising approach to expand the polymorphism of noble 

metals.23 

By direct synthesis approaches, including various wet chemical methods such as seeded growth, 

surfactant mediated synthesis, and template growth, the nanomaterials with different sizes, morphologies, 

facets, dimensions, and phases, as well as even some unconventional phases have been successfully 

demonstrated,24-29 such as fcc, 2H,11 4H,10 body-centered cubic (bcc),30 body-centered tetragonal (bct),31 

body-centered orthorhombic (bco),31 4H/fcc heterophase,18 fcc-2H-fcc heterophase Au nanomaterials,13 

and unconventional hexagonal Pd.32 These unconventional phases also exhibit different properties due 

to the changes in stacking order.26 Not only the single element nanomaterials, the binary alloy,33, 34 

medium/high entropy alloy also have different phase.35-38 Besides the metallic materials, the new family 

of materials, two-dimensional (2D) materials, also possess polymorphism, e.g., MoS2 with 2H, 1T, and 

1T’ phases.39, 40 Both theoretical research41 and experimental research42-44 have already verified that these 

polymorphisms can be modulated by external stimuli, such as mechanical,45, 46 thermal,47 electrical,48 

optical,43 and environmental field,49 which is called phase engineering of nanomaterials (PEN).45, 50, 51 

However, the size of nanomaterials also poses challenges for their characterization and manipulation. 

The characterization of nanomaterials at the nanoscale requires the use of advanced analytical tools and 

techniques that can probe their structural, chemical, optical, and electronic properties. Transmission 

electron microscopy (TEM) is one of the most widely used techniques for the characterization of 

nanomaterials, allowing high-resolution imaging, structural analysis, microchemical analysis by X-ray 

energy dispersive spectroscopy (EDS), and the band structure characterization by EELS. It provides 

valuable information about the microstructure, chemical composition, defect, bonding, and oxidation 

state of nanomaterials. Besides, TEM can also be equipped with various in situ holders (such as thermal, 

electrical, mechanical, liquid, gas, optical, magnetic, and their combinations) that enable the 

characterization of nanomaterials under different environmental conditions or during specific 

processes.52 These in situ holders expand the capabilities of TEM, the so-called TEM Nanolab,53 allowing 

researchers to observe and analyse nanomaterials in real time while subjecting them to controlled external 

stimuli or environmental factors. These techniques provide the exceptional platforms to study the phase 

transformation mechanism and to modulate the phases of nanomaterials by different external stimuli with 

not only real time but also high resolution of the entire process. Even the chemical reaction can be 

observed in situ in the TEM Nanolab to demonstrate the atomic level dynamics and the divergent reaction 

pathways (displacement versus conversion reactions).54 The valuable information obtained from the in 



8 
 

situ modulation of nanomaterial phases will unveil the atomic mechanisms underlying phase 

transformations, thereby paving the way for phase engineering of nanomaterials. 

There are several landmark review articles that provide comprehensive summaries of the recent 

advances in in situ TEM techniques. These articles cover a wide range of topics, including in situ heating, 

nanomechanical, electrical, optical, environmental, and magnetic studies.52, 55-61 Here, we mainly focus 

on the use of in situ TEM in PEN. First, we introduce the typical crystal structures of nanomaterials with 

their characteristics. Second, we discuss the driving force and models of phase transformation. Third, we 

summarize the recently developed techniques in TEM used to characterize and modulate the phase 

transformation of nanomaterials, followed by demonstrating the strengths of in situ TEM in studying 

phase transformation for nanomaterials by selected examples. Fourth, the properties modulated by phase 

engineering are listed, showing the great potential of PEN. Finally, we conclude by offering remarks and 

delving into the challenges and opportunities within the field. 

 

2. Crystal structures and polymorphics 

Polymorphic refers to a crystal material that has different lattice structures within the same chemical 

composition. For example, the Fe2O3 metal oxides are α phase with a corundum-type rhombohedral 

structure under ambient conditions. However, as the temperature gradually increases, they change to β 

phase with bcc structure up to 773 K, γ phase with cubic spinel structure up to 933 K, and then ε phase 

with rhombic structure. When the polymorphic structures of a crystal material differ only in their stacking 

sequence, it is termed polytypism.62 For example, silicon carbide (SiC) exhibits different repeating 

sequences for different phases, AB for 2H α-SiC, ABCB for 4H α-SiC, ABCACB for 6H α-SiC, 

ABCACBCABACABCB for 15R α-SiC, and ABC for 3C β-SiC.63 And also, most of the polymorphic 

structures for two-dimensional (2D) materials are polytypisms due to different stacking sequences.40 

Another special polymorphism is called allotropy, which refers to the polymorphism for chemical 

elements. Take carbon for example, it possesses diamond, graphene, carbon nanotube (CNT), C60, 

carbyne, graphite, and so on.64 Also for metal, Fe possesses α-Fe with bcc structure under ambient 

conditions. However, it changes to γ-Fe with fcc structure under 912−1394 ℃, δ-Fe with bcc structure 

under 1394−1528 ℃ and ε-Fe with hexagonal-close packed (hcp) structure under high pressure. In this 

section, we introduce the general and metastable crystal structures for low dimensional materials that we 

focus on for PEN. 

The packing of crystals can be classified into two types, Barlow packing and non-Barlow packing. 

The key difference between them lies in their structural arrangement. Barlow packing refers to the close-
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packed structures where atoms are densely packed together. On the other hand, non-Barlow packing 

includes various types of structures beyond the realm of close-packed arrangements. These include bcc 

and simple cubic packing, among others. Figure 1 shows bcc and simple cubic packing with coordination 

numbers of 8 and 6, respectively. In contrast, Barlow packings are configurations of atoms that are most 

efficiently arranged in a regular pattern so that each circle is tangent to other atoms with dense layers, 

always with a coordination number of 12 for each atom.  

Well-known examples of Barlow packings are hcp and fcc packings, where the atoms are arranged in 

ABABAB… and ABCABC…, respectively (Figure 1). As ordered Barlow packings, the fcc stacking is 

also denoted as 3C. And the hcp structure is also abbreviated as 2H due to the laminar structure, where 2 

represents the minimized periodic number of layers and H refers to the hexagonal Bravais lattice. The 

hexagonal cell undergoes a phase transition and changes from a 2H structure to different interlayer 

stacking orders along the <100> direction, i.e., 4H (ABCB), 6H (ABCACB), and 8H (ABCBCBAB), 

and the 4H phase tends to exhibit higher stability than the 2H phase.11 The energy differences between 

3C, 2H, 4H, and 8H are small enough to be susceptible to phase change.65 

In addition, the recent emergence of atomically thin 2D materials attracts the attention of researchers 

due to their unique properties, especially the metal−insulator transition of MX2, where M is a transition 

metal (e.g., W and Mo) and X is a chalcogen atom (e.g., S, Se, and Te). Most of the polymorphic 

structures for 2D materials are polytypism due to different stacking sequences (Figure 2).40 The transition 

between polytypism of 2D materials can be triggered by different stimuli, such as mechanical strain, 

thermal treatment, and laser excitation, which is detailed in the following sections. 

 
Figure 1. Schematic of the distinct layers in different crystal structures. The crystal structures depicted 
from left to right are simple cubic, bcc, fcc, hexagonal close-packed with 2H stacking (hcp 2H), and 
hexagonal close-packed with 4H stacking (hcp 4H). 
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2.1 Face-centered cubic (fcc) phase 
The fcc stacking is a common packing pattern with an ABC stacking sequence (Figure 1) in metals 

with high stability. It belongs to the cubic crystal system and is characterized by the presence of an atom 

tangent to the atoms in the corners at the center of each face of the unit cell. It can be considered as a 

different type of interlayer stacking in hexagonal close stacking, so the transformation or mutual 

inclusion of hcp and fcc in phase transitions is possible due to their similar laminar and close stacking 

structures. One distinction is that fcc has a higher thermodynamic stability. It will be more ductile than 

hcp stacking due to more slip systems. It has been claimed that some fcc noble metal nanocrystals may 

have small regions containing hcp or other metastable phases due to stacking faults.66 In addition, fcc 

materials usually have better electrical and thermal conductivity than hcp materials. However, fcc 

materials may be slightly less corrosion resistant than serval hcp materials. For example, titanium (Ti) 

with hcp structure possesses strong corrosion resistance. 

The fct structure is similar to fcc, but one side of the cell structure is longer than the other. The fct 

structure only exists under certain conditions (e.g., high temperature and pressure) and can be found in 

certain materials, such as iron (Fe), Ti, and tungsten (W). However, at room temperature and pressure, 

these metals do not exhibit the fct structure. In addition, some intermetallic compounds, such as NiAl, 

can be observed as fct structure at high temperatures but usually exhibit a bcc structure at room 

temperature. Due to the lower packing efficiency, the fct structure is less stable than the bcc and fcc 

structures. At high pressures and temperatures, the structure is more likely to be destroyed compared to 

the fcc and bcc structures. A distortion from fcc to fct has been observed in Pd nanocubes with an average 

edge length of about 10 nm under 24.8 GPa pressure induction.67 Similarly, bct and fct phases are also 

found in Ag nanostructures under high pressure, stemming from internal strain-induced deformation of 

the cubic silver lattice. Each silver nanowire is a core/shell structure with a strained core responsible for 

the fct phase being encased in a thin shell that protects the core with less strain. The core/shell structure, 

in turn, is capable of storing the high strains associated with tetragonal deformation in a solid core.68 

 

2.2 Hexagonal-close packed (hcp) phase 
The hcp stacking is one of the Barlow packings. Its bulk also tends to exhibit a hexagonal form. The 

unit cells are one third of their stacking type and three cells are present as one to demonstrate their 

symmetry and interlayer structure. The hcp phase can be categorized into 2H, 4H, and even 8H structures 

based on the periodicity of the interlayer stacking. The numerical value represents the number of layers 
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forming one stacking period, while “H” is the abbreviation for hcp. The focus of this discussion is 

primarily on the more common 2H and 4H structures. 

In the 2H structure, each particle is enclosed by six other hexagonal patterns in a dense layered pattern 

(ABABAB), and the particles in each layer are offset from the particles in the upper and lower layers, 

referred to as A/B layers, respectively. Materials with a 2H structure have many intriguing properties. Ti 

and its alloys possess high strength and stiffness as supporting compounds due to the high density of 

arrangement.69 Several 2H metals, such as Ti and zirconium (Zr), offer excellent corrosion resistance. 

And most 2H metals feature high melting points, such as rhenium (Re), which has a melting point of 

3174 °C. 2H materials perform special functions in specific applications. Beryllium (Be) and boron (B) 

have low thermal conductivity and are therefore used as thermal barrier coatings,70 while GaN with the 

wurtzite structure is adopted for blue and UV light-emitting diodes (LEDs). This structure is also 

represented as 2H, which can be viewed as two interpenetrating hcp structures.71  

The 4H structure is also found in some ceramic materials, noble metal alloy nanocrystals and 

epitaxially grown transition metals (mainly noble metals).72 Its characteristics are preserved in hexagonal 

lattices, such as SiC,73 Ag,10 Pd, and PdAg.74 The hexagonal cell undergoes a phase transition and 

changes from a 2H structure to different interlayer stacking orders along the <100> direction, i.e., 4H 

(ABCB), 6H (ABCACB), and 8H (ABCBCBAB). The 4H phase tends to exhibit higher stability than 

the 2H phase.10 For instance, compared to 2H Au square sheets, 4H Au nanoribbons with a thickness of 

2.0 to 6.0 nm exhibit enhanced stability.75 It is worth noting that the first and last layers are still A/B, 

with different layers filling in. The crystal structure obtained as a 4H structure preserves a high degree 

of symmetry and with good structural stability.65 The interlayer stacking order affects the properties and 

defects of the structure and is expected to lead to new possibilities for catalytic, plasma, optical, and 

electrical applications.76 

It has been reported that aluminium (Al),77 Ti,78 Zr,79 cobalt (Co),80 copper (Cu), and Au,81 all undergo 

a reversible phase transition from hcp to fcc phase. At certain high temperatures, some metals such as 

Co,80 and Ti,82 undergo a phase change from hcp to bcc. At the microscopic scale, the mechanism of the 

phase transition between hcp and fcc has been a question worthy of exploring. Generally, the phase 

transition from hcp tends to be towards a more stable fcc structure (e.g., Ag and Au) when the thickness 

is increased to bulk size (from ~2.4 to 6 nm). But at the nanoscale, the particle and phase stability are 

significantly affected by the surface effects. In ultrathin Au square sheets and Au nanowires, hcp favored 

fcc phase.11 The detailed discussion will be included in the following part. Apart from the phase transition 

to a more stable fcc, hcp can also be modulated to allow different interlayer stacking structures. As is 
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commonly observed for the 4H phase, its scientific research is considered to be a combination of 3C or 

2H stacking modes by producing repetitive misstacked atomic sheets.83 It is therefore limited to 

monometallic metals with relatively low layer dislocation energies, such as Au and Ag, which have been 

observed to crystallize in the 4H phase. 

 

2.3 Body-centered cubic (bcc) phase 
The bcc materials typically have a higher melting point than fcc and hcp materials, for example, W 

with a bcc structure has a very high melting point of 3410 °C. Bcc materials are often less ductile than 

fcc and hcp materials, but generally have higher strength.84, 85 Bcc materials are also slightly inferior in 

terms of thermal and electrical conductivity and corrosion resistance.86 In fact, in terms of electrical 

conductivity and thermal conductivity, fcc is generally superior to hcp, with bcc being the lowest among 

the three.87 The difference between bcc and fcc phases is also determined by the partial orderliness. As 

reported, PdCu nanocrystals have evolved from fcc phase to monodisperse bcc phase by seed-mediated 

co-reduction.88 At equal atomic content of Pd and Cu, disordered Pd−Cu nanocrystals favoure an ordered 

bcc-like phase similar to the CsCl-type structure.89 

Bcc nanocrystals are more commonly observed in transition metals such as Fe and Cr, which are 

known for their high strength. Bcc is not the densest stacking model, but it offers high space utilization 

and excellent stability. It is theoretically very ductile because it has the same number of slip phases as 

fcc (i.e., 12) and a slip factor of up to 24 in α-Fe. Bcc metals have the advantages of high melting point, 

high strength, creep resistance, and good compatibility with liquid metals. However, they are extremely 

sensitive to trace amounts of carbon, nitrogen, and oxygen. And the introduction of small amounts of 

dilute impurities of carbon, nitrogen, and oxygen can cause significant hardening and embrittlement. Han 

et al. have provided a detailed explanation of the mechanism at the level of screw dislocations.90 

It has been found that the phase transformation of the bcc phase is preferred to the hcp and fcc phases. 

It is well known that Bancroft discovered the martensitic phase transformation of iron from α (bcc) phase 

to ε (hcp) phase under high pressure in 1956.91 In recent years, it has been found that bcc to hcp phase 

transformation occurred in cold-rolled and 870 °C annealed sub-stable TiZrHfTa0.5 specimens, 

significantly enhancing the wear resistance of the high entropy alloy.92 As reported, the bcc to fcc phase 

transformation occurred at the crack tip in pure Mo at 15.4% tensile strain during in situ tensile loading 

and then transitioned back to the bcc phase.93  

The bct lattice is recognized as an intermediate structure bridging the bcc and fcc lattices. It is 

characterized by a distortion of the bcc lattice, resulting in elongation along one axis and contraction 
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along the other two axes. The bct structure can be stabilized by various methods and one approach is the 

addition of specific elements, such as V and N in the case of FeCoVN films which induces a tetragonal 

deformation in the lattice.94 In 2015, bct and body-centered orthorhombic (bco) were found as stable 

phases in noble metal Au. These microcrystals were obtained by pyrolysis of (AuCl4)-stabilized with 

tetraoctylammonium bromide (ToABr) in air at ~220 °C. The appearance of the non-fcc phase of Au was 

attributed to geometrically induced strain in the bipyramid. The samples showed high contents of up to 

~55% non-fcc phases at ambient pressure. The appearance of bct and bco phases can be used to suppress 

the thermal stabilization of noble metals (e.g., Au, Ag, Pd, and Pt) due to broken symmetry.31  

 

2.4 Two-dimensional materials 
Since the extraordinary electrical properties of graphene were reported in 2004, 2D materials have 

received numerous attentions. Similarly, 2D materials also possess polymorphic structures with diverse 

electronic and magnetic properties, thus offering tremendous opportunities for various applications 

through phase engineering.40 The most widely studied 2D materials exhibiting structural phase transitions 

are transition metal dichalcogenide (TMD) monolayers in the formula of MX2, where M stands for 

transition metal (Mo or W, etc.) and X stands for chalcogen atom such as S, Se or Te. Monolayer TMDs 

have three layers of atoms, one layer of metal atoms sandwiched between two layers of chalcogen atoms. 

By tuning the coordination patterns of the metal atoms, monolayer TMDs have three well known 

structural polymorphs as 2H, 1T, and 1T’. The X atoms around the metal atoms in the 2H phase have a 

trigonal prismatic coordination pattern, and the 1T and 1T’ phases have octahedral and distorted 

octahedral coordination patterns, respectively (Figure 2).40, 95 The monolayer MX2 in the 2H phase is 

semiconducting with a bandgap in the range of 1.0−2.5 eV, while the 1T and 1T’ phases are metallic.96, 

97 The 1T phase is unstable and spontaneously transforms into the lower symmetry 1T’ phase by 

distorting the octahedral coordination. For example, single layer MoS2 has semiconducting trigonal 

prismatic (2H) and metallic octahedral (1T) phases depending on the position of the sulfur atoms. 

Density functional theory (DFT) calculations have shown that the 2H polymorph is the ground state 

phase of all monolayer MX2 except for WTe2, for which the 1T’ phase has the lowest energy.98 The 

structural transition between these phases can be observed using in situ TEM techniques with various 

stimuli, including electron beam irradiation, Joule heating, mechanical strain, and electrical bias, etc. 

Under these stimuli, atomic rearrangement occurs, causing the phase transition. For example, single layer 

MoS2 undergoes the phase change between semiconducting (2H) to metallic (1T) using in situ STEM 

technique under electron beam irradiation.99 Using in situ electrochemical TEM technique, lithiated 
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MoS2 undergoes a 2H to 1T phase transition with a lithium ion occupying the interlayer S−S tetrahedron 

site in the 1T LiMoS2.100 

 
Figure 2. (a) Three polymorph  lattice structures (including 2H, 1T, and 1T’ phases) of MX2 monolayers, 
where M represents transition metal (such as W, Mo) and X represents chalcogen atom (such as S, Se, 
Te). The unit cell is outlined by red rectangles. Reprinted with permission from ref. 40. Copyright 2021 
Springer Nature Limited. (b) Calculated equilibrium (stress-free) relative energies of the three 
polymorphs of MoS2, MoSe2, MoTe2, WS2, WSe2, and WTe2 monolayer. Reprinted with permission from 
ref. 41. Copyright 2014 Springer Nature Limited. 
 

In summary, it is essential to recognize that each structure has unique features. A substance may exist 

in several structures and some may have metastable phases. These variations in structure can lead to 

significant differences in material properties, which in turn affect its suitability for different applications. 

Moreover, different phases can coexist or transform into each other under certain conditions, such as 

pressure or temperature, introducing a new league of complexity and possibilities for manipulating the 

properties of the material. The exploration of these structural phases and the phase transitions between 

them is therefore an important area of research. 

 

3. Phase stability theory and phase transformation models 
3.1 Electronic structure theories 

It is well known that the packing modes of the transition metals can be explained by the “one-electron 

theory” or the d-band filling argument.101-103 The nonmagnetic transition metals follow the sequence of 

hcp → bcc → hcp → fcc from left to right across the periodic table, as shown in Figure 3. While the 

exception of 3d magnetic metals can be explained by the spin-decomposed d-band occupations, which 

are derived from the differences between spin orderings, including ferromagnetic, antiferromagnetic, 

paramagnetic, and diamagnetic.101-104 Magnetic Fe is an excellent example of the spin ordering effect. 

Based on the d-band theory, it would be in hcp structure as the ground state geometry at low temperatures. 

However, the large ferromagnetic spin ordering of the bcc Fe α-phase lowers the enthalpy and free energy 

of the system, making the bcc structure the energetically lowest geometry. With increasing  temperature, 
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the entropic contribution of the spin ordering becomes more prominent, leading to the formation of the 

paramagnetic fcc Fe γ-phase.105 

 
Figure. 3 Periodic table with the marks of possible crystalline structrues. 

 

With the advancement of computational approaches, several theoretical models have been proposed 

to predict the structures and properties of materials, such as force-field calculations and first-principles 

calculations.106-110 Force-field calculations are empirical or semi-empirical methods involving 

mathematical models or potential energy functions to describe bonded and non-bonded interactions such 

as covalent bonds, van der Waals forces, and electrostatic interactions. However, these models often 

simplify the system by approximating complex quantum mechanical effects and treating atoms as point 

charges with predefined parameters. This simplification also allows force-field calculations to be used 

for larger systems compared to first-principles calculations. In contrast, first-principles calculations offer 

a more accurate assessment of the electronic structure and total energy of most materials based on solving 

the fundamental equations of quantum mechanics. These calculations allow precise control of atomic 

level structures and provide reliable predictions of phase modulations with consideration of intricate 

bonding and electronic structures. 

 

3.2 Thermodynamic aspects 
3.2.1 Thermodynamic theory 

From the thermodynamic point of view, for a given temperature and pressure, the minimization of 

the Gibbs free energy (G(p, T) for bulk materials) is required for phase stability. Phase transitions occur 

when the thermodynamic free energy of a system is non-analytic for some choice of thermodynamic 

variables. The common driving force for phase transformation usually involves any factor that can affect 

temperature and pressure.  
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The increased pressure can significantly change the interatomic distances within the material, leading 

to atomic displacement,111, 112 or it can enhance the s-p mixing states and s to d electron transfer,101, 113 

leading to atomic rearrangements and resulting in a new crystal structure.67, 114, 115 At high temperatures, 

non-negligible lattice vibrations increase the entropic contribution of phonons, which can play another 

important role in stabilizing the dense packing modes, especially those with anharmonic effects. Taking 

Co as an example, the transformation from hcp to fcc is mainly driven by the entropic contribution of 

phonons due to the increased temperatures.116 In addition, many unusual packing modes of transition 

metals at low temperatures characterized by the appearance of imaginary frequencies at special k-points 

in the phonon spectra, can also be effectively stabilized at increasing temperatures, again due to 

anharmonic effects. For instance, Ti with bcc structure cannot be stabilized at low temperature due to the 

presence of imaginary frequencies in the phonon spectra. But it can be stabilized due to the anharmonic 

effects at elevated temperatures.117 The coupling between temperature and pressure has been introduced 

in previous research.118, 119 But when it comes to the nanoscale, the surface contribution to the free energy 

cannot be ignored. So the expression can be rewritten as G(p, T, γ), where γ is an interfacial free energy.120 

Then the equation G(p, T) can be rewritten as,  

G(p, T, γ) = E – TS + (p + p′)V + γA + other terms, 

where T, p, A are temperature, pressure, and surface area, respectively, p′ is an excess internal pressure 

associated with surface strain. The other terms include additional contributions at the surface, such as 

edge or defect free energies. If the materials have different stacking orders, there will be different local 

minimum value of the free energy corresponding to multi-metastable phases, which has been verified in 

metal phosphate.121 By surface energy modification, the surface energy can be tailored and used to 

activate the phase transformation. This is because the surface atoms undergo multilayer relaxation to 

restore their local optimum electron density, which can go into several layers into the bulk region. This 

volume atom relaxation is large enough for nanomaterials but can be ignored in bulk samples. To 

maintain the overall atomic density of the surface layer, the displacive reconstructions may also occur,122 

for example, the reversal of phase stability at small particle size in some systems;123-125 the lower melting 

temperatures in nanoparticles;126 the lower transition temperatures to high temperature phases,127 while 

the higher or lower transition pressures to high pressure phases.128, 129 Thus, the phase diagrams for 

materials are size dependent.130 
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3.2.2 Size-dependent phase transformation 
With decreasing size, the size effect becomes more pronounced and it is widely accepted that the size 

of crystalline materials is one of the most important parameters in determining their physicochemical 

properties.131 The structural stability of nanomaterials is mainly controlled by surface energy and surface 

stress.123 In the context of thermodynamics, the reversible work needed to create a new surface per unit 

area includes surface energy and the reversible work per unit area needed to elastically stretch a pre-

existing surface.132 Assuming a homogenous strain εαβ (α,β ∈ (x, y)) is applied to the surface plane, the 

stress tensor can be expressed as, 

 

where Asurf is the surface area of the system and γsurf is the surface energy per unit area. The two terms in 

the equation represent the change in surface energy with respect to strain due to the change in surface 

atom density and the change in surface area upon mechanical loading, respectively. The first term is 

always positive for a clean surface, while the second term can be positive or negative, indicative of tensile 

or compressive interaction, respectively. 

The surface energy and surface stress are usually orientation dependent and anisotropic, leading to 

a preferred surface or faceting in as-grown materials, e.g., the <110>/{111} plane of fcc structures with 

the lowest energy due to the closely packed atom configuration compared to the <100> orientation. 

Tensile surface stress is usually observed in the order of GPa or even tens of GPa when the size is on the 

nanometer scale, which is balanced by internal compressive stress. Thus, the structural stability of 

nanomaterials can be significantly altered by surface conditions and even lead to structural 

transformations, including surface reconstruction, martensitic phase transformation, pseudo-elastic 

behavior, and shape memory effect in fcc,133-142 bcc,143-146 and hcp67, 112, 139, 147, 148 of single element, 

layered composite,148, 149 intermetallic alloy,34, 150-153 and even metal oxide154-156 or nitride157 compound 

nanowires.  

By reducing the size of nanomaterials, the surface energy can be modulated and the surface 

reconstruction (reorientation and phase transformation) may occur.120, 130 The reorientation of Au 

nanostructures occurs when their size reaches several atomic layers,158 such as Au (011) to (111) due to 

surface energy minimization (Figure 4a),159 and the hcp surface of Au nanowires but fcc in the core 

region (Figure 4b,c).160 The surface stress induced phase transformation is controlled by wire size, initial 

orientation, boundary conditions, temperature, and initial cross-sectional shape. It occurs when the 
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compressive stress caused by the tensile surface stress components in the longitudinal direction exceeds 

the compressive stress required to transform bulk gold into its higher energy metastable crystal structure 

with initial <100> orientation and square cross-section.138 Based on the molecular dynamics (MD) 

simulation, Au nanowires can spontaneously transform from fcc to bct crystal structure when the cross-

sectional area of the nanowires is below 1.83 nm × 1.83 nm (Figure 4a).138 The critical cross-sectional 

area size (A) is calculated based on the equation of  

σ = 4fl/A 

where f is the surface stress component, l is the width of the nanowire (i.e., the length over which the 

surface stress component acts), σ is the magnitude of the induced compressive stress. When the 

compressive stress in the nanowires reaches the critical compressive stress from the compression loading 

of bulk gold, the phase transformation occurs. If the tensile surface stress component in the transverse 

directions, which hinders the phase transformation, is considered, the critical wire size required for the 

phase transformation would be reduced. The corresponding experimental verification has also been 

achieved with in situ video recording by TEM, as shown in Figure 4d.161 According to the work, there 

are two critical sizes for surface-induced structural transformation, lc and dc. If lc < cross section < dc, the 

system is metastable and structural reorientation occurs. But if cross section < lc, the system is unstable 

and phase transformation occurs.162 The critical size depends on two important parameters, temperature 

and pressure of the nanowires. As the temperature increases, the critical size increases due to the 

contribution of the thermal effect. However, a small increase in size leads to a significant change in the 

required temperature, which may exceed the melting temperature. Taking Cu as an example, the critical 

size increases significantly from 1.45 nm × 1.45 nm (4 × 4 lattice constants) at 100 K to 2.9 nm × 2.9 nm 

(8 × 8 lattice constants) at 900 K, indicating the importance of the size effect in nanomaterials. When the 

size of the nanostructures is larger than the aforementioned critical size (i.e., spontaneous transformation), 

the external field stimuli are required to overcome the energy barrier and reach the local metastable phase 

of the nanostructures. 
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Figure 4. Size effect on phase modulation of nanomaterials. (a) Au nanowire with decreasing diameter. 
Reprinted with permission from ref. 138. Copyright 2003 Springer Nature Limited. (b) Au (111) nanofilm 
transfers to (001) film due to the thickness change. Upper figure is the TEM image and lower figure is 
trace of the bright dots in upper figure. Reprinted with permission from ref. 159. Copyright 1999 American 
Physical Society. (c) One 2 nm thick Au nanobridge with focuses of 65 nm (upper) and 55 nm (lower), 
showing the square lattice in the upper figure and the hexagonal lattice in the lower figure. Reprinted 
with permission from ref. 160. Copyright 1997 American Physical Society. (d) The phase transformation 
occurs just before the nanocrystal fractures due to the size effect and the illustration of the martensitic 
transition (fcc to bct) by the Bain path. The unit cells of fcc and bct are outlined by black and blue lines, 
respectively. Reprinted with permission from ref. 161 under a Creative Commons Attribution 4.0 
International License. Copyright 2020 The Authors. 

 

In addition, due to the size of the nanomaterials, ligand exchange and metal coating can also be used 

to modify the surface energy and activate the phase transformation, which have been experimentally 

verified. Both mechanisms are affected by many factors, including ligand type, lattice mismatch, and 

phase stability. For example, Au square sheets with 2H phase can be completely transformed into fcc 

phases by exchanging oleylamine with thiols on the surface, driven by the strong interaction between Au 

atom and −SH group.81 Ag, Pd, and Pt coating on Au square sheets also induces a phase transformation 

from 2H to fcc.81 Surface energy minimization is also a key point regarding the epitaxial growth of 

nanostructures with the same lattice structure to basement, and the surface modification also induces 

phase transformation. For example, the 4H Ag, Pt, Pd, and their heterostructures10, 13, 18, 163 have been 

successfully synthesized. 
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3.3 Phase transformation models 
The mechanistic study of crystal phase transformations attracts numerous researchers. It can be 

described by electronic structure theories, Gibbs energy as aforementioned to cater the minimization of 

system energy, and it can also be described quantitatively by the micromechanics constitutive model.164 

The phase transformation mechanisms can also be described by crystallography, which focuses on 

nucleation and growth with different orientation relationships (ORs) and habit planes, including 

displacive transformations, diffusional transformations, and displacive-diffusional transformations 

(Figure 5).165 The displacive transformation occurs at high speed and shape change but no diffusion of 

atoms within the materials. In contrast, the diffusional transformation takes considerable time at a specific 

temperature to reconstruct, with changes in composition but no associated shape change. Also, there are 

some materials show the characteristics of both types of transformation, i.e., the long-range diffusion of 

the reconstructive diffusional transformation and the shape change of the displacive transformation. 

 

Figure 5. Phase transformation models for displacive and diffusional transformation. Displacive 
transformation models include the Bain model (Reprinted with permission from ref. 166. Copyright 2004 
Acta Materialia Inc), the two shear mechanism (Reprinted with permission from ref. 167. Copyright 2013 
IOP Publishing, Ltd), the phenomenological theory of martensite crystallography (PTMC), the strain 
energy model, and the topological model (Reprinted with permission from ref. 165. Copyright 2009 
Elsevier Ltd.). Diffusional models include the invariant line model, the edge to edge model (E2EM) 
model (Reprinted with permission from ref. 165. Copyright 2009 Elsevier Ltd.), the structural ledge 
models, and the coincident site lattice (CSL)/O-lattice theory (Reprinted with permission from ref. 168. 
Copyright 2022 the Authors). 
 

3.3.1 Displacive transformation models 
The displacive transformation models were developed in the past 150 years and aim to illustrate the 

internal mechanism based on atomic displacement. These models include the Bain model, the classical 
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Kurdjumov−Sachs−Nishiyama (KSN) model,169, 170 and the phenomenological theory of martensite 

crystallography (PTMC). From a strain energy point of view, the martensite transformation can also be 

well described by the Eshelby equations due to the similar lenticular plate product (Figure 5).171, 172 

Based on the surface dislocation, the topological model makes it possible to describe the actual atomic 

mechanism of martensitic transformation rather than the phenomenological one.173 

Initially, the proposed theoretical models are phenomenological. The simplest one is the Bain model 

with a 20% contraction along the [001] direction and a 12% expansion along the [100] and [010] 

directions (Figure 5), leading to the fcc phase transforming into bct or bcc phase.174 in situ HRTEM 

confirms the Bain path in Au nanocrystals, which undergo the direct tension and phase transformation 

from fcc to bct.161 

The classical KSN model169, 170 also proposes two shear mechanisms for the transfer of the fcc 

austenite (γ) to the bcc martensite (α) structure, where the first shear is assumed on the {111}γ plane in 

the <112>γ direction to form stacking of an hcp structure (ABABAB…) and the second shear is the 

transfer to the hcp structure from a plane normal to the {111}γ to {110}α plane of the bcc martensite 

product. HRTEM has revealed the KSN ORs.175 

Then two groups published the first general version of the theory of martensite phase transformation, 

called PTMC theory. Compared to the complex matrix algebra used to calculate the lattice transformation, 

PTMC is used to predict the crystallographic features based on the correspondence between the parent 

and product phases and the invariant plane strain as given by the matrix algebra,  

S = RBL 

where S is an invariant plane strain, Bain strain (B) and rotation (R) represent the orientation relationship, 

L is a simple shear leading to a total strain BL based on an undistorted line in the same plane as the 

lattice invariant strain L. The L ensure that the strain BL is an invariant line strain as shown in Figure 5. 

Based on the surface dislocations, the description of the boundary between two crystal lattices can 

be used to predict the crystallography of martensite. At first, it is still a phenomenological theory that 

does not represent the actual phase transformation at the atomic scale. Then the dislocation theory of 

martensitic transformation is extended to include nucleation, thermoelastic behavior, transformation 

plasticity, etc., which leads to the atomistic mechanism for the martensitic transformation possible 

attributed to the topological characteristics of interfacial dislocations. In 2007, Pond and co-workers 

developed an interface dislocation theory named “Topological Model” based on a habit plane consisting 

of terraces and step-type defects or disconnections,176 as shown in Figure 5. They clarified that “the 
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condition that must be satisfied for a habit plane in crystals free of long-range coherency stresses”, which 

can be present in,  

bztan2 θ + bytan θ = <h>εyy, 

where bz, by, εyy and θ are all defined in Figure 5, <h> = (hβ + hα)/2. This equation can be used to calculate 

the value of the inclination of the habit plane to the terrace plane, which is in complete agreement with 

that of the PTMC. 

 

3.3.2 Diffusional transformation models 
For diffusional transformations, unlike displacive transformations, the morphology of the product 

phase can have different shapes, including spheres, cubes, rods, plates, and laths, to minimize the 

interfacial energy between the matrix and the product. In most general cases, the product will be spherical 

in shape to reduce the ratio of surface area to volume. Therefore, a reproducible OR with matrix is not 

preferred. The parameter that controls the morphology and interfacial plane is the degree of atomic 

matching between matrix and product, and the higher degree of matching, the lower the interfacial energy. 

Various models have been developed to describe the crystallographic features of diffusional 

transformations based on the criterion of maximizing the degree of matching between matrix and product, 

including the invariant line models,177-182 structural ledge models,183-186 coincident site lattice (CSL)/O-

lattice theory187-189 and edge-to-edge matching (E2EM) models190-192 (Figure 5). These models have been 

extensively reviewed in the previous literature.165, 187, 193 

The invariant line model is based on minimizing the interfacial energy by minimizing the atomic 

misfit across the interface to reduce the elastic strain energy.177, 178, 194 This minimum atomic misfit can 

be realized by the invariant line in the interface, which is similar to PTMC. To generate an invariant line, 

the invariant line model introduces two types of rotation. First, a small rotation of angle θ is applied 

around a shared normal to a pair of parallel close-packed planes. If this rotation alone is not sufficient to 

achieve the desired transformation, an additional rotation angle φ is introduced about a common close-

packed direction within the close-packed plane. For example, the simple bcc to hcp structure 

transformation have different ORs via different rotations, including the Burgers OR and the Pitsch-

Schrader OR via θ rotation, and also the Potter OR via φ rotation.179 

The structure ledge models183-186 are also based on maximizing the atomic matching across the 

matrix/product interface. However, it is assumed that the maximization of atomic matching is more easily 

achieved between the closely packed or nearly closely packed parallel planes. To improve the degree of 

matching, instead of a planar interface, a stepped version was used to achieve a good fit (Figure 5). 
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The CSL or O-lattice theory is based on the same or very similar atomic sites being occupied by both 

matrix and product phases (Figure 5).187-189 These atomic sites are termed (near) coincident sites. Thus, 

the matrix phase and the product phase can be expressed as, 

x2=Ax1=RS2S-1 
1 x1, 

where x2 and x1 are the coordinates of the parent and product phases, A is the transformation matrix with 

three components, one is the rotation R, and the others are S1 and S2, which possess columns that are the 

base vectors of the parent and product lattice. The criterion is to find the optimal interface with a high 

density of (near) coincident sites. 

The E2EM model (Figure 5)190-192 proposes to match the atomic rows (closely packed or almost 

closely packed) in the interface of matrix and product to achieve the high degree of atomic matching and 

then reduce the interfacial energy. The models can be used to predict the ORs between the matrix and 

product phases. 

 

3.3.3 Diffusional−displacive transformation models 

The features of diffusional-displacive transformation include not only the shape change (feature of 

displacive transformation), but also long-range diffusion (feature of diffusional transformation). The 

models are similar to those above, except for the surface relief generated during the phase transformations. 

Several types of surface relief have been observed for diffusional−displacive transformations, such as 

single tilt, tent-like, and inverse-tent, as shown in Figure 6. The possible mechanisms for the formation 

of these surface reliefs are illustrated in Figure 7, including single tilt representing invariant plane strain 

(IPS) surface relief in martensitic transformation (a), tent-like resulting from single crystal structure (b), 

tent-like or inverse tent-like resulting from shearing in opposite directions (c), tent-like resulting from 

accommodation by slip in matrix (d) or product (e) which makes a small angel to the overall habit plane, 

and also the zero surface relief resulting from distributed slip in the product (f). The slip-based structural 

change mechanisms can be applied to all the different systems in diffusional−displacive transformations 

(including fcc−hcp, fcc−bcc and bcc−hcp). 
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Figure 6. Three types of surface relief in the “diffusional-displacive” transformation. (a) Single-tilt 
surface relief. (b) “Tent-like” surface relief. (c) “Inverse-tent” surface relief. Reprinted with permission 
from ref. 165. Copyright 2009 Elsevier Ltd. 

 

 

Figure 7. Illustrations for surface relief during the “diffusional-displacive” transformation. The product 
phase is shaded and the surface relief is indicated by the bold vertical lines. The double arrows indicate 
shear induced structural changes. (a) Standard single tilt invariant plane strain (IPS). (b) Back-to-back 
variants with opposing IPS shears. (c) “Tent-like” surface relief in a single crystal caused by opposite 
shears. Accommodation by slip in the matrix (d) and the product (e) on a slip plane with a small angle 
(5° to 25° to the habit plane) (f) Distributed slip in the product without surface relief. Reprinted with 
permission from ref. 165. Copyright 2009 Elsevier Ltd. 

3.4 Section summary 
Phase transformations can be separated by different features. The displacive transformations, 

diffusional transformations, and displacive-diffusional transformations are based on the mechanism of 

formation of the product phases, including nucleation and growth. Among these categories, displacive 
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transformations stand out due to their rapid structural changes, setting them apart from diffusional 

transformations, which do not involve atom diffusion over time. In contrast, diffusional transformations 

require a significant amount of time at a given temperature to undergo both reconstruction and 

compositional change. Unlike displacive transformations, diffusional transformations occur without 

accompanying shape alterations. However, some phase transformations exhibit features of both 

displacive and diffusional transformations, involving both long-range diffusion and structural shape 

changes. The models used to comprehend and describe these phase transformations have evolved over 

extended periods and continue to progress. A deeper understanding of these models, in combination with 

in situ TEM characterization, contributes to the advancement of phase transformation theories. 

4. in situ Characterization and modulation of phase transformation 
To modulate the phase in crystal materials, the driving force can be any external fields that can change 

the d-band occupancy state,112, 113, 195 temperature, and pressure.105, 116, 128 The commonly used external 

fields include mechanical strain,112, 196, 197 thermal hearing, electrical bias, optical, gas, liquid, and 

magnetic field, which cooperatively contribute to the overall stability of the densely packed transition 

metals.83, 118 These effects mainly influence the dynamic stability, spin state, and strain of crystal 

materials, leading to the phase transformations.83 Based on the Nanolab in TEM, the phase modulation 

can be achieved, the transformation process can be recorded in situ to uncover the actual atomic 

mechanisms for the phase transformation, and guide the phase modulation strategies to achieve property 

control in crystalline materials (Figure 8). The selected examples are given in this section to illustrate 

the in situ characterization and modulation of phase transformations. 
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Figure 8. in situ TEM for PEN including mechanical (Reprinted with permission from ref. 198. Copyright 
2021 American Association for the Advancement of Science), thermal (Reprinted with permission from 
ref. 75. Copyright 2019 Elsevier Inc), electrical (Reprinted with permission from ref. 199. Copyright 2013, 
Springer Nature Limited), gas (Reprinted with permission from ref. 200. Copyright 2023 Accounts of 
Materials Research), liquid (Reprinted with permission from ref. 201. Copyright 2022 Springer Nature 
Limited), optical (Reprinted with permission from ref. 202. Copyright 2022 The Author. Published by 
American Chemical Society.) and magnetic (Reprinted with permission from ref. 203. Copyright 2019 
WILEY-VCH) stimuli. 

 

4.1 Irradiation effect for phase engineering of nanomaterials 
To obtain the images by TEM, the interaction between the incident electrons and the samples, 

including atomic nuclei or electrons, is required. At high accelerating voltages (generally 60−300 kV), 

the irradiation damage is inevitable, especially for in situ experiments with long electron beam exposure 

time.204, 205 The general irradiation effects include two types. One is electron-nucleus scattering, which 

generally causes atom displacement (knock-on effect)206 and sputtering. The other one is electron-

electron scattering, which usually induces electrostatic charging, radiolysis, or electron beam heating. 

Since the 1940s, the damage of electron beam irradiation has been reported,205, 207 following a series of 

works reporting unique phenomena under electron beam irradiation,208-210 including phase 

transformation.211 
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For example, at 200 kV accelerating voltage, the electron beam heating effect dominates over 

knock-on damage or radiolysis damage.212, 213 The maximum temperature change under electron 

irradiation can be estimated by Fisher’s model,  

 

where I is the total beam current, κ is the thermal conductivity, R is the sample radius, r0 is the effective 

beam radius, γ is the Euler’s constant, and ∆E is the total energy loss of each electron in the sample of 

thickness d. The total beam current I = Jπr2 
0 , where J is the current intensity. Since the energy loss in the 

sample is small compared to the initial energy (200 kV), the term ΔE/d is equal to the stopping power of 

the electrons. The term dE/dx is calculated from the Bethe-Bloch equation, 

 

where N is the Loschmidt’s number and Eex is the excitation energy, which is approximately proportional 

to the atomic number Z. From the above equations, we know that the temperature rise is proportional to 

the beam current I, but inversely proportional to the thermal conductivity. 

It has been experimentally demonstrated that the electron beam induced heat can even be used to 

melt the submicron Al−Si alloy particles if the conductivity of the substrate is poor.214 Therefore, if the 

dose rate of the electron beam can be precisely controlled, the electron beam irradiation can be used to 

activate the phase transformation of nanomaterials, coupled with the knock-on effect206 and the size 

effect.215-217  

 

4.1.1 Nanoparticles 
Phase transformation can occur in larger nanostructures (more than several atomic layers) with the 

assistance of interface (Figure 9), which is related to the surface modification mechanism. Saleem et al. 

reported the size-dependent phase transformation of noble metal nanomaterials, including the phase 

transformation between 4H and fcc in Au, Pd, Ag, and PtPdAg.218 With the assistance of 4H/fcc interface 

and electron beam irradiation, the 4H and fcc phases can be converted into each other depending on the 

ratio of the size of the 4H monocrystalline nanoparticles to the diameter of the 4H Au nanodomains. 

Combined with the MD simulation and DFT calculations, the total energy of the fcc-4H sphere can be 

expressed as,  
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E = EB + ES + EI, 

where EB = εfccVfcc + ε4HV4H, ES = γfccAfcc + γ4HA4H and EI = γIAI are the bulk, surface, and interfacial 

energies of the fcc-4H sphere, respectively. Depending on the ratio of fcc to 4H and the diameter of the 

fcc-4H nanostructure, the nanostructure must be transformed into either 4H or fcc phase eventually by 

electron beam irradiation based on the energy minimization among these three energy forms. The critical 

ratio of the volume and size of the fcc-4H nanostructure is also demonstrated in their work.218 

 
Figure 9. Phase modulation by electron beam irradiation for fcc-Au nanoparticles on the surface of 4H-
Au nanorods. (a-c) TEM images revealing the phase transformation of single crystalline fcc-Au 
nanoparticles to 4H phase. (d) HRTEM of (c). (a1, d1) Fast Fourier transformation (FFT) patterns of the 
dashed squares in (a) and (d), respectively. (e-g) TEM images showing partial 4H-Au nanorods converted 
to fcc phase. (h) HRTEM of (g). (e1, h1) FFT patterns of the dashed squares in (e) and (h), respectively. 
(i-k) TEM images revealing the phase transformation of polycrystalline Au nanoparticles from fcc to 4H 
phase. (l) HRTEM of (k). (i1, k1) FFT patterns of the dashed squares in (i) and (l), respectively. The red 
dotted curves indicate the fcc-4H interfaces during phase transformation. Reprinted with permission from 
ref. 218. Copyright 2019 WILEY-VCH. 
 

4.1.2 Nanowires 
The phase transformations of noble metal crystals are also demonstrated by in situ TEM, which 

clearly reveals the size effects219 and the beam irradiation effect on the transition mechanism with real-

time process. The gold nanobridge fabricated by electron beam irradiation also contains hcp surface but 

fcc in the core region (Figure 4c).160 Ag nanowires with metastable 4H phase transfer to fcc phase,220-222 

which have different physicochemical properties.223 

 

4.1.3 Two-dimensional materials 
2D materials have also been observed to undergo the phase transformation under electron beam 

irradiation. For example, the (001) Au thin film can transfer to the (111) film under electron beam 
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irradiation when the thickness of the thin film is less than 2 nm, with the hexagonal lattice planes filling 

in the central area.11, 159 The phase transition between the carbon polymorphs (including diamond, 

graphite, fullerene, and even amorphous carbon) can be triggered by electron beam irradiation 

with/without additional heating and has already been experimentally demonstrated (Figure 10). For 

example, electron beam irradiation below 300 kV induces the transition of graphene to quasi-amorphous 

2D membrane, with in situ TEM observation showing the stepwise nucleation and growth of low-energy 

multivacancy structures (Figure 10a).224 While, below 80 kV, the graphene flakes are observed to transfer 

into fullerenes following the four critical steps, including the loss of carbon atoms at the edge, the 

formation of pentagons, the curving of the graphene into a bowl-shaped structure, and finally the zipping 

up to form a fullerene structure (Figure 10b).225 Conversely, amorphous carbon deposited on the 

graphene or h-BN can be transferred into graphene under 80 kV electron beam irradiation due to van der 

Waals interactions (Figure 10c).226 Interestingly, the graphitic carbon onions can even be transformed 

into diamond under electron beam irradiation and high temperature due to the high pressure inside the 

onion particles caused by the loss of C atoms (Figure 10d).227, 228. Similarly, under electron beam 

irradiation, the diamond can also be inversely transferred to the graphitic onions when the size effect is 

below 5 nm, but to the graphite layer with the size of about 20 nm (Figure 10e).229 
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Figure 10. Phase modulation of carbon polymorphism. (a) By 100 kV electron beam irradiation, 
graphene transfers to amorphous 2D sp2-bonded carbon membrane. Reprinted with permission from ref. 
224. Copyright 2011 American Physical Society. (b) Graphene transfer to fullerene under the exposure to 
80 kV electron beam irradiation. Reprinted with permission from ref. 225. Copyright 2010 Springer Nature 
Limited. (c) Fabrication of graphene from amorphous carbon supported on graphene using 80 kV electron 
beam irradiation. Reprinted with permission from ref. 226. Copyright 2012 WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim. (d) Transformation of graphite to diamond by electron beam irradiation. 
Reprinted with permission from ref. 228. Copyright 1999 American Institute of Physics. (e) Electron 
irradiation induced transformation of diamond to onion-like carbon. Reprinted with permission from ref. 
229. Copyright 2005 American Institute of Physics. 
 

Single layer MoS2 has been transformed from semiconducting (2H) to metallic (1T) using the in 

situ STEM technique.230 The single layer MoS2 has an initial 2H hexagonal lattice structure (Figure 

11a,b). Band structures are formed along two zigzag directions and finally a triangular 1T phase is formed 

under electron beam irradiation. Phase changes in 2D materials alter the physical properties such as 

electrical conductivity. Zheng et al. used focused electron beam irradiation to achieve phase patterning 

in 2D ReS2 and ReSe2.231 T’’ to T’ or T phase transition was observed during the electron beam irradiation. 

The electron beams can collapse the Re−Re bonds in the di- or tetramerized Re clusters along the beam 

exposure direction and reshape the diamond-shaped Re4 clusters (T’’) into zigzag Re2 chains (T’) (Figure 

11c). With the phase changes induced by electron beam irradiation, the conductivity measured by in situ 

TEM electrical study gradually increased up to tenfold (Figure 11d), providing a method for electrical 

contact engineering using electron beam irradiation. 
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Figure 11. in situ TEM study of 2D material phase changes under electron beam irradiation. (a) 
Sequential annular dark-field (ADF) images of 2H to 1T phase change in single layer MoS2. (b) 
Schematic illustrations of the 2H to 1T phase transition corresponding to the ADF images in (a). (a,b) 
Reprinted with permission from ref. 230. Copyright 2014 Springer Nature Limited. (c) STEM images of 
the 2D ReS2 phase transition from T’’ to T’ or T under electron beam exposure direction along a, b and 
a+b crystal directions, scale bars, from left to right, 2 nm, 1 nm, 1 nm, 1 nm, respectively. (d) Electron 
beam patterning and electrical contact engineering on of 2D ReS2, scale bar, 0.5 𝜇m. (c,d) Reprinted with 
permission from ref. 231. Copyright 2022 The Authors. Advanced Science published by Wiley-VCH 
GmbH. 
 

4.1.4 Section summary 
Since the invention of TEM, the interaction between the sample and the electron beam has been 

considered as a fundamental difficulty and limitation due to the mechanism of image formation in the 

TEM. The elastic interaction of the samples not only forms the images, but also creates the temporary or 

permanent changes in the samples. Apart from damage, it can also be considered as a stimulus for phase 

transformation, especially for nanomaterials. The current and electron dose in TEM can be well 

controlled to modulate the phase of nanomaterials, providing an important platform to investigate 

materials under extreme conditions for nuclear engineering and semiconductor technology. The 
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transformation process of nanomaterials acquired by TEM will facilitate the applications of PEN under 

irradiation conditions. 

 

4.2 in situ TEM mechanics for PEN 
Stress can be an important stimulus to modulate the phase transformations that are ubiquitous in 

crystalline materials. These phase transformations can even be used to enhance the mechanical properties 

of steel, e.g., transformation induced plasticity (TRIP) steel,232 and also the main feature of shape memory 

alloys. As early as 1955, the stretching mechanical tests of nylon and rubber ribbons were conducted in 

the electron microscope by Weichan.233 Then, Wilsdorf designed the TEM holder for thin film samples, 

with the capability of tension, compression, and torsion in TEM.234 These apparatuses enable the thin 

films to climb on the two substrates and the actuation by an electric motor to achieve the straining of the 

specimen,235, 236 However, the stability and resolution of these apparatuses are not sufficient for atomic 

observation in TEM. Nowadays, piezo-driven probes can be used to apply quantitative mechanical stress 

to the specimen with in situ high resolution observation in TEM. For example, scanning tunnelling 

microscopy (STM)-TEM holders have been used to introduce controllable stress to study the unique 

mechanical behaviours of micro/nanomaterials at atomic resolution.161, 237, 238 To obtain the quantitative 

description of micro/nanoscale materials, the nanoindentation and atomic force microscopy (AFM) tips 

have been integrated into TEM56, 239-241 Especially, with the development of focused ion beam (FIB) and 

micro-electromechanical system (MEMS) technique, the variety of punch tips, sample stages, and in situ 

MEMS have been integrated into in situ nanomechanics platforms, achieving the variety of mechanical 

tests in in situ TEM nanolab.56, 61, 242-247 The integration of TEM and these stages enables to acquire the 

quantitative strain−stress data, the real-time TEM images, and even the chemistry/bonding information. 

By providing precise local stress and strain information, these in situ observations enhance our 

understanding of how crystalline materials respond to external mechanical fields and aid in the design 

and engineering of materials with desired properties. In this section, we introduce several representative 

nanomechanics platforms integrated in TEM, including STM, nanoindentation, MEMS, and thermal 

bimetallic ring, and also use selected examples to demonstrate the great power of in situ TEM for PEN. 

 

4.2.1 TEM-STM holder-based nanomechanics platform 
Globally recognized as a pioneering endeavor, the first nanoscale manipulation experiment was 

conducted by Eigler and Schweizer to obtain the IBM logo by moving the xenon atoms on a nickel 

substrate using the STM technology.248 Afterward, the integration of STM technology into the TEM 
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chamber provides a new pathway to achieve the in situ observation of nanomaterials. Generally, the 

STM-TEM holder, equipped with a static sample stage and a precisely controlled probe, has been 

developed for atomic nanomechanics characterizations, as shown in Figure 12a.161 One end is a piezo-

operated STM probe where the sample is glued by silver paint, and the other end is a gold wafer which 

is used to weld the sample into the STM probe using cold welding phenomenon.249 Compression or 

tensile tests can be carried out when the STM probe approaches or pulls away from the gold wafer with 

the real-time TEM observation. The STM probe scanner can cover a very wide range of displacements 

from the picometers to millimeters, which can be employed to achieve the coarse sample orientation 

adjustment (millimeters) or accurate probe movement (picometers). The electrical contacts between the 

probe and the nanoscale interface can reach ultrahigh precise positioning. Besides, this STM probe can 

be coupled with other stimuli (including electrical bias or pulse)250 and MEMS under multi-field 

conditions (including thermal and electrical fields). Based on this multifunctional platform, a variety of 

in situ nanomechanic works has been performed (commercial holders such as Nanofactory and 

PicoFemto TEM-STM platform), as shown in Figure 12b.251-254 

 
Figure 12. (a) Schematics and photograph of the actual NanoFactory TEM holder with a movable probe 
to approach the loaded sample, and the TEM image of the SiNWs cantilevered on the substrate. Reprinted 
with permission from ref.255. Copyright 2013 IOP Publishing Ltd. (b) Double-tilt JEOL holder and single-
tilt ThermoFisher holder. Reprinted with permission from ref.256. Copyright 2016-2019 ZEPTools 
Technology. 
 

Tensile tests are among the most frequently conducted mechanical tests. To achieve the tensile 

deformation, in a typical experiment, the bulk sample is first sectioned to produce a clean fracture surface 

with numerous nanosized tips. Meanwhile, another fractured tip is loaded onto the probe side of the TEM 

holder. Then, the two nanoscale tips are welded together inside the TEM chamber by applying a voltage 

potential. At the moment of contact, the pre-applied potential can melt the tips to form a nanowire. 
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Subsequently, in situ tensile experiments are carried out by driving the active end of the 

nanomanipulation.257 Based on these platforms, sub-10 nm Au nanocrystals have been successfully 

modulated from fcc to bct phase by tensile strain (Figure 4d).161 Combined with MD simulations, the 

Bain transition mechanism was first verified by in situ experiments. Similarly, the bcc to fcc phase 

transformation via the Bain model in Nb nanowires was also recorded in situ (Figure 13),258 serving as 

one of three different mechanisms for the superplastic deformation in Nb nanowires. This indicates that 

PEN engineering can be used as an effective tool to modify the plasticity properties, even in materials 

traditionally considered to be relatively poorly deformable. 

 
Figure 13. in situ Tensile tests for Nb nanowires with phase transformation. (a) Pristine nanowire with a 
diameter of ~15 nm. (b) Accumulation of elastic strain in the nanowire caused the formation of the fcc 
domain, as marked by the pink dashed line. (c,d) Reorientation from the [100] zone axis to the [111] zone 
axis finally occurred following a bcc-fcc-bcc pathway, and the reoriented region increased with the 
migration of phase boundaries. The pink and cyan dashed lines represent the [100]bcc/[011]fcc interface 
and the [011]fcc/[111]bcc interface, respectively. (e-g) Corresponding FFT patterns showing the structural 
evolutions during the bcc-fcc-bcc phase transformation. (h) Schematic showing the change of atomic 
configurations during the phase transformation. (i,j) Phase transformation pathway of Nb nanowire can 
be described by Bain’s model. marked with the matrix (yellow), the fcc domain (pink), and new bcc 
(blue). Reprinted with permission from ref. 258 under a Creative Commons Attribution 4.0 International 
License. Copyright 2021 The Authors. 
 

Bending can also be easily performed with the TEM-STM platform. During the bending process, the 

ultrahigh stress and large surface image force in nanostructured materials can cause unexpected 

deformation phenomena, while the high surface energy of nanomaterials facilitates atom diffusion and 

structural reconstruction. For example, under high bending strains, the core-shell GeSi structure can be 
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modulated to the polycrystalline/amorphous phase in the Si shell region, but the Ge cores retain their 

single crystal status with the local lattice strains on the compressed side (Figure 14).259 

 
Figure 14. in situ Bending tests for Ge/Si core-shell nanowires with phase transformation. (a,b). 
Designed setups for in situ TEM bending of core-shell Ge-Si nanowires during (a) electrical or (b) 
mechanical measurements. (c,d) Tensile stress-strain curves recorded on an individual Ge/Si core-shell 
nanowire before (c) and after its first breakage (d), scale bars, 10 nm. (e) TEM images of a strained 
nanowire, showing local contrast under a 3.2% strain with MD simulation of the Ge/Si core-shell hybrid 
nanowire. (f) Force values recorded under bending to a 5% strain followed by nanowire reloading. 
Reprinted with permission from ref. 259. Copyright 2018 American Chemical Society. 
 

TEM-STM techniques with three-dimensional piezoelectric actuator have also been widely used to 

simulate the shear deformation process in the TEM holder. One approach is to mimic the sliding against 

the surface of specimen through the nanoprobe. Another approach is to achieve in situ nanoscale “cold 

welding” in the TEM holder and then move the probe sideways to induce pure shear deformation.242 

Using TEM-STM technology, Zhu et al. observed extreme shear plasticity of coherent twin boundaries 

in gold nanocrystals dominated by sliding up to 364% strain.260 Chen et al. systematically investigated 

the atomistic annihilation mechanism of nanograins embedded in a gold nanocrystal during shear loading 

via in situ TEM-STM technology. They found that the grain annihilation process mainly proceeds by the 

dislocation annihilation process, which induces grain rotation and the occurrence of the opposite grain 

boundaries.261 

 

4.2.2 Nanoindentation-based technology for in situ nanomechanics 
Nanoindentation262 based in situ TEM technology is derived from the instrumented indentation 

technique where a tip is forced into a flat surface to measure the force and displacement. The traditional 

indentation technique can provide the quantitative value of hardness, elastic modulus, and even yield 

stress. Although it cannot directly observe the plastic deformation process, the step-like and 
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discontinuous curve obtained during the loading tests also represents the intrinsic plastic deformation.263 

However, integrated into TEM, technological advances give us the opportunity to achieve direct 

observation during the deformation process. And with the high resolution of TEM, it is possible to access 

the atomic resolution to image crystalline phase transformation and defect evolution during the 

deformation process. At the end of the last century, researchers developed several holders to study the 

plasticity mechanism of metallic materials using the precise positioning capabilities of the piezoelectric 

stacks and tubes.264-266 Figure 15a shows the typical nanomechanical sample holder from Bruker 

Hysitron. Different from the TEM-STM system, the PI 95 holder is equipped with a load sensor to obtain 

load−displacement curves in real time. The noise floor for such device has been declaimed to be less than 

0.5 N, and the maximum accessible loads are basically less than 10 mN. The sample holders mainly 

include two types, sample and tip moving part. According to the specific samples being examined, 

various tip geometries can be employed, such as Berkovichm, Vickers tip, truncated cone, or wedge. For 

example, the wedge type tip is usually used for thin section to avoid sample sliding during compression 

deformation.262 The sample geometry for nanoindentation based in situ TEM experiments mainly 

includes nanowire,267 nanoparticle,161 nanopillar,268, 269 and nano-sized thin film materials.270 In addition, 

customized punch tips198 (e.g., tensile gripper as shown in Figure 15b) and sample geometries271, 272 

(push-to-pull geometry as shown in Figure 15c) can be prepared by FIB fabrication and integrated with 

the nanoindentation platform to perform tensile tests. Different types of MEMS chips actuated by 

nanoindentation tips also provide many more possibilities for the in situ nanomechanics TEM lab, such 

as push-to-pull (PTP) devices245, 247 and electrical PTP as shown in Figure 15d-f.273, 274 The PTP device 

contains a fixed part and a movable part. The sample can be clamped in the region labelled by the red 

rectangle in Figure 15d. Tensile tests can be performed by pushing the indenter tip against the 

semicircular part of the PTP device indicated by the yellow arrow in Figure 15d and the 

load−displacement curve is recorded by the sensors integrated in the TEM holder.56 In addition to tensile 

test,275 in situ friction tests are also available with the integrated lateral sensor.276, 277 The tip can also be 

gold-coated for electrical tests coupled with mechanical tests. 



37 
 

 
Figure 15. Nanoindentation-based technique for in situ nanomechanics. (a) TEM holder from Bruker 
Hysitron with zoomed in head part. Reprinted with permission from ref. 278. Copyright 2018 Springer 
Nature Singapore Pte Ltd. (b) FIB-prepared tensile gripper. Reprinted with permission from ref. 198. 
Copyright 2021 American Association for the Advancement of Science. (c) FIB-prepared push-to-pull 
geometry sample. Reprinted with permission from ref. 271. Copyright 2016 American Physical Society. 
(d) Push-to-pull (PTP) device. Reprinted with permission from ref. 245 under a Creative Commons 
Attribution 4.0 International License. Copyright 2020 The Authors. (e) PTP device integrated with four 
points electrode. Reprinted with permission from ref. 279. Copyright 2015 American Chemical Society. 
(f) PTP device with different geometry designs. Reprinted with permission from ref. 274. Copyright 2009 
Society for Experimental Mechanics. 
 

A well-known experiment for examining the mechanical characteristics of materials at micro- and 

nanoscale length scales is the micropillar compression test. The in situ compression test conducted in the 

TEM chamber enables real-time visualization of various deformation-induced phase transformation 

phenomena. By fabricating a core/shell crystalline Si/amorphous Si sample to avoid early cracking 

during in situ TEM uniaxial compression, the deformation-induced crystalline-to-amorphous transition 

(CAT) by slip-mediated generation and storage of stacking faults (SFs) in silicon is clearly recorded, as 

shown in Figure 16a.280 The mechanical loading also triggered the phase transformation from 4H to 3C 

in SiC.269 The shape memory effect of NiTi alloy is known to occur as a result of reversible martensitic 

phase transformation. To explore the stress-induced martensitic phase transformation mechanism at the 

nanometer scale, a nanopillar compression test inside TEM is used to study the deformation behaviour 
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of NiTi. The results reveals that the stress-induced B2 to B19’ transformation persists even when the 

critical sample size is reduced to below 200 nm (Figure 16b), thereby expanding the potential 

applications of shape memory alloys in micro/nanodevices.281 

 
Figure 16. The in situ observation of (a) the compression-induced crystalline-to-amorphous transition. 
and (b) the martensitic phase. (a) Reprinted with permission from ref. 280 under a Creative Commons 
Attribution 4.0 International License. Copyright 2016 The Authors. (b) Reprinted with permission from 
ref. 281. Copyright 2009 Elsevier Ltd. 
 

in situ TEM uniaxial compression on nanopillars is a typical method to induce a shear strain 

component. Since the shear stress can be calculated with the specimen orientation and slip plane 

orientation, this type of method provides an effective quantitative way to study the deformation process 

associated with shear stress. Traditionally, solid amorphization usually happens under special conditions 

such as melt quenching, irradiation, impact loading, and severe plastic deformation. An in situ TEM 

uniaxial compression experiment for silicon crystals was reported to induce shear-driven solid 

amorphization.282 With the increase of applied compressive stress, the nanopillar displayed localized 

deformation instead of uniform deformation. Shear-driven amorphization of single Si nanocrystals was 

further achieved within a dominant shear band. Different from the traditional direct transformation from 

the parent crystalline phase to amorphous by defect accumulation, they found that the intermediate 

crystalline phase formed in the strip is diamond-hexagonal with a 2H polytype of diamond-cubic with 

the stacking sequence …AaBbAaBb… along the <111> direction before amorphization (Figure 17a-
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d).282 This kind of atomic phase transformation mechanism facilitates the development and application 

of PEN. 

 
Figure 17. The in situ observation of the shear-induced phase transformation in silicon crystals via 
nanoindentation-based technology. Reprinted with permission from ref.282. Copyright 2016 Springer 
Nature Limited. 
 

4.2.3 MEMS-based technology for in situ nanomechanics 
MEMS actuated by thermal or electrical stimuli represent another important approach to conducting 

in situ nanomechanics tests in the TEM chamber. Using MEMS, tensile, shear, bending, and compression 

tests can be easily performed in TEM along with quantitative mechanical properties of the specimen.283 

During mechanical tests, MEMS setups are ideal experimental platforms to observe the microstructure 

evolution at the nanometer and even atomic scale during the deformation process, facilitating a thorough 

understanding of the defect mechanism. Moreover, MEMS can be further developed as a multifunctional 

platform after integration with thermal, gas, and electrical stimuli, displaying the broad application 

potential of in situ TEM technology.284 

Tensile test is the most straightforward experiment for characterizing mechanical properties. The 

typical normal macroscale testing machine consists mainly of an actuator, sensor, and specimen grips. 

However, performing such tests in the TEM chamber is quite challenging due to the limited space and 

nanoscale sample size. To successfully integrate MEMS chips into TEM, MEMS-based actuation and 

loading sensors have emerged as excellent candidates. MEMS devices can be classified into three 

different types, external actuation and loading sensing, external actuation and on-chip load sensing, and 

on-chip actuation and load sensing.285 For the first type of MEMS, it is generally combined with 
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nanoindentation as mentioned above (Figure 15c-f). The force and displacement of the sample must be 

calculated from the nanoindenter signals, and the elastic response of the push-to-pull structure must be 

carefully considered. In the second type, the MEMS platform is stretched by an external piezoelectric 

actuator that is either hooked286 or glued287 to the gripping pad. The force is obtained by calculating the 

deflection of the sensor beam, as shown in Figure 18a.288 In the third type (i.e., MEMS based on on-chip 

actuation), the most widely employed mechanism is electrostatic and thermal actuation, as shown in 

Figure 18b,c, respectively.283 The comb-drive actuator is popular for electrostatic actuation due to its 

constant force generation over a wide displacement range.289 Thermal actuation mainly includes the V-

shaped and Z-shaped types.290, 291 These MEMS-based approaches for in situ tensile testing can provide 

accurate force−displacement data and mechanical properties at the nanoscale. For instance, a study by 

Sheng et al. used a Hysitron PTP device to convert the compressive motion of the indenter into tensile 

loading in the TEM. They studied the transformation dynamics from β/ω phase to α’ phase in a TiZrCuBe 

metallic glass composite. The phase transformation produces preferential sites for shear banding 

nucleation during deformation.292 Similarly, in another experiment, the superelasticity of VO2 nanowires 

induced by phase transformation was studied using the PI 95 PicoIndenter coupled with a Hysitron PTP 

device (Figure 18d). The in situ TEM observations demonstrate that the pre-existing M2 phase can act 

as an initiation site during the M2 phase motion and promote the M1−M2 phase transition. The 

transformation process between M1 and M2 phases was found to be uniaxial and reversible (Figure 

18e).293 These studies provide insights into the mechanisms underlying phase transformations and the 

effects of PEN on the mechanical properties of nanomaterials. 
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Figure 18. The typical MEMS devices for in situ TEM mechanics. (a) External actuation-based MEMS. 
Reprinted with permission from ref.288. Copyright 2004 The National Academy of Sciences. (b,c) On-
chip actuation-based MEMS. Reprinted with permission from ref.283. Copyright 2020 The Materials 
Research Society. (d,e) in situ Observation of the phase transformation-induced superelasticity via the 
PTP device and the reversible phase transformation process. Reprinted with permission from ref.293. 
Copyright 2011 American Chemical Society. 
 

Shear deformation behavior at the material surface is of great interest to scientists for a deeper 

understanding of tribological properties. During tribological deformation, the surface experiences 

significant plastic strain and in situ TEM technology provides a unique opportunity to directly observe 

the internal structure evolution and phase transition during shear deformation. However, compared to 

tensile and compression studies, in situ shear investigations are relatively limited. In fact, shear 

deformation can also occur during plastic deformation processes caused by tension, compression, or 

bending. In 2012, Sato et al.294 developed an electrostatically driven MEMS specimen holder for TEM 

that allows precise control of atomic displacement. By employing electrostatic actuators in MEMS 

devices, the charging drift and thermal drift issues associated with previous piezoelectric actuators can 

be avoided or significantly suppressed. The proposed MEMS device (Figure 19a) brings two opposing 

tips into contact to form a nanojunction where a shear force can be applied. The shear force is calculated 

by the product of the stiffness and the displacement difference before and after the junction is formed. 
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The decreased displacement was considered as the stiffness of the nanojunction. Based on this technique, 

atomic-scale stick-slip phenomena were successfully visualized during the deformation process of the 

Ag asperity in Figure 19b. In 2021, Lu et al. utilized Lorentz force induced by electric current to achieve 

the quantitative friction test in TEM.295 Taking advantage of the strong magnetic field in the TEM 

chamber, when an electric current flows through the punch of the commercial electromechanical holder, 

it experiences a Lorentz force. This force causes the punch to deflect vertically in the loading direction 

of the specimen holder, enabling in situ TEM Ag-W friction experiments as shown in Figure 19c-d. The 

Lorentz force based actuator can effectively improve the mechanical stability as it is linearly proportional 

to the input current. 

 
Figure 19. in situ MEMS-based shear deformation technique. (a-b) Electrostatically driven MEMS 
method for Ag−Ag asperity study. Reprinted with permission from ref.294. Copyright 2012 IOP 
Publishing Ltd. (c-d) Lorentz force driven MEMS method for Ag-W asperity study. Reprinted with 
permission from ref.295. Copyright 2021 Elsevier. 
 

In addition to the loading method, another challenge is to achieve double-tilt MEMS holders in the 

TEM chamber due to space limitations and operational difficulties. To address this issue, researchers 

have made considerable efforts to develop double-tilt holders using thermal-based actuation methods and 

electrostatic comb-based actuation mechanisms. Rodrigo designed a double-tilt in situ TEM holder with 

9 electrical connections, enabling tilting of up to ±15°.296 The main components of the holder tip are a 

frame and a tilting table supported by the frame, which rotates around the eucentric axis. As the bar 

moves back and forth against the incline, the tilt table rotates. A torsion spring maintains contact by 

pushing the tilt table against the push bar. The relationship between the linear displacement of the bar 
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and the rotation of the table is determined by the geometry of the incline and the radius of the tip of the 

bar (Figure 20a).296 However, thermal drift remains an unavoidable problem in the tensile test 

experiments in these works. To address the issue of thermal drift, an electrostatic comb-based actuator 

has advantages over a thermal-based actuator method. Yang et al. designed and developed an 

electrostatically actuated double-tilt in situ TEM tensile device with an angle tilt within 10° and effective 

tensile displacement up to 1 µm (Figure 20b).297 However, the electrostatic comb-based actuator faces 

challenges in achieving large tensile forces and displacements due to the limited space available in 

standard double-tilt holders. 

 
Figure 20. The double-tilt MEMS holders based on (a) thermal actuator method and (b) electrostatic 
comb actuator. (a) Reprinted with permission from ref 296. Copyright 2015 Elsevier B.V. (b) Reprinted 
with permission from ref 297. Copyright 2018 Elsevier B.V. 
 

4.2.4 in situ TEM mechanical technology based on difference in thermal expansion 
The utilization of commercial in situ TEM loading approach or MEMS allows researchers to obtain 

quantitative stress and strain results. However, these traditional loading methods also have certain 

drawbacks. Due to the uncontrollable mechanical vibration, atomic resolution is difficult to access during 

the in situ loading process, which limits the observation of microstructure evolution and phase 

transformation. In addition, most of the mechanical testing device in TEM can only provide the choice 

of single-tilt holder, which makes it difficult to observe some planar defects with specific crystallographic 
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orientation. To characterize the atomic scale bending deformation in semiconductor and metallic 

nanowires, Wang et al. randomly spread the nickel nanowires on a pre-broken colloidal thin film (CTF) 

on a TEM specimen grid, and then designed a nanowire controllable bending experiment by introducing 

an expansion of the colloidal thin film under the irradiation of the electron beam, as shown in Figure 

21a. The introduced mechanical strain drove the reversible continuous phase transformation from fcc 

phase to bct phase in Ni nanowires and the atomic scale observation was achieved with this technique, 

as shown in Figure 21b.298 With the similar approach, a large strain (up to 14%)  was achieved during 

the bending of Si nanowires. The continuous strain on the Lomer dislocations induced a 

crystalline−amorphous phase transition in the Si nanowires.299 In another bending experiment conducted 

on single crystalline Si nanowires, it was observed that the increase in bending strain led to the occurrence 

of ripple-buckling and the shit of the neutral-strain axis from the compressive zone to the tensile region. 

The bending is accompanied by frequent and diverse dislocation events such as nucleation, motion, 

interaction, and annihilation, resulting in inelastic instability and early plasticity in brittle Si nanowires.300 

Based on the thermal bimetallic technique used in TEM, as shown in Figure 21c, Han et al. developed 

a novel in situ controllable tensile testing device for TEM measurements that can slowly and controllably 

deform the nanowires, nanoparticles, and nanocrystalline thin films.301-309 Their method allows the 

measurement of regular TEM samples with the assistance of FIB fabrication. Importantly, this approach 

retains the double-tilt capability to perform high-resolution TEM observations310-314 as well as regular 

“two-beam” dark-field imaging investigations, which is critical for defect analysis. The strain rate is in 

the range of 10−2 to 10−5 s−1. The TEM extensor consists of two thermally actuated bimetal strips. With 

this device, the investigations of PEN can be conducted and observed in real time at the atomic scale.57, 

306 For example, continuous phase modulation of single crystalline Ag nanowires was achieved by 

compression-induced bending strain in a spherical aberration-corrected TEM. During the in situ 

experiment, the process of transition from fcc structure to bcc structure, followed by hcp structure, and 

finally to reoriented fcc structure under bending was clearly observed, as shown in Figure 21d.243 Using 

the similar technique, the deformation-induced phase transformation in Au nanoribbons from 4H to fcc 

phase was observed to result from the activated partial dislocations nucleating at the nanoribbon surface 

and gliding into the nanoribbons. At the last deformation stage, the reverse phase transformation process 

from fcc to 4H is further observed.196 Besides the noble metal materials, the deformation behavior at the 

crack tip of nano-sized bcc single crystalline Mo were also studied. For the first time, the bcc to face-

centered orthogonal (fco) transformation and the layer-by-layer growth mode in fco Mo were recorded.302 
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The atomic level observation of PEN is an essential step to tailor their physicochemical properties with 

desired phase structure and then broaden their practical applications. 

 
Figure 21. (a) in situ Bending deformation via pre-broken colloidal thin film. (b) Observation of the 
reversible phase transformation in Ni nanowires. Reprinted with permission from ref. 298 under a Creative 
Commons Attribution-Non-commercial-ShareAlike 3.0 Unported License. Copyright 2013 The Authors. 
(c) The thermal bimetallic technique. Reprinted with permission from ref. 304. Copyright 2018 Acta 
Materialia Inc. (d) Observation of the Ag nanowire phase transformation via the thermal bimetallic 
technique. Reprinted with permission from ref. 243. Copyright 2022 American Physical Society. 
 

4.2.5 in situ TEM high temperature mechanical test 
The MEMS-based heating chip can be easily coupled with other applied physical or chemical factors 

such as mechanical, electrical, liquid, gas, optical, and magnetic fields to achieve further capabilities and 

functionalities. For example, the integration of the in situ heating platform and the mechanical testing 

system in the TEM enables to reveal the atomistic mechanisms for the high-temperature mechanical 

behavior of high-temperature materials. During in situ thermomechanical testing, thermal and vibration 

induced drift is a long-term issue. Although some new drift correction approaches, both hardware and 

software, have been developed, it is still difficult to acquire the strain−stress results continuously during 

heating.315, 316 Temperature measurement under TEM observation has also been a persistent and 

challenging problem over the years. The accuracy of temperature measurement directly affects the 

reliability of the thermodynamic and kinetic information obtained. In 2006, Huang et al. achieved high-

temperature nanomechanical testing of CNTs through the integration probe-based method and 

controllable Joule heating in TEM during tensile deformation.317 A remarkable superplasticity of over 

280% was observed in CNTs before fracture, which was attributed to the nucleation and movement of 

kinks within the nanotube structure. Wang et al. designed and developed a multifunctional microchip 

incorporating actuators, sensors, micro-heaters, and electrode318 to achieve both gradient and uniform 
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temperature fields in the sample area. The utilization of MEMS enables precise measurement of 

elongation and force up to 950 K in the TEM chamber.318 For example, in 2019, Cheng et al. employed 

a newly developed MEMS technology to conduct nano-thermomechanical tensile testing in TEM on Si 

nanowires and found that Si exhibited pronounced dislocation-mediated plastic deformation followed by 

fracture at elevated temperatures, which is different from the general brittle nature of Si nanowires at 

ambient temperature.319 In 2021, Zhang et al. introduced a thermomechanical testing device capable of 

operating inside the TEM at high temperatures up to 1556 K with atomic resolution imaging capabilities, 

as shown in Figure 22a. The device mainly contains two essential parts, the temperature control part and 

the deformation application part. To provide a heating source and serve as the temperature monitor, Pt 

heating circuits were placed at both ends of the sample. The applied force and displacement were driven 

by a zirconate titanate (PZT) actuator, achieving a resolution of 5 nN and a step size of 0.1 nm, 

respectively.320 Using this technology, the nucleation and propagation process of the crack was observed 

in W at 973 K. Moreover, the deformation-induced bcc to fcc phase transformation in single crystal W 

was achieved at the crack tip with atomic resolution (Figure 22b). The phase transformation was 

considered to enable the elimination of deformation energy and the reductions of local stress 

concentrations,320 indicating the potential role of PEN in the design of high-impact resistant materials in 

the future. 
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Figure 22. (a) in situ TEM high-temperature mechanical testing system.320 (b) Observation of the stress 
induced bcc-fcc phase transformation in single crystal W during high temperature testing. Reprinted with 
permission from ref. 320 under a Creative Commons Attribution 4.0 International License. Copyright 2021 
The Authors. 
 

4.2.6 Section summary 
in situ Nanomechanics in TEM has undergone a long development with more and more stability and 

variety of loading setups for different mechanical tests, including TEM-STM holder-based 

nanomechanics platform, nanoindentation-based technology, MEMS-based nanomechanics technology, 

various home-made setups, and coupled with high-temperature apparatus. The TEM-STM holder 

provides the stable loading process for high-resolution images, and it can be easily coupled with other 

fields (e.g., temperature and electrical) by applying electric current through probes. Nanoindentation-

based technology equipped with piezo transducers allows quantitative characterization of mechanical 
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tests. MEMS-based nanomecahnics technology utilizes microfabricated devices with integrated 

mechanical actuators and sensors. These devices enable precise control and measurement of forces and 

displacements, offering a versatile platform for in situ mechanical testing. The in situ TEM mechanical 

tests based on differential thermal expansion can easily achieve double-tilt for characterization of 

different zone axes. The performance of crystalline materials at elevated temperatures can be easily 

investigated with high temperature apparatus, providing insight into their thermal stability and diffusion 

kinetics, as well as their mechanical properties under extreme conditions. These nanomechanics setups 

also enable the different loading modes for comprehensive characterization of the mechanical properties 

of nanomaterials, such as direct tensile tests, compression tests, shear tests, et al. In particular for phase 

modulation by mechanical loading, in situ mechanical TEM allows researchers to observe and record the 

behavior of materials at the atomic level during mechanical loading in real time. This provides valuable 

insights into the mechanisms of phase modulation caused by mechanical loading. The data obtained from 

these experiments not only contribute to a better understanding of fundamental aspects of material 

behaviour, but also serve as a guide for the design of high-performance materials. Furthermore, this 

knowledge opens up the possibility of tuning physicochemical properties by PEN. 

 

4.3 in situ TEM thermal engineering for PEN 
Increasing temperature results in significant entropic contributions to the total system energies, which 

generally lead to phase transformation to lower the system energy. The vibration of phonons is one of the 

main driving forces related to the thermally induced phase transformation, along with enhanced atomic 

diffusion to overcome the large energy barrier. Therefore, annealing is widely used to manipulate the 

packing modes for crystalline materials. The in situ heating TEM provides an effective tool with spatial 

and chemical resolution to achieve the real-time phase modulation process at high temperatures to 

understand the atomic phase transformation mechanism for PEN. Typically, the heating holder is 

equipped with an electrical wire or a MEMS chip.321-323 The typical commercial MEMS-based in situ 

heating TEM holder, e.g., DENS Wildfire holder, is shown in Figure 23a.324 Compared with the 

traditional hotplates, MEMS technology can minimize the heater and significantly decrease the power 

consumption, which facilities faster response speed, wider temperature adjustment range, and higher 

heating uniformity.325 Generally, the microheater consists of a silicon substrate with a thermally 

insulating dielectric thin film layer, e.g., amorphous silicon nitride or carbon support films. The electric 

current passing through the heating area of the MEMS chip produces Joule heating via a voltage or 

current source and is transferred to the specimens. The overall structural design of the in situ heating 
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MEMS chip can be divided into four types, with the microheater installed on the substrate,326, 327 on an 

open or closed membrane,328-330 or on a cantilever,331, 332 as shown in Figure 23b. Metal materials, e.g., 

molybdenum (Mo), are widely used in micro-heaters due to the excellent stability, low expansion 

coefficient, and excellent corrosion resistance at high temperatures. Various metal micro-heater 

geometries have been developed, such as S-shaped, circular spirals, curved corners, double spirals, and 

meanders, for better temperature homogeneity in the functional area, as shown in Figure 23c.333, 334 

 
Figure 23. (a) Schematic of the in situ heating DENS Wildfire holder. Reprinted with permission from 
ref 324. Copyright 2017 Oxford University Press. (b) The overall structure design.326, 327, 329-332, 335 (c) 
Microheater geometries for in situ TEM heating MEMS.328, 333, 334 
 

4.3.1 Nanoparticles and nanowires 
Noble metal nanomaterials, e.g., Au, Ag, Pd, Pt, Rh, and Ir, with different shape, composition, and 

phase structure, show unique properties for surface enhanced Raman scattering (SERS), catalysis, and 

clean energy applications. Bulk noble metals typically exhibit a highly symmetric fcc structure. However, 

when the feature size is reduced to the nanoscale, the crystal structure can change due to the influence of 

surface energy, especially under thermal effect. in situ TEM heating technology allows atomic 

observation of the thermally modulated phase transformation process.336-345 For example, Au 

nanoparticles exhibit the fcc phase at room temperature. Recently, an unusual metastable hexagonal (4H) 

phase has been synthesized which show promise for plasmonic and catalytic applications. By in situ 

heating, the 4H phase can be modulated back to the fcc phase, and the critical transformation point is at 

800 K, which is much higher for normal applications. These investigations demonstrated the thermal 

stability of the 4H phase in Au nanoribbons and guided the applications of 4H Au nanoribbons (Figure 

24a).75 Similarly, in 2023, Jiang et al. achieved the phase modulation of PdCu nanoparticles from fcc 

phase to bcc phase via in situ TEM heating method, as shown in Figure 24b.337 It is revealed that the bcc 

phase always forms a discrete, few-atom-wide coherent bcc-fcc interface at the edge of the fcc 

nanoparticles and propagates across the nanoparticles from there. The interface always serves as a 



50 
 

transitional precursor phase for the formation of bcc phase.337 Because the fcc-to-bcc phase transition is 

widely used in the production of durable steels,165 shape memory alloys,346 and catalytic materials,347 the 

dynamic study of the phase transition enabled by in situ TEM technology can effectively guide the 

material synthesis and modification.  

 
Figure 24. (a) Thermal effect induced 4H to fcc transition in Au nanoribbons. Reprinted with permission 
from ref. 75. Copyright 2019 Elsevier Inc. (b) The process of the fcc-to-bcc phase transition in PdCu alloy 
nanoparticles. Reprinted with permission from ref. 337 under a Creative Commons Attribution 4.0 
International License. Copyright 2023 The Authors. (c) The formation of monatomic metallic glasses 
induces by ultrafast liquid quenching. Reprinted with permission from ref. 348. Copyright 2014 Springer 
Nature Limited. (d) Observation of the directional crystallization process of amorphous Fe nanowire in 
CNT. Reprinted with permission from ref. 349. Copyright 2015 American Chemical Society. 
 

In combination with the TEM platform, the in situ heating technology demonstrates extensive 

practical applications, including quenching, ultrafast heating, and cyclic heating. Traditionally, 

monatomic metallic liquids are very difficult to form metallic glass due to their extremely low glass-

forming ability resulting from fast nucleation and crystal growth kinetics. In 2014, Zhong et al. reported 

an ultrafast liquid quenching approach in TEM to observe the formation of monatomic metallic glasses 

(Figure 24c).348 They fabricated two nano-tips with clean surfaces in contact with each other. Then, a 
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short square electrical pulse was used to produce local Joule heating to melt the extrusion tips. 

Consequently, the instantaneous stopping of the electrical pulse caused the local heating to dissipate 

rapidly, achieving the ultrahigh cooling rate of about ~1014 K/s in the middle area. The ultrahigh cooling 

rate supported by in situ TEM technology can reach the deep quenching and become an effective tool to 

explore the fast kinetics and formation mechanism of metastable materials under conditions far from the 

equilibrium.348 Similar fast heating/cooling was used to observe the amorphization and directional 

crystallization behavior of Fe in hollow CNTs. The CNT nanocrucibles provide a unique platform to 

investigate the size related phenomena. Due to the local cooling effect, the Fe nanowire close to the 

electrode still retains the crystalline structure. The remaining crystalline Fe phase can act as the 

nucleation seed to achieve directional crystallization under a constant bias, as shown in Figure 24d.349 It 

indicates that the unique and highly controllable thermal process enabled by the in situ TEM heating 

technology provides wide opportunities to fabricate various novel phase structures for practical 

applications. 

The in situ TEM heating techniques also facilitate the study of nanoscale growth and degradation 

phenomena. The heating rate plays an important role in improving the densification of ceramics, as the 

coarsening phenomenon is suppressed by using a high heating rate. Therefore, various ceramic sintering 

techniques, including flash sintering and ultra-fast high-temperature sintering, are applied to achieve high 

heating rates. However, they cannot provide micro/nanoscale resolution to observe the sintering process 

and mechanism. Phuah et al. achieved an ultrahigh heating rate of up to 1200 K/s to investigate the 

sintering process using in situ TEM heating technology. It was found that the ultrahigh heating rate 

significantly benefits the densification of 3 mol.% Yttria (Y)-stabilized zirconia (ZrO2) nanoparticles.350 

Macroscale Bi2Sr2Can–1CunO2n+4+x (BSCCO) nanowires were previously reported to be grown using 

glassy Bi-rich BSCCO precursor seeded with Al2O3 powder. In 2014, Boston et al. first observed the 

growth mechanism of quaternary metal oxide nanowires using a TEM equipped with an in situ heating 

stage.351 It was found that the sites on the rough surface of the porous matrix can play the role of micro-

crucibles, driving the metal oxide nanowire growth at high temperature.351 

 

4.3.2 Structural, energy and semiconductor materials 
For a wide range of metallic structural materials, heat treatments have a profound effect on the 

intrinsic microstructure and mechanical behavior as a result of elemental redistribution, phase transition, 

or precipitation phenomena. However, conventional in-furnace heat treatments for structural evolution 

studies are fragmented and time-consuming as they need to be conducted on a number of different 
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specimens. The in situ heating TEM approach provides the potential to study the microstructure and 

composition evolution at the atomic level.352-357 Two-phase Ti-based alloys, consisting of the low-

temperature hcp α-phase and the high-temperature bcc β-phase, are widely used in aerospace and 

biomaterials. Through the in situ heating TEM technique, the atomic scale observation of nucleation-

mediated phase transformation in the Ti-Mo alloy was achieved, as shown in Figure 25. The phase 

transformation experienced a complicated process, starting from a disordered hcp to a metastable hcp 

superstructure, followed by a transition to a bcc superstructure, and finally resulting in a disordered bcc 

configuration.352 PEN is widely used in the design and development of advanced metallic alloys. 

Understanding of the nucleation and transition mechanism through in situ technology is critical to 

developing microstructures with the desired mechanical properties.  

 
Figure 25. in situ Observation of the nucleation process from hcp to bcc phase transition in Ti−Mo alloy. 
(a) HRTEM images at 0 s, 10 s, and 17 s, showing the atoms movement and formation of periodic 
intermediate state, with corresponding zoom in figures and FFT patterns in (b). (c) HAADF images 
showing atomic structure transformation during in situ STEM heating experiments. Reprinted with 
permission from ref. 352. Copyright 2016 Springer Nature Limited. 
 

Besides metallic materials, in situ TEM can be used to monitor the formation, evolution, and 

degradation of electrocatalysts. Solar cells based on lead halide perovskite have attracted much attention 

due to their low fabrication cost and high efficiency. However, the instability of the solar cells has 

emerged as a major challenge. When exposed to temperatures above ~85 ℃, the devices undergo rapid 

degradation. In 2016, Divitini et al. first observed the heat-induced degradation process in perovskite 

solar cells using in situ TEM heating technology. The high stability, fast response, and outstanding precise 
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control of novel in situ heating holders based on MEMS microheaters are crucial for EDS analysis. They 

observed the migration path of iodine and lead and identified the relationship between the formation of 

PbI2 at the fluorine-doped tin oxide (FTO) interface and the onset of degradation.358 By integrating nano-

beam electron diffraction with in situ heating technology in environmental TEM, Meyer et al. studied the 

phase transition process (orthorhombic to pseudocubic transition) in Pr1-xCaxMnO3 thin films epitaxially 

grown on SrTiO3 in the low-doping regime. Their research showed that oxygen activity, controlled by 

the oxygen pressure, is crucial to avoid irreversible structural changes.359 Since the discovery of a 

significant increase in the thermoelectric figure of merit of stoichiometric Cu2Se during the phase 

transition, copper-selenide compounds have attracted much interest. In 2018, Chen et al. observed the 

coexistence of α and β phases in wedge-shaped nanoscale Cu2Se single crystals using double-tilt in situ 

TEM heating holder, which was previously thought to be impossible in bulk specimens.360 Due to its 

high specific energy, long cycle life, and low cobalt concentration, doped LiNiO2 has recently emerged 

as one of the most promising cathode materials. In 2021, Wang et al. investigated the atomic scale phase 

transition and cracking pathways in LiNiO2 and doped LiNiO2 using in situ TEM heating technology, as 

shown in Figure 26. Through a two-step process involving cation mixing and shearing along (003) planes, 

the O1 phase produced at high voltages serves as a preferred site for the transformation of rock-salt 

(Figure 26c-e).361 The above studies demonstrate the critical role of in situ TEM technology in observing 

the solid phase transformation and degradation process in energy materials, contributing to the 

development of next-generation batteries with high performance and outstanding stability in vehicles and 

power grids. 
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Figure 26. The thermal effect induced phase transition process in ultrahigh-nickel layered cathodes for 
cobalt-free lithium-ion batteries. (a,b) The diffraction pattern evolution of LiNiO2 and doped LiNiO2 
during heating process. (c-e) HRTEM displaying the structural transformation of LiNiO2 from O1 phases 
(c) to disordered spinel (d) and to rock-salt phase (e). Reprinted with permission from ref. 361 under a 
Creative Commons Attribution 4.0 International License. Copyright 2021 The Authors. 
 

The field of semiconductors demands a high degree of thermal stability. In this regard, the in situ 

TEM heating technique displays distinct advantages for understanding the peculiarities of the 

component/interface interaction, microstructure and phase evolution under thermal effect.342, 362-364 Due 

to its tunable bandgap and good compatibility with the current Si-based technology, GeSn has been 

considered as a great potential semiconductor for electronic and photonic applications.365 Minenkov et 

al. deposited binary layered Sn/Ge films by physical vapor deposition and observed the interfacial 

interaction between Ge and Sn using the in situ TEM heating approach. They found that upon heating, 

the layered Sn/amorphous Ge film can form diamond-structured Ge−Sn solid solutions with enhanced 

Sn content in the range of 20−150 ℃.362 The silicidation or germanidation annealing method, in which 

the metal enters the semiconductor and generates a low-resistance intermetallic phase, is a promising 

method for producing high-quality interconnects on semiconductors.366 In 2019, Hajraoui et al. for the 

first time observed germanium (Ge) and copper (Cu) diffusion process in opposite directions during the 

solid state reaction of Cu contacts on Ge nanowires using in situ TEM heating technique.364 According 

to EDS results, both Ge and Cu were observed to be dispersed on the surface of the newly formed Cu3Ge 

segment. Within the temperature range of 360−600 °C, the reaction rate is limited by the surface diffusion 
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of Ge.364 The use of in situ TEM technology provides valuable insights into the reaction kinetics and 

mechanism involved in the formation of the metal−semiconductor phase, making the Cu−Ge nanowires 

system highly promising for applications requiring precise size control of the semiconducting region. 

 

4.3.3 Two-dimensional materials 
The typical phase modulation for 2D materials is the transformation between 2H and 1T’ phase. For 

example, MoTe2 shows a 2H to 1T’ phase transition under local heating by laser irradiation. in situ STEM 

results show the phase change under heating up to 400 °C. The 2H phase is stable without Te vacancy 

and shows complete overlap of the two Te atoms in the top view STEM images (Figure 27a). While the 

Te atoms start to split with the Te vacancy. This shows that the local phase transition is triggered by the 

Te vacancy. The DFT calculations also confirm that the 1T’ phase is more stable than the 2H phase with 

Te vacancy concentration higher than 3% (Figure 27b). 43 Other 2D materials also exhibit the potential 

for PEN. When heated from room temperature to 250 °C, the rhombohedral phase BiFeO3 thin film 

transforms into the tetragonal phase, as shown by the morphological changes and the evolution of 

electron diffraction pattern (Figure 27c). And only the tetragonal phase remains when heated to 270 °C 

(i.e., below the Curie and Neel temperatures). This phase transition phenomenon is attributed to the 

competition between thermodynamic stability and substrate-induced strain.367 Also using in situ TEM 

heating techniques, Almeida et al. reported that the planar FeRh thin film exhibited thermomagnetic 

behavior consistent with the transition from an antiferromagnetic to a ferromagnetic phase (Figure 

27d).368 Tao et al. observed thermally driven reversible phase changes in 2D In2Se3. From the selected 

area diffraction pattern, the phase changes from β’ to β occurred between 173 K and 193 K as the pattern 

changed from rectangular to hexagonal.369 

In addition, the loss of atoms during thermal treatments also induces phase transformation. For 

instance, the CuO nanosheets changed to Cu2O upon heating at 1120 °C. According to the in situ heating 

video, the CuO nanosheets gradually shrink and form a porous membrane and finally disappear.370 

Gavhane et al. found that cubic CoSe2 transforms to basal plane oriented hexagonal 2D CoSe at elevated 

temperatures through the removal of chalcogen atoms, as evidenced by the electron diffraction pattern 

(Figure 27e).371 Ryu et al. revealed the successful phase modulation of 2D layered 1T PtSe2 to PtSe by 

in situ TEM heating over 500 °C.372  
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Figure 27. in situ TEM study of thermally induced phase changes in 2D materials. (a) Pristine 2H phase 
monolayer MoTe2 changes to 1T’ phase at 400 °C around Te vacancies. (b) DFT calculated energy 
differences between the 2H and 1T’ phases as a function of Te vacancy concentration. Reprinted with 
permission from ref. 43. Copyright 2015 American Association for the Advancement of Science. (c) 
Sequential HRTEM images and FFT patterns showing the phase transition of the mixed-phase BiFeO3 
thin film. Reprinted with permission from ref. 367. Copyright 2015 Elsevier Ltd. (d) TEM images of the 
FeRh thin film upon in situ heating to 420 °C, showing the decreasing trend in the contrast between the 
magnetic domains. The plot denotes the thermomagnetic behavior upon heating. Reprinted with 
permission from ref. 368 under a Creative Commons Attribution 4.0 International License. Copyright 
2017 The Authors. (e) Sequential TEM images and the corresponding FFT images denoting the structural 
transformations in orthorhombic CoSe2, cubic CoSe2, and hexagonal CoSe upon heating. Reprinted with 
permission from ref. 371 under a Creative Commons Attribution 4.0 International License. Copyright 
2021 The Authors. 
 

4.3.4 Section Summary 
MEMS-based in situ heating TEM technology has become a breakthrough and multifunctional 

platform as a micro-scale laboratory, enabling microstructure and phase structure evolution studies, 

including nanoparticles, nanowires, various structural and functional materials, and two-dimensional 

materials. For nanoparticles and nanowires, due to the influence of surface energy, their crystal structure 

displays a distinct change compared to the bulk materials. in situ TEM technology can provide the 

ultrafast heating/cooling speed and cyclic heating function, facilitating the observation of the phase 

structure transformation process at the atomic scale and promoting the PEN to effectively guide the 

synthesis and modification of nanomaterials for SERS, catalysis, and energy applications. For energy 

materials, thermal runaway events triggered by ambient temperature rise have often caused serious 

injuries to consumers. in situ TEM heating technology can assist to study the thermal stability and 

degradation mechanism of the energy materials, e.g., perovskite, Li-ion battery, and supercapacitor, under 
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thermal effect, contributing to the development of high performance and high stability energy devices. 

For structural materials, in situ TEM is an effective tool to reveal the phase transition process and 

precipitation formation mechanism, promoting the development of next-generation advanced structural 

materials with superior mechanical properties via PEN.  

 

4.4 in situ TEM electrical probing for PEN 
in situ TEM electrical techniques have been developed to study the properties and structures 

simultaneously. Bias can be introduced into the TEM by developing MEMS devices with electron 

transparent windows or by using a TEM-scanning probe microscopy (TEM-SPM) platform. A 

representative electrical holder with a probe is shown in Figure 28a.373 The specimen is mounted on one 

side of the holder with a W/Au probe. On the other side is the movable counter-electrode driven by the 

piezoelectric tube, which allows the probe to be moved towards the specimen with high precision in the 

nanometer scale. Therefore, electrical measurements such as current−voltage (I−V) curves can be 

acquired through dedicated contacts between the tip and the sample. MEMS chips are also a widely used 

method for applying bias. The MEMS chips are designed with dedicated electrodes, and the specimen 

can be accurately transferred and placed at any position of the MEMS electrodes by FIB (Figure 28b).323 

To ensure low contact resistance, the two ends of the specimen can be welded together with the electrodes 

on the MEMS chip by Au/Pt deposition in FIB. The MEMS-based nanochips can also be designed to 

conduct multi-field experiments, such as in situ heating and electrical simultaneously, or in situ 

mechanical and electrical (Figure 28c,d), thus allowing multiple structural evolution and properties to 

be studied simultaneously.374, 375 The in situ electrical TEM techniques with MEMS devices and TEM-

SPM enable the physical, electronic, chemical, and mechanical properties to be modulated by in situ 

investigation of structural evolution under electrical bias at the nano- and atomic scale. 
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Figure 28. Configuration of the in situ electrical TEM holders. (a) A representative TEM-STM holder 
for applying bias between the specimen and the counter electrode. Reprinted with permission from ref. 
373 under a Creative Commons Attribution 4.0 International License. Copyright 2019 The Authors. 
Published by Elsevier B.V. (b) A MEMS-based nanochip for conducting in situ bias TEM experiments. 
Reprinted with permission from ref. 323. Copyright 2016 Wiley-VCH. (c) An eight-contact MEMS TEM 
holder and the MEMS device allow for simultaneous in situ heating and bias TEM experiments. 
Reprinted with permission from ref. 374. Copyright 2005 Materials Research Society. (d) An EPTP device 
with gold patterns as conductive electrodes for electric current measurements during the tensile loading 
of the specimen. Reprinted with permission from ref. 375 under a Creative Commons CC-BY-NC-ND 
License. Copyright 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
 

4.4.1 Nanoparticles 
Different types of nanoparticles have been reported to undergo a phase transition driven by in situ 

electric field in TEM. For example, different types of electrode materials have been investigated. Based 

on the valuable information obtained from in situ electrical TEM, a variety of strategies have been 

developed to improve their performance. For example, lithiation of crystalline Si is a complex progress 

that plays a vital role in the performance and lifetime of Li−Si battery systems. By in situ electrical TEM, 

the lithiation of crystalline Si is modulated in situ by applied bias and it is demonstrated to be a two-

phase reaction in which a reaction front separates the growing LixSi amorphous phase from pristine 

crystalline Si nanoparticles.376-378 And the crystalline Si is shown to undergo anisotropic lithiation and 

volume expansion, leading to the fracture of Si particles (Figure 29a). This effect is believed to be a 

major cause of capacity fading in lithium-ion batteries using Si as the anode material. In addition to Si 

as an anode material, single crystalline Fe2O3 nanoparticles, another anode material, have also been 

investigated under electrical stimuli in TEM and found to transform into multi-crystalline nanoparticles 

consisting of many Fe nanograins embedded in Li2O matrix.379 Through in situ electrical TEM, the 
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mechanism of lithiation/delithiation process of lithium-ion batteries can be revealed at nano- and atomic 

scale, and the electrochemical properties of electrode materials can be tuned by microstructure design or 

other methods (Figure 29b). In addition, Joule heating effects will also be introduced by in situ electrical 

TEM, so that thermally induced phase transformations will occur accordingly. Direct observation of the 

formation and stabilization of metallic nanoparticles on carbon supports has also been realized using the 

in situ electrically induced Joule heating method.380 The formation of metallic nanoparticles is associated 

with the simultaneous phase transition of amorphous carbon to a highly defective turbostratic graphite 

(T-graphite), as the defective T-graphite provides numerous nucleation sites for the formation of 

nanoparticles (Figure 29c). Therefore, in situ electrical TEM provides a platform to elucidate the phase 

modulation mechanism and facilitates the synthesis of highly stable supported nanoparticles for 

applications such as energy storage and conversion. 

 
Figure 29. Bias-induced phase transformation of zero-dimensional materials under in situ TEM. (a) 
Phase transformation of crystalline Si nanoparticles to the amorphous LixSi phase during the bias-induced 
lithiation process. Reprinted with permission from ref. 378. Copyright 2012 WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim. (b) Phase transformation of crystalline Fe2O3 nanoparticles into Fe nanograins 
during bias-induced lithiation process. Reprinted with permission from ref. 379. Copyright 2013 American 
Chemical Society. (c) Phase transformation of amorphous carbon to a highly defective turbostratic 
graphite and the formation of metallic nanoparticles under bias-induced Joule heating. Reprinted with 
permission from ref. 380 under a Creative Commons Attribution 4.0 International License. Copyright 2020 
The Authors. Published by Springer Nature Limited. 
 

4.4.2 Nanowires 
Phase modulation of nanowires by in situ TEM has been successfully achieved and the whole process 

has been recorded, unveiling the mechanism behind the phase transformation. For example, the phase of 
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oxide nanowires, including SnO2 nanowire, MnO2 nanowire, and VO2 nanowire, can be modulated by 

electrical stimuli. The in situ TEM clearly revealed that the SnO2 nanowire would swell, elongate, and 

spiral upon charging, forming a reaction front with a high density of mobile dislocations, which 

electrochemically drives the nanowire amorphization. The resulting structural change would influence 

the electrochemical properties of SnO2 nanowires as electrodes for lithium-ion batteries (Figure 30a).381 

MnO2 nanowire undergoes the tetragonal−orthorhombic−tetragonal (TOT) symmetric transition upon 

lithiation (Figure 30b).382 The metal−insulator transition of VO2 was observed using in situ electrical 

TEM.383 The applied AC bias triggered a phase transition from a metallic rutile phase to an insulating 

rutile intermediate phase and finally to a stable insulator monoclinic phase (Figure 30c). Besides oxide 

nanowires, the III−V compound nanowires can also be modulated for PEN to obtain unique electronic 

and photonic properties.384 Electrically induced Joule heating has been used to achieve the wurtzite to 

zinc-blende transition in semiconductor InAs nanowires. And the process was recorded by in situ 

HRTEM to reveal the atomic mechanism, which demonstrated that the wurtzite to zinc-blende  transition 

occurs by gliding of sharp steps with Shockley partial dislocations (Figure 30e). In addition to the 

crystalline structure, the tubule formation process from amorphous carbon nanowires under high bias 

Joule heating was observed in real time by TEM, which is a process of solid state atom diffusion at high 

temperatures induced by Joule heating (Figure 30d).385 The graphitization under high input power of the 

amorphous carbon nanowires leads to increased conductivity. 
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Figure 30. Bias-induced phase transformation of one-dimensional materials under in situ TEM. (a) A 
SnO2 nanowire undergoes phase transformation from crystalline to amorphous under in situ bias study. 
Reprinted with permission from ref. 381. Copyright 2010 by the American Association for the 
Advancement of Science. (b) A MnO2 nanowire undergoes tetragonal−orthorhombic−tetragonal phase 
transition upon bias-induced lithiation. Reprinted with permission from ref. 382. Copyright 2015 
American Chemical Society. (c) A VO2 nanowire shows the phase transformation from a metallic rutile 
phase to an insulating rutile intermediate phase, and finally to a stable insulator monoclinic phase with 
in situ bias TEM. Reprinted with permission from ref. 383. Copyright 2018 Chinese Physical Society. (d) 
A carbon nanowire undergoes phase transformation from amorphous to crystalline under high bias. 
Reprinted with permission from ref. 385. Copyright 2006 American Chemical Society. (e) A 
semiconductor InAs nanowire goes through a phase transformation from wurtzite phase to zinc-blende 
phase through bias-induced Joule heating. Reprinted with permission from ref. 384. Copyright 2013 
American Chemical Society. 
 

4.4.3 Two-dimensional materials 
Phase modulation by electrical stimulus between a trigonal prismatic (2H) and an octahedral (1T) 

phase has been achieved in various TMDs such as the Ta-based TMDs (TaSe2 and TaS2), MoTe2, and 

MoS2.100, 386-390 Based on the in situ electrical TEM platform mentioned above, a bias can be applied by 

an STM tip. Under electrical stimuli, the phase of the TMDs can be controlled. It has been reported that 

the phase transformation of Ta-based TMDs is attributed to the collective motion of many chalcogen 

atoms at a voltage above the threshold. The electrically induced phase changes of 2D TaS2 were also 

thickness dependent. More phase changes can occur in thicker TaS2 than in thinner samples. Under 

electrical stimulation, MoS2 can be tuned from 2H to 1T phase with a lithium ion occupying the interlayer 

S−S tetrahedral site in 1T LiMoS2 (Figure 31a).100, 388  

In addition to TMDs, other thin films can be modulated by electrical stimuli. For instance, β’-In2Se3 

and γ-In2Se3 can be obtained from α-In2Se3 by electrical stimuli at different levels in in situ electrical 

TEM.391 Specifically, under a low current of 5 × 10−5 A, a phase transition from α phase to β’-In2Se3 

phase was observed. When a higher current (8 × 10−5 A) was applied to the α phase, it transformed into 

γ phase. This threshold is crucial for the further application of In2Se3. In addition, polarization in lead 

magnesium niobate-lead titanate (PMN-PT) can be achieved with in situ electrical TEM upon bias, 

showing the reorientation of nanoscale non-180 degree domain walls and movement and/or elimination 

of microscale domain walls (Figure 31b).392 The P4mm-to-R3c ferroelectric to ferroelectric transition of 

(Bi1/2Na1/2)TiO3-BaTiO3 was also achieved with in situ electrical TEM, and the real-time evolution of 

crystal structure and domain morphology during the poling-induced phase transitions was observed with 

different macroscopic piezoelectric behaviors (Figure 31c).393 Similarly, the electrical stimuli induced 

the switching of individual ferroelastic domains in thin Pb(Zr0.2Ti0.8)O3 films and the dynamic evolution 

was recorded by in situ electrical TEM (Figure 31d). The ferroelastic domains were effectively and 
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permanently stabilized by dislocations at the substrate interface, while similar domains at free surfaces 

without pinning dislocations can be removed by either electric or stress fields, offering crucial ideals for 

developing non-volatile ferroelectric memory devices.394 

 
Figure 31. Bias-induced phase transformation of two-dimensional under in situ TEM. (a) MoS2 
nanosheets undergo a trigonal prismatic (2H)−octahedral (1T) phase transition upon bias-induced 
lithiation process. Reprinted with permission from ref. 100. Copyright 2014 American Chemical Society. 
(b) Piezoelectric PMN-PT shows polarization reversals with the reorientation of nanoscale non-180 
degree domain walls and movement and/or elimination of microscale domain walls under in situ bias 
TEM. Reprinted with permission from ref. 392. Copyright 2011 American Physical Society. (c) Phase-
pure P4bm (Bi1/2Na1/2)TiO3-BaTiO3 grain with nanodomains coalesce into lamellar domains and 
undergoes a P4bm to P4mm phase transformation under electric field, and to R3c upon further increase 
in electric field. Reprinted with permission from ref. 393. Copyright 2012 American Physical Society. (d) 
Observation of the ferroelastic domain switching of thin Pb(Zr0.2Ti0.8)O3 films, showing that a clamped 
90 degree domain is eventually erased at negative bias (−19 V) via in situ bias TEM. Reprinted with 
permission from ref. 394. Copyright 2014 Springer Nature Limited. 
 

4.4.4 Section summary 
As one of the key stimuli for phase transformation, in situ electrical TEM provides a platform that 

combines the high-resolution imaging capabilities of TEM with the ability to apply bias to materials at 

the nanoscale. It allows researchers to directly visualize and manipulate the phase of nanomaterials by 

applying an electric field, thereby enabling a deeper understanding of the mechanism for phase 

transformation of nanomaterials. As mentioned above, numerous nanomaterials have been successfully 

tuned to different phases, providing the underlying phase transformation mechanism. These valuable data 

will guide the development of new materials and technologies based on PEN. 
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4.5 in situ TEM gas environment study for PEN 
Normally, HRTEM observation requires a high vacuum condition since the gas molecules inside the 

column severely scatter the accelerated electrons, thus significantly reducing the imaging resolution. 

However, the behaviour of materials could be rather different under various atmospheres from that of 

under high vacuum, leading to the imperious demands of introducing designated atmospheres into the 

TEM specimen chamber during operation. With decades of technological advancement, the so-called 

controlled atmosphere transmission electron microscopy (CATEM) or environmental transmission 

electron microscopy (ETEM) has been developed and utilized to investigate the interactions between 

nanomaterials and various environmental factors including gas type, temperature, and pressure in real 

time. There are two main types of ETEM methods proposed so far (Figure 32), the aperture approach 

which relies on a specially designed gaseous sample chamber of the TEM (also referred to as the ETEM 

method) and the window approach which uses a customized TEM holder with a MEMS-based 

nanoreactor (also referred to as the gas holder method).200, 395, 396 

 
Figure 32. (a) Schematic showing the two approaches of CATEM, aperture approach (left) and window 
approach (middle and right). Reprinted with permission from ref. 200. Copyright 2023 American 
Chemical Society. (b) Optical image of a nanoreactor with the gas channel and the reaction zone 
including the heater spiral and electron-transparent windows. Reprinted with permission from ref. 397. 
Copyright 2014 Springer Nature Limited. 
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The key feature of the aperture approach is the use of a pair of small pressure limiting apertures 

located on both sides of the specimen, which restricts the leakage of gas molecules into the high vacuum 

TEM column (Figure 32a, left). The balance of the chamber gas pressure is controlled by the size of the 

small apertures and the connected differential pumping system. Notably, the aperture size should be 

carefully determined to maintain the gas chamber atmosphere while allowing a smooth electron beam 

passage for high-quality imaging. 

As for the window approach, the specimen is confined in an airtight cell between two electron-

transparent membranes as the windows, with airflow channels and metal resistors as the heater (Figure 

32a, right). The configuration poses stringent requirements on the electron-transparent material, which 

needs to be mechanically robust to tolerate the pressure difference (atmospheric pressure) between the 

two sides and the high temperature heating, while thin enough to reduce the interaction with the 

penetrating electrons for high-resolution imaging. To avoid interfering with the diffraction information 

of the characterized materials, amorphous thin films are usually employed, including silicon nitride, 

amorphous carbon, polyimide, and silicon dioxide with a thickness of less than 50 nm. 

The different configuration features bring unique advantages and drawbacks to these two approaches. 

The primary advantage of the aperture approach is better imaging quality due to the absence of 

amorphous sealing membranes, which avoids electron scattering. Besides, there are no specific 

requirements for the TEM sample holder, resulting in good compatibility in combination with other types 

of in situ holders for/using mechanical, electrical, or optical measurements/stimulations. On the other 

hand, the airtightness of the apertures and the performance of the differential pumps limit the maximum 

working pressure of the gas chamber (less than 20 mbar), not to mention the adverse effect on the imaging 

contrast due to the long path of the electrons traveling in the gas layer (5−10 mm). Meanwhile, the 

membrane-sealed cell in the window approach enables a much higher gas pressure of up to 4.5 bar, and 

the thin gas layer (generally less than 50 μm) ensures high-resolution imaging. The closed-cell design 

also allows the characterization of samples in liquids, which will be introduced in the next section. 

Furthermore, the integrated design with the TEM holder means more economical and simpler 

applications since it can be directly used on conventional TEM apparatus. Although the interaction 

between the window membranes and the electron beam could be a problem for high-resolution imaging 

and spectral characterization, the mechanical failure of the thin membranes may cause more serious 

issues for contaminating the TEM column or the beam source. Another current technical limitation is the 

lack of double-tilt capability, which may hindering the availability of multi-orientation observations. 
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4.5.1 Nanoparticles catalysts 
Catalysts are intensively involved in the industrial manufacturing of chemical products, endowing 

them with incomparable research significance among other nanomaterials. Nevertheless, most catalysts 

undergo dynamic structural transitions during the catalyzed reactions, which means that pre- or post-

mortem characterization methods are inadequate to reveal the catalytic mechanism related with the 

structural evolutions of catalysts. With the ability to offer dynamic atomic- resolution imaging under a 

range of gas atmospheres and temperatures, in situ ETEM seems to be an inevitable answer to this 

challenge, as well as to the further goal of engineering and designing the structure of catalysts for optimal 

activity and selectivity.398 

The ETEM has been widely used as a powerful tool to capture the structural and compositional 

evolution of metallic nanoparticle catalysts under redox environments, facilitating the understanding of 

catalytic mechanisms as well as the engineering of catalytic activity and selectivity, since the first 

observation of gas-induced geometry evolution of ZnO supported Cu nanoparticles under in situ 

ETEM.399 The surface reconstruction-induced morphology change of Cu nanoparticles was attributed to 

the changes in surface energy due to water adsorption, while the introduction of reducing gas such as CO 

also contributes to the shape change of Cu particles by changing the Cu/ZnO interfacial energy. The long-

standing puzzle of the size-dependent catalytic activity of noble metal nanoparticles has been solved by 

atomic resolution in situ ETEM characterization, in which amorphization and reshaping were observed 

for CeO2-loaded fcc-Au nanoparticles with diameters less than 2 nm in a CO oxidation environment.400 

The structural evolution was attributed to the strong Au−CO bonding, providing insights into the 

enhanced catalytic performance of ultrasmall Au nanoparticles. Similarly, Nassereddine et al.74 revealed 

a dramatic structural change from fcc to icosahedral-like non-fcc phases in TiO2-supported Au 

nanoparticles smaller than 4 nm using an in situ HAADF STEM ETEM in a H2 atmosphere. The phase 

transition was ascribed to the high mobility of Au atoms due to the strong Au-H interaction as given by 

AIMD simulations. 

The ETEM technology also provides a unique opportunity to the study the phase engineering of single 

particle nanomaterials by solute intercalation in real time. Pioneering works were presented by Dionne 

et al.401, 402, who used an in situ ETEM to explore the dynamic process of phase transitions in individual 

Pd nanoparticles in a hydrogen atmosphere with variable pressure. By increasing the hydrogen pressure, 

the Pd nanoparticles were able to shift from a dilute α-phase to a hydrogen-concentrated β-phase. The 

hydrogenation of the Pd nanoparticles and the phase transition were tracked by in situ EELS 

measurements, revealing a transient phase transition manner and a size dependence of the hydrogen 
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absorption induced by the surface effect. Furthermore, the combination of EELS plasmon mapping, 

selected-area electron diffraction (SAED), and centered dark-field imaging by ETEM, a unique 

coexistence of hydrogenated α and β phases were found in the twinned icosahedral nanoparticles and the 

spatial information of the phase distribution was revealed, showing a low-hydrogenated α-phase region 

near the core of the icosahedral nanoparticle due to the compressive stress from the expanded hydrogen-

rich β-phase surface region. It also demonstrated a lower H2 adsorption threshold pressure as explained 

by the tensile strain-induced reduction of phase transition chemical potential.402 The dual-phase 

coexistence was also found in the penta-twinned Pd nanorods, where the tips with lower coordination 

number were found to be preferential nucleation sites.403 The Ag-doped AgPd alloy nanoparticles with 

enhanced stability and catalytic activity were also studied by in situ ETEM to manipulate their 

hydrogenation process. A similar separation of α and β phases was observed for lightly doped (Ag 

concentration of ~1%) AgPd nanoparticles at the equilibrium state, which was ascribed to the strain 

stabilization induced by Ag doping.404 

 

 
Figure 33. Structural transition of Au nanostructures with different sizes supported on CeO2 (111) under 
reactant gases (scale bars, 1 nm). Reprinted with permission from ref. 400. Copyright 2018 National 
Academy of Sciences. 

 

The in situ ETEM investigation of structural and compositional restructuring in catalytically active 

bimetallic nanoparticle systems during redox reactions has been presented typified by the redox-driven 

elemental phase segregation (atom migration between the core and the shell) in Pt-Co bimetallic 



67 
 

nanoparticles.405 It is demonstrated that the different affinities between metal atoms and gas molecules 

can be exploited to promote the intraparticle atom migration between the surface and the core. In this 

case, CO was used to draw Pt to the surface, yet a Co-rich shell was obtained in O2 atmosphere since it 

tends to bond with Co to form a CoOx surface layer. However, an adverse phenomenon was observed by 

Dai et al., who found no Co oxidation in an oxidized environment.406 They performed an in situ O2 

annealing experiment to investigate the core-shell structure in Pt3Co catalyst nanoparticles using a 

Protochips gas cell infilled with pure oxygen at one atmospheric pressure and revealed a two-step 

formation process. In the first step, the original amorphous Pt3Co transformed into an intermetallic L12 

phase at 720 ℃, when a Pt-rich surface layer was formed due to migration and prevented oxidation of 

Co. The next step was the growth of the Pt surface layer when the temperature was lowered to 300 ℃, 

which was attributed to the lower formation energy of the Pt (100) surface compared to the Pt−Co 

counterpart in an oxygen environment. 

Similar nanostructure engineering has been reported in other bimetallic nanoparticles. Recently, 

Zhang et al.407 reported a reversible phase modulation in a Ni−Au bimetallic nanocatalyst system, 

between a classical core-shell in a relaxed state and a NiAu alloy during CO2 hydrogenation reaction (9  

±  0.1  mbar, 25% CO2/75% H2). As shown in Figure 34, the darker Au-rich shell remained visible at 

450 °C demonstrating the existence of an Au−Ni core-shell structure. A fully alloyed state was achieved 

when the temperature reached 600 °C, at which the darker edge disappeared, and separately coordinated 

Au−Ni columns were observed in HRTEM. The core-shell structure was recovered during cooling at 

400 °C with the Au shell reappearing in the TEM image. The reaction-driven phase transition was also 

confirmed by in situ electron diffraction, where the diffraction peak corresponding to the NiAu alloy 

phase emerges at 400 °C with increasing intensity at elevated temperature. DFT calculations indicate the 

key role of the reaction-produced CO, which not only lowers the migration energy barrier of the Ni atoms 

but also contributes to their surface stability. These results demonstrate the strength of in situ ETEM 

characterization in providing insight into catalytic mechanisms and guidance for nanocatalyst design over 

conventional ex situ methods. 
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Figure 34. in situ observation of the structural change of NiAu nanoparticles during the CO2 
hydrogenation reaction. (a) in situ TEM images of the alloying and dealloying evolution of an individual 
NiAu nanoparticle during the reaction (scale bar, 2 nm). (b,c) Surface atom arrangement of a NiAu 
nanoparticle reconstructed from (b) the full alloy (600 °C) to (c) the Ni−Au core-shell (400 °C); the right 
part in (b) shows the schematic of the structure and analysis of the electron energy loss spectra; the right 
part in (c) show the phase contrast profile of the enlarged surface area (scale bars, 2 nm). Reprinted with 
permission from ref. 407. Copyright 2020 Springer Nature Limited. 
 

The in situ gas TEM has been widely used to study and modulate the metal nanoparticle-catalyzed 

growth of nanomaterials. One representative example is the chemical vapor deposition growth of CNTs, 

of which the Fe3C nanoparticle-catalyzed nucleation and growth process was firstly observed under 

ETEM with C2H2 by Yoshida et al.408 A more detailed process was revealed by Sharma et al.409 using the 

similar method, including multiple phase transitions of the Fe nanoparticle catalysts with the change of 

gas atmosphere. The original fcc Fe3O4 was initially transformed into a bcc iron oxide phase due to the 

reduction of C2H2 at 650 ℃, and then further reduced to the α-Fe with bcc structure, which was then 

carbonized to Fe3C as indicated by the HRTEM images and diffractograms. A subsequent in-situ ETEM 

study observed structural transitions from Fe2SiO4 structure to both Fe3C and Fe5C2 structures under 
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CNT growth condition (1.7 Pa of C2H2, 630 °C) as the highly carburizing atmosphere helps to stabilize 

the metastable Fe5C2 phase. They further concluded that the carbon-rich Fe5C2 phase is catalytically 

inactive for CNT formation in contrast to its less carbonized counterpart, as explained by the higher 

carbon polymerization energy barrier on its stable surface calculated by DFT.410 The in situ ETEM 

characterization has been also implemented to study the Co nanoparticle catalyzed growth of CNTs.411 

However, it was later reported that the structures of the catalyst nanoparticles varied between Co and a 

metastable Co carbide phase under CNT growth condition, instead of just single crystal Co.412 The puzzle 

was finally solved by Wang et al., who identified that the real active phase in the Co-catalyzed synthesis 

of CNTs was the orthorhombic Co3C through a meticulous statistical analysis of the electron 

diffractograms from the in situ ETEM experiment.413 These in situ ETEM enabled studies not only 

provide valuable evidence on the growth mechanisms of the nanoparticle-catalyzed synthesis of CNTs, 

but more importantly, bring insight into the rational selection and design of nanocatalysts for the 

controlled growth of CNTs with designated chirality and physical properties. 

 

4.5.2 Nanorods 
Apart from the application in the study of heterogeneous catalysis processes, in situ ETEM has 

recently been employed to reveal an unusual phase transition in noble metals induced by certain gas 

atmospheres. Han et al. reported a CO-assisted epitaxial transition of fcc Au to a metastable 4H hcp phase 

evidenced by in situ ETEM observation.414 The unusual phenomenon was captured for fcc Au 

nanoparticles attached on the surface of 4H Au nanorod under a 300 kV electron beam and 1 mbar CO 

atmosphere without additional heating. The detailed phase transition process was studied by HRTEM 

examination, which showed that the transition occurs gradually from the phase boundary into the fcc Au 

particle after realigning with the lattice orientation of the underlying 4H substrate (Figure 35a-f). The 

phase transition mechanism was elucidated by DFT and AIMD calculations, showing that the CO 

molecules could bond with Au atoms to reduce their diffusion energy barriers, thus lowering the overall 

Gibbs free energy for the phase transformation. Interestingly, an inverse phase transformation from the 

4H phase to the stable fcc phase was also achieved in Au nanorods using the same reaction environment 

(300 kV electron beam, 1 mbar), and the transition occurs inside the nanorods along the stacking direction 

of the (111) plane of the fcc phase and the (001) plane of the 4H phase (Figure 35g-j).415 DFT calculations 

manifest that the transition also takes place due to the lowered energy barrier of the CO−Au interaction 

as well as the electron beam radiation, except that the interfacial energy between the two phases is not 

large enough to induce the unconventional transition from the stable fcc phase to the metastable 4H phase. 
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Figure 35. (a-f) HRTEM showing the fcc to 4H phase transition in same region of (a-c) original and (d-
f) reacted Au nanorod sample. The yellow dotted lines show the boundary between 4H and fcc phase, the 
yellow arrows indicate the phase transition direction (scale bars in (a,d), 5 nm; scale bars in (b,c,e,f), 
1 nm). Reprinted with permission from ref. 414. Copyright 2020 The authors. Published by Springer 
Nature Limited. (g-j) in situ TEM image sequence showing the 4H to fcc transformation in 1 mbar of 
CO. Reprinted with permission from ref. 415. Copyright 2020 American Chemical Society. 
 

4.5.3 Section summary 
Recent advances in in situ gas TEM technology, led by the development of nanoreactors, have 

enabled real-time and atomic resolution imaging of the structural evolution of nanomaterials in the 

presence of various reactive gases, which is crucial for applications such as the interpretation of the 

activity and selectivity of nanocatalysts. Compared to traditional post-mortem characterization methods, 

the dynamic structural and compositional transitions can be captured under fine control of atmospheric 

and temperature conditions to reveal the structure−property relationship, especially when integrated with 

other spectral analysis tools such as EDS and EELS. More importantly, the quasi-simultaneous 

acquisition of structural information of nanomaterials in response to specific gaseous environment makes 

it a powerful tool to manipulate the atomic arrangement of nanomaterials and provide guidance for the 

design of highly functional materials. Undoubtedly, there are still many opportunities to exploit the in 

situ ETEM methods. The expansion of information acquisition could be a critical demand. For example, 

integration with the latest TEM techniques, including 4D STEM, 3D atomic electron tomography, 

integrated differential phase contrast (iDPC) imaging, and electron holography, to explore the dynamic 

nanoscale reconstruction in a more elaborate manner. Another promising approach could be the 

development of in situ devices capable of coupling with multiple physical factors such as magnetic, 

optical, and electric fields, which will significantly broaden the applications. 
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4.6 in situ TEM liquid environment study for PEN 
Numerous reactions in nature involve the presence of solutions. A promising technique, liquid-phase 

TEM (LPTEM), enables direct and real time visualization of dynamic processes within liquid 

environments. This technique overcomes the limitations of conventional ex situ TEM characterization 

methods in understanding the growth and behavior of nanoparticles in their native solutions.416 When 

considering the introduction of solutions into TEM, the primary concern is to prevent liquid leakage and 

to minimize the electron scattering  of liquid molecules that could affect the observation. In light of this, 

there are three main considerations for LPTEM based on microfabrication techniques. First, LPTEM 

requires well-encapsulated liquid cells to maintain direct and pure contact between the electron beam 

and the liquid, avoiding unexpected interactions. Second, the liquid cell needs to accommodate the liquid 

sample in a confined space while providing a transparent window for the electron beam to achieve high 

spatial resolution observation. Third, LPTEM requires precise control of chemical reaction conditions 

such as flow rate and temperature. Advances in microfabrication technology have provided reliable liquid 

cells that compromise TEM resolution. 

The development of LPTEM has undergone several important milestones.417 In 1935, Marton first 

proposed the idea of using TEM to observe materials in liquids, but the challenge remained how to 

confine or control the liquid solution around the specimen in the electron microscope.418 Subsequently, 

in 2003, a liquid cell based on amorphous silicon nitride (SiNx) thin films was successfully developed to 

study the dynamic growth of Cu nanoclusters. The liquid cell consisted of a lower silicon wafer with an 

80-nm-thick SiNx window and an upper silicon wafer with a matching window, which are separated by 

a 1-µm-thick silicon dioxide spacer. By transmitting the electron beam through the 160-nm-thick SiNx 

window, a resolution of about 5 nm was achieved.419 In 2008, a similar liquid cell using epoxy resin as 

the spacer was used to observe biological reactions, but the resolution was not significantly improved.420 

In 2012, researchers encapsulated nanoscale droplets with two suspended graphene sheets and transferred 

them into TEM, successfully observing the growth of Pt nanocrystals inside the droplets and achieving 

lattice-level imaging. Due to its single-atomic-layer structure, graphene allowed direct imaging of the 

lattice structure even at an operating voltage of 80 kV.421 Subsequently, in 2014, researchers achieved 

atomic resolution in LPTEM by further reducing the size of the indium (In) spacer and the observation 

window. They used a 100-nm-thick In spacer and a 10-nm-thick window in a silicon wafer liquid cell, 

ultimately achieving atomic level resolution. This breakthrough greatly advanced the application of 

LPTEM.422 In 2018, researchers demonstrated the stability of amorphous carbon film as an observation 
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window in a liquid environment and successfully observed the growth of gold nanoparticles while 

maintaining atomic level resolution.423 

 

Figure 36. (a-b) Demonstration of a static-type microfabricated silicon liquid cell. Reprinted with 
permission from ref. 424. Copyright 2016 Springer Nature Limited. (c-d) Schematic illustrations of flow-
type microfabricated silicon cell systems. (c) Reprinted with permission from ref. 417. Copyright 2023 
Elsevier Inc. (d) Reprinted with permission from ref. 425. Copyrights 2019 The Author(s). (e-f) Schematic 
illustration shows a graphene liquid cell. Reprinted with permission from ref. 421. Copyright 2012 AAAS. 
 

Among the proposed liquid cell configurations, microfabricated silicon cells consisting of thin SiNx 

membrane windows have been predominately used so far due to their mechanical reliability and 

applicability in mass production (Figure 36a-d). The thickness of the SiNx membranes can be controlled 

in the range of several to dozens of nanometers by Si-based semiconductor processing, enabling a balance 

between high electron transparency and mechanical robustness. There are two main designs for the 

microfabricated Si liquid cells, static-type and flow-type. The static-type liquid cell utilizes spacers to 

create a space between the two silicon chips to hold the liquid sample, while O-ring seals provide vacuum 

isolation. The flow-type liquid cell, which builds on the static-type design, incorporates inlet and outlet 

ports to allow controlled liquid flow. This design is suitable for studies requiring control of reaction 

conditions and the introduction of multiple reagents. While static cells offer high resolution imaging with 



73 
 

thin liquid layers, flow cells introduce the capability of liquid flow which is closer to the laboratory-scale 

reaction environment, making them suitable for a wider range of in situ experiments. By incorporating 

an additional liquid flow channel, flow cells allow nanocrystals to be physically moved, enabling the 

observation of solution changes and the mixing of different reaction solutions. Moreover, flow cells 

minimize bubble formation which is a common issue in static cells and provide the advantage of 

controlling the thickness of the fluid layer during experimental. However, a key challenge with flow cells 

is the variation in fluid layer thickness, which requires careful adjustment. 

As a variant of the microfabricated Si cell, graphene liquid cells are fabricated using graphene sheets 

instead of SiNx films. Two graphene sheets are bonded together by van der Waals forces to form a liquid 

enclosure in which the liquid sample is sealed (Figure 36e-f). The simple configuration makes it more 

economically practical without the need for expensive microfabricated chips and a dedicated TEM holder. 

Due to the single atomic layer structure, graphene liquid cells offer higher electron transparency 

compared to silicon-based microfabricated liquid cells, allowing for improved spatial resolution and 

reduced electron scattering. In addition, the graphitic crystal structure ensures robust confinement that is 

impermeable even to helium or hydrogen molecules. The excellent electrical conductivity of graphene 

minimizes charge accumulation during observation, thus reducing the corresponding sample movement 

and charge-induced stress. However, the sensitivity of graphene to radiation damage (with a knock-on 

voltage of ~82 kV for monolayer graphene) limits the applicable acceleration voltage and electron flux 

for the observation. And it has been reported that the van der Waals interaction between graphene sheets 

could create significant pressure onto the confined liquid, leading to unexpected structural changes.426, 

427 

 

4.6.1 Phase modulation by in situ TEM liquid enviroment 
Hong et al. performed a pioneering work in the controlled synthesis of metastable phases with the 

discovery of a metastable hcp palladium hydride (PdHx) in LPTEM.428They first synthesized a series of 

PdHx nanoparticle samples at different concentrations and suspended them in specific liquid media. The 

formation and transformation of nanocrystals were observed in real time using LPTEM. Under conditions 

of high hydrogen and low Pd concentrations, nanocrystals were found to be more prone to adopt hcp 

structure. This can be attributed to the abundance of hydrogen atoms at high hydrogen concentrations 

which provides sufficient occupancies for the hcp structure within the crystal lattice. Additionally, the 

low Pd concentration favors the formation of the hcp structure by reducing the stability of the fcc structure 

due to the lower number of Pd atoms. In contrast, under conditions of low hydrogen and high palladium 
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concentrations, the nanoparticles tend to form the fcc structure. The low hydrogen concentration restricts 

the occupancy of hydrogen atoms in the lattice, making the fcc structure more stable (Figure 37). The 

high palladium concentration provides enough palladium atoms for most of the atoms in the nanoparticles 

to occupy positions within the fcc structure. Furthermore, the researchers also observed that the fcc 

structure was more favorable under bubble formation conditions. The formation of bubbles resulted in 

lattice deformation and distortion, making the fcc structure relatively more stable compared to the hcp 

structure. The overall study demonstrates that through the use of LPTEM technology and precise control 

of the experimental conditions, it is possible to effectively synthesize and control the crystal structure of 

PdHx nanoparticles, which is of great importance for the preparation and applications of nanomaterials. 

 

Figure 37. The proportion of hcp particles formed under electron beam irradiation was studied under 
different conditions. Three different conditions, represented by red, blue, and green, corresponded to high, 
medium, and low electron dose rate (EDR), respectively. Different shapes (circle, square, and diamond) 
represented different liquid systems (GLC, SLC, and SLC with liquid flow). Reprinted with permission 
from ref. 428. Copyright 2022 Springer Nature Limited. 

 

In addition, Wang et al. have revealed an unconventional deformation mechanism of lead selenide 

(PbSe) semiconductor nanocrystals during superlattice phase transitions in 1,2-ethylenediamine 

(EDA)/ethylene glycol (EG) solution through in situ LPTEM experiments and MD simulations (Figure 

38a).429 Experimental observations have shown that when the nanocrystals approach each other at 

distances of about 2−4 nm, they undergo an elongation, but regain their spherical shape when moving 

apart. This deformation is reversible, with elongation occurring as they move apart and retaining the 

deformed state when they come closer (Figure 38b). Further HAADF-STEM analysis indicates that the 

elongation of the nanocrystals is due to the changes in geometry (an increase in the number of atomic 

planes along the <100> crystal direction) rather than lattice expansion. The researchers proposed that 
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nanocrystals exhibit dipole interactions upon EDA-induced removal of surface ligands, leading to their 

self-assembly into chain-like structures in solution. EDS results support this hypothesis, showing a 

change in the Pb and Se atomic ratios of the nanocrystals during the superlattice transition. MD 

simulations reveal that the nanocrystals with dipole moments undergo shape changes before they 

encounter each other, and once they fuse to form a superlattice, the deformation remains largely 

unchanged. These findings elucidate the mechanism of deformation involving dipole-dipole interactions 

and provide insights into controlling the structural deformation and superlattice formation of 

semiconducting nanomaterials, which could be essential for the performance of photoelectronic devices. 

 

Figure 38. (a) TEM image sequence showing the elongation and following oriented attachment of PbSe 
nanocrystal 8 with nanocrystals 7 and 9. The oriented {200} planes of attaching nanocrystals are marked 
by white lines in the third image. (b) TEM image sequence and schematics (below) showing the 
reversible deformation of PbSe nanocrystal 11 during moving away from the adjacent nanocrystal 12. (c) 
Superimposed FFT images of nanocrystal 11 during the deformation showing in (b), which shows the 
overlap of the diffraction spot with a consistent {200} d-spacing of 3.1 Å. (d) Schematic showing the 
proposed reversible deformation mechanism corresponding to the change of the interparticle distance. 
All scale bars, 5 nm. Reprinted with permission from ref. 429.Copyright 2019 AAAS. 

 

4.6.2 Section summary 
The in situ LPTEM technique offers unique possibilities for the visualization of nanomaterials in 

their native liquid environment with exceptional spatial and temporal resolution, enabling direct probe 

of the kinetic behaviors and structural transition of materials occurring in fluids. The in situ LPTEM 
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characterization is promising for a wide range of applications, including the study of nucleation and 

growth dynamics, the interaction and self-assembly process of nanomaterials, and catalytic reactions in 

liquid solutions. The technique is particularly useful for studying environmentally sensitive processes, 

such as those occurring in biological systems or at the interfaces. The application of in situ LPTEM will 

not only promote the understanding of the formation mechanism of materials in real life, but more 

importantly will provide insights into the controlled synthesis of functional nanomaterials based on the 

obtained structure−property relationships. However, the in situ LPTEM technique is still in its infancy 

and faces some critical challenges. The radiation damage from high-energy electron beam is inevitable. 

Long duration of electron beam exposure could induce decomposition of sensitive components or 

radiolysis of liquid molecules. The sample preparation can be sophisticated and labor-intensive to meet 

the requirement for fine tuning of liquid volume and composition. Moreover, the introduction of external 

stimuli such as electric or magnetic fields could be intriguing for a wider range of research interests. 

 

4.7 in situ TEM optical stimuli study for PEN 
Optical property, the behavior of materials in response to light, is another fundamental physical 

property of materials for their applications in sensors, biomedical imaging, data storage, display 

technologies, and solar energy. Especially, nanomaterials and devices with diverse light-responsive 

mechanisms have gained significant attention in recent years due to their unique properties and potential 

applications. One of the responses to optical stimuli is phase transformation, which means that phase 

engineering can also be realized by optical modulation. Several strategies have been proposed and 

realized to introduced light into TEM,, including the light path setup, TEM-STEM probe holder, and 

MEMS chips (Figure 39).202 

The light path setup includes mirrors and an optical lens to direct light onto the sample in TEM 

(Figure 39a).430 The light source is reflected by mirrors and directed into the TEM through an optical 

window. The light is then focused onto the specimen by the reflection mirror in the TEM column. The 

reflection mirror is located below the electron source with a small opening for the electron beam. An 

ellipsoidal mirror is positioned within the gap between the pole pieces of the objective lensto effectively 

collect and focus the emitted photoluminescence and cathodoluminescence light from the sample. This 

focused light is then directed into an optical fiber which serves to transmit the collected light into a 

monochromator for subsequent analysis. However, these setups require a large modification of the TEM. 

The second option is to enhance the sample holders by incorporating a built-in light source. This 

involves integrating a circuit into the holders that allows the light source to be powered by applying a 
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voltage to it. The biggest challenge is to reduce the size of the light source due to the limited space in the 

TEM column. LEDs are widely used as the light source in optical TEM holders due to their compact 

structure and wide range of wavelengths (Figure 39c) 

With the development of MEMS technology, compacted MEMS chips are introduced into in situ 

optical TEM holder. As shown in Figure 39c,431 the light source is fixed in front of the specimen and the 

circuit is integrated into the chips. Furthermore, the micro- or even nanoscale MEMS chips can be used 

to introduce localized and various optical stimuli for the specific samples. The MEMS chips provide an 

efficient, high sample stability, and handy platform for the in situ optical TEM platform. 

 
Figure 39. Different configurations for introducing light into TEM via holder modifications. (a) 
Introducing light by near-field optical probing. Reprinted with permission from ref. 430. Copyright 2012 
The Japan Society of Applied Physics. (b) Schematic of photoelectric TEM holder with replaceable light 
source. Reprinted with permission from ref.432 under a Creative Commons Attribution 3.0 Unported 
Licence. Copyright 2018 The Authors. (d,e) Introducing light by MEMS chip with LEDs. Reprinted with 
permission from ref. 431. Copyright 2018 Elsevier B.V. 
 

4.7.1 Nanoparticles 
The photo-induced phase transformation is typically triggered by the absorption of photons, which 

can lead to various effects such as changes in crystal structure, electronic properties, and molecular 

configurations. In recent years, there has been increasing interest in studying photo-induced phase 
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transitions using in situ TEM techniques. These studies aim to understand the mechanisms of the light-

induced phase transitions and to explore potential applications in areas such as optoelectronics, phase 

engineering, and so on. By using in situ TEM techniques, the structural changes during photo-induced 

phase transitions can be directly observed with high spatial and temporal resolution. This allows for a 

detailed understanding of the underlying processes, such as the nucleation and growth of new phases, 

structural rearrangements, and the influence of external factors like temperature and light intensity. The 

light−materials interactions will introduce many effects such as photochemical effect, thermal effect, 

mechanical effect, and so on. Localized heating caused by absorption of laser energy in the irradiated 

material is likely to introduce phase changes in materials, usually between ordered and disordered 

structures caused by laser melting or evaporation.  

Upon plasmon stimuli, the Pd nanotube coupled to gold nanoparticles can be modulated from α phase 

to β phase in environmental TEM. This phase transformation is critical for photocatalytic 

dehydrogenation. With in situ TEM recording, it is shown that the phase transformation starts with the 

formation of an α phase nucleus at one edge of the particle and propagates across the particle until the β 

phase is completely pushed out of the particle (Figure 40a).433 Besides the single element nanoparticles, 

the perovskite, which is sensitive to optical stimuli, was also investigated by in situ optical TEM to 

uncover the degradation mechanism. Coupled with EDS equipped in the TEM, Funk et al. found that a 

more iodine-rich phase with the approximate composition of CsPb(Br0.6I0.4)3 formed at the edges of the 

particle, while a ternary pure bromide phase of CsPbBr3 remained in the center during irradiation (Figure 

40b).434 Another interesting example is the ultrafast switching from an insulating to a metallic state by in 

situ optical TEM. The photo-induced multistage phase transition of Ta2NiSe5 was achieved (Figure 40c), 

and the four-order modulation of the resistivity drop was realized. Based on the information obtained by 

in situ TEM, it is revealed that an in-chain Ta atom displacement occurs during the structure transition.435 
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Figure 40. in situ TEM study of photoinduced phase transitions of nanoparticles. (a) Schematic of the 
environmental TEM coupled with in situ optical TEM holder. (b) Schematic of α and β phase of Pd 
nanocubes. (c) Phase transformation of Pd nanocubes from β to α under 690 nm light illumination in H2 
environment. (a-c) Reprinted with permission from ref. 433 under a Creative Commons Attribution 4.0 
International License. Copyright 2020 The Authors. (d) Phase separation of CsPbBr3 perovskite. 
Reprinted with permission from ref. 434. Copyright 2020 American Chemical Society. (e) Schematic of 
the structure of Ta2NiSe5. (f) Pristine bright field and diffraction pattern of Ta2NiSe5 and atomic resolved 
high-angle annual dark-field image taken in [110] zone axis with schematic of Ta atom columns. (g) 
Same images for hidden state Ta2NiSe5. The red line and arrows in (g) mark the small relative 
displacement of Ta atoms with respect to the one in (f). (e-g) Reprinted with permission from ref. 435 
under a Creative Commons Attribution 4.0 International License. Copyright 2021 The Authors.  
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4.7.2 Nanorods and two-dimensional materials 
Using optical stimuli, the amorphous Si was successfully transferred into crystalline under 532 nm 

laser irradiation (Figure 41a).436 The amorphous Si/SiO2/crystalline Si was fabricated by FIB and by 

precisely positioned illumination by the fiber probe tip, the single crystal seeds are formed for 

crystallization. This phase modulation provides a pathway for laser processing crystallization for 

amorphous Si. 

For 2D materials, DFT calculations found out a photo-induced phase transition of MoTe2 from 2H to 

1T’ initiated by a local ordering of Te vacancies,437 which is also used to tune its electronic structure, 

verified experimentally but not in TEM.43 The laser patterning induces the localized phase transformation 

of MoTe2 from 2H to 1T’ with distinct physical and chemical properties.  

 

 
Figure 41. in situ TEM study of photoinduced phase transitions for nanorods and 2D materials. (a) 
Crystallization of Si under laser illumination. Reprinted with permission from ref. 436. Copyright 2012 
American Chemical Society. (b) Schematic and optical microscope images of mechanically exfoliated 
MoTe2 with 2H and 1T’ phase. (c) Schematic of the laser irradiation process. (d) Phase transformation of 
MoTe2 before and after laser patterning coupled with binding energy map of Mo 3d electron for 2H and 
1T’ phase. Reprinted with permission from ref. 43. Copyright 2015 AAAS. 
 



81 
 

4.7.3 Section summary 
Various optical setups have been developed in the TEM to introduce optical stimuli into the sample. 

These setups enable the visualization and study of dynamic processes under optical stimuli, providing 

valuable insights into phase transitions and modulation mechanisms. The studies we mentioned above 

offer the important examples of photo-induced phase modulation with the underlying mechanism 

provided by in situ TEM. This knowledge can then be applied to the development of new materials, 

devices, and PEN applications in areas such as optoelectronics, photonics, and data storage. 

 

4.8 in situ TEM magnetic field study for PEN 
In addition to the traditional methods of controlling phase transitions, the magnetic field is also an 

important approach, especially for the phase modulation of ferromagnetic materials. The transition 

mechanism of the magnetic domain structure under various temperatures, electric fields, and currents is 

crucial for the development of magnetic materials and other functional materials. However, 

characterization of the structural phase transition of magnetic materials is quite challenging due to the 

strong interference of the internal magnetic fields in traditional TEM.318 Besides, the magnetic material 

may be absorbed to the poles of the objective lens, which could contaminate the TEM. To address these 

issues, Lorentz TEM (LTEM) has been developed to characterize magnetic materials by closing the 

objective lens close to the sample and magnifying the image with different modes such as Fresnel and 

Foucault modes in Figure 42.438 

 
Figure 42 The beam path of different observation methods in the LTEM. Reprinted with permission from 
ref. 438. Copyright 1998, Springer Nature Limited. 
 

As a new in situ magnetic characterization technique, LTEM plays an important role in the phase 

engineering of magnetic materials where two strategies have been implemented to apply the magnetic 
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field to the materials. One is to alter the current of the objective lens to apply a gradual magnetization of 

the sample.439  The other is to attach an electromagnet to the sample holder.440 However, it is difficult to 

obtain a magnetic field parallel to the surface of the material by the first method due to the inherent 

direction of the magnetic field produced by the objective lens. The second method, however, allows the 

sample to be exposed to a horizontal magnetic field, making it easier to examine anisotropic samples. To 

visualize and tune the magnetic domain structures in LTEM, several imaging schemes have been 

developed, for example, Fresnel mode, which uses defocused imaging to determine the domain wall 

structure;441 Foucault mode, which uses dark-field imaging to determine the domain distribution;442 

electron holography method;443 differential phase contrast (DPC) method;444 energy-loss magnetic chiral 

dichroism (EMCD);445 magnetic circular dichroism of electron waves (MCD);446 etc. 

 

4.8.1 Phase modulation by magnetic field 
LTEM has been used to finely characterize the microstructure of magnetic materials such as 

traditional magnetic materials, magnetic thin films, magnetic nanowires/particles, and magnetic 

skyrmions. Besides, more and more studies have employed the in situ LTEM setup to achieve magnetic 

field-controlled structural phase modulations. With the rise of magnetic nanomaterials in the last two 

decades, phase engineering for different magnetic nanomaterials has also emerged. Here, we summarize 

some of the research progress on magnetic nanomaterials with different dimensions, as shown in Figure 

43. For 0D nanomaterials (also termed as nanoparticles), Yamamuro et al. used electron holography and 

LETM to observe the dipolar ferromagnetic phase transition in Fe3O4 nanoparticle arrays.447 Ghosh et al. 

observed that magnetic field-driven emission enhancement can be tuned by magnetic nanoparticle size 

and liquid crystal alignment.448 For 1D materials (nanowires), Tokura et al. reported the real-space 

observation of skyrmions and helical magnetic domains in a MnSi nanowire using LTEM.449 Parkin not 

only demonstrated the formation of antiskyrmions in Mn1.4Pt0.9Pd0.1Sn, but also found evidence for 

antiskyrmions in Mn1.4PtSn.450 Zhang et al. demonstrated the influence of magnetocrystalline anisotropy 

on magnetization configurations in uniaxial magnetic nanomaterials, showing a way to tune the 

magnetization configuration by changing their crystal structures.451 In addition, nanostrips thinned by 

microfabrication techniques from bulk to nearly 1D nanostripes also demonstrate interesting magnetic 

phase changes. For instance, Tian et al. reported direct evidence for the field-dependent character of the 

interaction between individual magnetic skyrmions and between skyrmions and edges in B20-type FeGe 

nanostripes observed by high-resolution LTEM.452 Since the discovery of the first 2D material, graphene, 

2D materials with magnetic properties have gradually become a research hotspot.453 Wang revealed the 
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Dzyaloshinskii−Moriya interaction and Néel-type skyrmions are induced at the WTe2/Fe3GeTe2 interface, 

as well as and directly imaged the Néel-type skyrmion lattice and the stripe-like magnetic domain 

structures.454 Huang et al. investigated the structural and magnetic properties of the quasi-2D material 

VBr3.455 Tokura reported the real-space observation of the formation of the SkX in a thin film of B20-

type Fe0.5Co0.5Si, where skyrmions in the form of a hexagonal arrangement of swirling spin textures were 

directly observed.456 Furthermore, substantial progress has yet been achieved by layering typical metal 

materials to generate near-2D materials. Recently, Li et al. demonstrated the formation of metastable 

Néel-type skyrmion arrays in Pt/Co/Ni/Ir multilayers at zero field following the ex situ application of an 

in-plane magnetic field using LTEM.457 The resulting skyrmion texture was found to depend on both the 

strength and misorientation of the applied field as well as the interfacial Dzyaloshinskii−Moriya 

interaction. Zhang et al. succeeded in generating and tuning the skyrmions by electromagnetic 

manipulation in Pt/Co(1.85)/Ta perpendicular multilayers.458 Pollard used LTEM to track the formation 

of nanoscale Néel skyrmions in Co/Pd multilayers and confirmed the size and spin structure of the Néel 

skyrmion by phase reconstruction.459 

 

Figure 43. in situ phase engineering of typical magnetic nanomaterials (0D, 1D, and 2D). (a) Monolayer 
array of Fe3O4 nanoparticles. (b) Low and high magnification TEM images. (c) Color map of the macro-
grain orientations. (d) Lorentz micrograph. (a-d) Reprinted with permission from ref. 447. Copyright 2011 
American Institute of Physics. (e) TEM image of the single-particle-chain BFO nanowires measured by 
probe-aberration corrected STEM. (f) Magnetic induction maps of the in-plane component of the 
specimen. (g) Single-particle-chain nanowire. The colors of the arrows represent the orientations of the 
magnetic moments. (e-g) Reprinted with permission from ref. 451. Copyright 2018 American Chemical 
Society. (h) Schematic diagram of a Néel-type skyrmion on a tilt sample for LTEM imaging and LTEM 
observation of skyrmion lattice from under focus to over focus on WTe2/40L Fe3GeTe2 samples. 
Reprinted with permission from ref. 454. Copyright 2020, The author(s). Published by Springer Nature 
Limited. 
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4.8.2 Section summary 
Overall, in situ magnetic TEM is an advanced experimental technique that enables real time 

observation of the structure and phase transition behavior of materials under an applied magnetic field, 

facilitating the tuning of the structure and magnetism of magnetic conductors and thin films, thus 

optimizing their performance. This technique has great potential for controlling the structural phase 

transitions in nanomaterials, for example, real-time observation of magnetic changes in nanomaterials 

allows precise tuning of the magnetic properties in nanodevices. Understanding the phase transition 

behavior of nanomaterials under external magnetic fields is crucial for their properties and applications. 

This has promising implications for high performance magnetic materials, magnetic electronic devices, 

and magneto-optical devices. In fact, modulation of the magnetic moment of magnetic materials has been 

applied to state-of-the-art magnetic storage devices today with in situ magnetic phase engineering 

methods playing an even more prominent role in the development of random-access magnetic memory 

and trace memory. With the application of spin-transfer torque and spin-orbit torque theories in the design 

and fabrication of new prototype devices, it is necessary to reveal the underlying mechanism for 

magnetically induced phase engineering at the micro/nano or even atomic scale, which must incorporate 

the magnetic field and current control to the magnetic nanomaterial.  

By utilizing multi-physical field coupling in magnetic phase engineering, it is confident that more 

success will be achieved in tuning the magnetic properties of nanomaterials.  It should be noted, however, 

that in situ magnetic PEN is a complex experimental technique requiring high-resolution TEM equipment 

and precise magnetic field control. Additionally, proper sample preparation and nanomaterial handling 

are crucial. Consequently, research in this field is typically laboratory based and requires interdisciplinary 

collaboration to fully exploit the potential of in situ magnetic TEM in controlling structural phase 

transitions in nanomaterials. 

 

5. Phase engineering of nanomaterials for distinct properties 
Phase transformation materials, including As−Te−I alloys, have been utilized in solid-state memory 

devices since the 1960s.460 These materials exhibit threshold switching, enabling a transition between 

two stable resistive states with distinct resistances for information storage. Additionally, the widely 

recognized GeSbTe alloy demonstrates laser-induced phase transformation, which serves as the basis for 

phase-change optical storage by leveraging the optical reflectivity disparity between its crystalline and 

amorphous phases. The remarkable achievements of phase transformation materials have attracted 

considerable interest from the research community. As mentioned earlier, the increased capability for 
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phase engineering in nanomaterials has revitalized interest in the field of phase transformation. This is 

primarily due to the ability to achieve distinct properties through phase engineering, thereby enabling 

diverse applications. In this section, we present representative examples of phase-engineered distinct 

properties of nanomaterials, including mechanical, optical, electrical, thermal, and magnetic properties. 

These examples serve to highlight the immense potential of phase engineering for practical applications. 

 

5.1 Mechanical properties 

Mechanical properties are one of the fundamental properties of materials. Phase engineering can be 

used to tune the mechanical properties. For example, under high pressure, Au nanoparticles  have an 

unexpectedly high stiffness due to crystallinity.461 The bulk modulus of transferred Au nanoparticles is 

290 GPa, showing an increase of 60% and of the order of W or Ir. Similarly, the strength of Ag nanowires 

is also tied to the structure based on the atomistic simulations462 and experiments.463 In contrast, phase 

engineering can also lead to the ductile mechanical behaviors by modulating the crystalline structure to 

an amorphous phase, such as deformation-induced fcc to amorphous phase transformation in 

CrMnFeCoNi236 and amorphous SiC nanowires with maximum strain up to 7.0%, much higher than 

crystalline SiC.464 

The well-known transformation induced plasticity (TRIP) effects are also representative examples of 

phase engineering. The TRIP effect was observed in 1924, involving the martensitic phase transformation. 

TRIP steels typically consist of a mixture of ferrite, austenite, and other phases. When deformed, the 

strain or stress induced phase transformation from austenite to martensite occurs, leading to a volume 

change that redistributes stress within the material. This redistribution delays the onset of localized 

fracture, resulting in improved ductility and toughness.465-467 In 2020, using in situ TEM technology, 

Chen et al. observed the fundamental origin and atomic-scale mechanism of TRIP effect induced work 

hardening in Cr20Mn6Fe34Co34Ni6 sample (Figure 44).468 From the in situ TEM strain test, they found 

that the phase transformation from fcc to phase is mainly based on the 3D SF network defects, in Figure 

44b. The Lomar−Cottrell locks can produce high density immobile SFs to hinder the movement of 

dislocations in Figure 44c, and can also stabilize the SFs, in turn promoting the nucleation and growth 

of the hcp phase (Figure 44d,e). 
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Figure 44. (a) The strain−stress curve of the Cantor alloy and Cr20Mn6Fe34Co34Ni6. (b-e) The interaction 
of partial dislocation,s Lomar−Cottrell locks, and hcp nanolamellas. Reprinted with permission from ref. 
468. under a Creative Commons Attribution 4.0 International License. Copyright 2020 The Authors. 

 

5.2 Optical properties 
Optical properties can also be engineered by phase transformation. By phase engineering, various 

materials have been reported to obtain the distinct properties.469-474 For example, the SPR effect in Au 

and Ag materials can be directly controlled by phase engineering.10, 14, 475 Compared with fcc Au 

nanowires, the directly synthesized unusual 4H phase of Au nanowire exhibits the distinctive position 

and magnitude of SPR peaks measured by monochromated EELS in TEM. Combined with theoretical 

calculations, it is shown that 4H Au exhibits fewer SPR peaks in the 0−2.5 eV energy range and SPR 

peaks show a red shift compared to fcc Au (Figure 45).10 Similarly, 4H Ag thin film exhibits much lower 

reflectance over the entire visible light range compared to fcc Ag thin film, especially at shorter 

wavelengths. Also, the blue shift is observed in the bulk plasmon frequency of the 4H Ag thin film, in 

contrast to the fcc Ag thin film, providing evidence for the diminished effectiveness of the d electrons in 

the ability of 4H Ag to screen the free s electrons.14 



87 
 

 

Figure 45. Distinct optical properties of 4H Au nanoribbons (NRBs). (a) Schematic of monochromated 
EELS measurement on a single 4H Au NRB. (b) EELS spectra acquired from an Au NRB at different 
positions indicated in (g). (c,d) DFT calculated dielectric function of Au thin film. (e) Calculated EELS 
spectra of a 4H Au NRB based on the dielectric function in c,d. (f) Calculated EELS spectra of an fcc Au 
NRB with the dielectric function taken from Palik at the same excitation position as (e). (g,h) HAADF-
STEM image of single Au NRB (scale bar, 200 nm) and its corresponding EELS maps at different energy 
loss. Reprinted with permission from ref. 10 under a Creative Commons Attribution 4.0 International 
License. Copyright 2015 Springer Nature Limited. 
 

In addition, phase engineering of VO2 has been investigated and proposed for energy efficient smart 

window applications due to its fully reversible metal−insulator transition triggered by temperature.476, 477 

The tetragonal structure of VO2 has a higher symmetric lattice, leading to metallic behaviour and infrared 

light blocking. While M1 phase VO2 is a semiconductor with infrared light transmission (Figure 46).478 

This distinguishing characteristic, particularly in the infrared region, positions VO2 as a promising 

material for the development of smart windows for industrial applications (Figure 46).477 
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Figure 46. Atomic crystal structure of VO2. (a) Monoclinic cell. (b) Rutile cell. (c) Temperature 
dependence of the resistance of the fully reversible phase transition. (d) Schematic of the mechanism of 
thermochromic smart windows based on VO2. (b) Temperature dependence of the IR intensity at 2000 
cm−1 (5000 nm) for a typical phase transition. Reprinted with permission from ref. 477. Copyright 2013 
The Royal Society of Chemistry. 
 

5.3 Electrical properties 
The electrical properties can be easily modulated by phase engineering65, including electrical 

conductivity, band gap, dielectric constant, piezoelectricity, ferroelectricity and also superconductivity.  

For example, graphite, graphene, and diamond are carbon polymorphisms with different electrical 

properties. Graphite and graphene possess layered crystal structure and they are electrical conductors. 

However, diamond with tetrahedral crystal structure, is an excellent electrical insulator, which is reported 

recently that the band gap of diamond can be tuned by mechanical strain and drive it to be 

semiconductors.198, 479 Transition metal dichalcogenide 2D materials possess different phases (Figure 

47), such as semiconducting 2H phase, metallic 1T phase, and quasi-metallic 1T’ phase.40 These phases 

show significantly distinct electrical properties due to the different band structures (Figure 47) The 

semiconducting phase of TMDs make them emerging candidates for the next generation field-effect 

transistor.480  

 

Figure 47. Band structures of different phases of MoS2 including (a) 2H phase. Reprinted with 
permission from ref. 481. Copyright 2012 Elsevier Inc. (b) 1T phase. Reprinted with permission from ref. 
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482. Copyright 2013 AIP Publishing LLC. (c) 1T’ phase. Reprinted with permission from ref. 483. 
Copyright 2014 American Association for the Advancement of Science. 
 

The GeSbTe alloy, widely used in data storage, is based on the large difference in electrical properties 

between two phases (i.e., crystalline and amorphous).484 Similarly, VO2 also possesses distinct electrical 

properties between M1 phase and R phase, as shown in Figure 48. At temperatures below a critical value, 

known as the transition temperature (Tc), of around 68 °C, VO2 behaves as an insulator and exhibits high 

electrical resistance. However, above Tc, it undergoes a rapid transition to a metallic phase with 

significantly lower resistance. This transition is due to the changes in its crystal structure and electronic 

configuration. This property makes VO2 suitable for various electrical applications, such as switching 

devices and resistive heating elements.477 

 

Figure 48. Total and orbital-projected electron density of states (DOS) for (a) R and (b) M1 phases, 
obtained from DFT +  cluster dynamical mean field theory (a) Reprinted with permission from ref. 437. 
Copyright 2016 American Physical Society. (c) X-ray photoemission spectra of R (red) and M1 (blue) 
phases below the Femi level. Reprinted with permission from ref. 485. Copyright 2006 American Physical 
Society. 
 

5.4 Thermal properties 

The thermal properties of crystalline materials mainly depend on the phonon vibrations and spin of 

the electrons, which are influenced by the phonon band structure determined by the crystalline phase. 

The specific phonon frequencies and their dispersion relations play a crucial role in the transport of 

thermal energy through the material, thus influencing the thermal properties of the material. By 

modulating the phase of crystalline materials, the thermal properties can be well controlled. 

As mentioned above, the polymorphism of carbon, including amorphous carbon, graphene, carbon 

nanotubes, graphite, and diamond, can be modulated by high pressure or temperature or strain. This phase 

modulation leads to the wide range of thermal conductivity, which can be up to 5 orders of magnitude, 

from 0.01 Wm/K for amorphous carbons to 2000 Wm/K for graphene or diamond at room temperature 
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and 10000 Wm/K in type Ⅱ diamond at 77 K (Figure 49a).486 The large difference in thermal conductivity 

of these carbon polymorphisms is due to the different lattice structure. For instance, the sp2 lattice 

contributes to the high thermal conductivity of carbon nanotubes and graphene. In carbon nanotubes and 

graphene, carbon atoms are arranged in a hexagonal lattice, forming strong covalent bonds between 

neighboring atoms. The sp2 hybridization leads to the formation of a unique phonon band structure with 

high phonon velocities and long mean free paths. As a result, phonons in carbon nanotubes and graphene 

can propagate over long distances without significant scattering, resulting in high thermal conductivity. 

However, amorphous carbon lacks long-range crystalline order and instead has a disordered or random 

arrangement of atoms. This disorder introduces various types of defects, impurities, and grain boundaries 

that effectively scatter phonons and hinder their propagation. As a result, amorphous carbon exhibits 

lower thermal conductivity than its crystalline counterparts, such as carbon nanotubes and graphene. 

In metal, the high thermal conductivity is primarily due to the presence of free electrons in metals, 

which play an important role in heat conduction. The phase modulation to metal can significantly enhance 

thermal conductivity. For instance, the phase transformation in VO2 not only alters the lattice structure 

from metal to insulator, but also influences the electron spin states and carrier concentrations (Figure 

49).477, 487 The changes in electron behavior can impact the scattering mechanisms and the transport 

properties of phonons, which in turn affect the thermal conductivity of the material. By modulating the 

metal−insulator transition in VO2, either by temperature or external stimuli such as strain or electric field, 

it becomes possible to control the thermal conductivity of the material. In the insulating phase, the 

thermal conductivity is typically lower due to reduced electron and phonon transport. While in the 

metallic phase, the thermal conductivity increases due to enhanced electron and phonon contributions to 

heat conduction. Thus, phase engineering can be used to modulate thermal properties over a wide range. 
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Figure 49. Hydrogen incorporation in VO2 to achieve enhanced electron-electron correlations, leading to 
improved thermoelectric performance. (a) Atomic illustration of hydric VO2 (R). (b) Density of state of the 𝑑!! 
orbital of vanadium in hydric VO2 (R), showing the enhanced e-e correlation by the −2 eV Fermi level. (c) 
Evolution of the transformation temperature with different hydrogen concentrations. (d) Temperature dependence 
of the thermoelectric figure of hydric VO2 (R), hydric (M−R) and VO2 (M). Reprinted with permission from ref. 
487. Copyright 2011 American Chemical Society. 
 

5.5 Magnetic properties 
Phase engineering can also modulate magnetic properties. Among the transition metals, Co, Fe, and 

Ni are the most important magnetic materials. Co nanoparticles with fcc, hcp, and ε structure have been 

successfully synthesized with different magnetic properties.488-490 Different from the hcp phase Co 

nanoparticles, fcc and ε phase Co nanoparticles are soft magnetic materials. For example, the 9 nm Co 

with ε phase possesses a coercivity (Hc) of 500 Oe at 5 K. However, by annealing at 300 ℃ in vacuum 

or Ar/H2 mixed gas, ε phase Co nanoparticles transfer to hcp phase with the Hc of 1450 Oe. Further 

annealing induces the transformation from hcp to fcc with Hc reduced to 800 Oe at 5 K (Figure 50). 
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Figure 50. Hysteresis loops of Co particles (a) at 5 K from as-synthesized 9 nm ε phase, (b) hcp phase 
from ε-Co nanocrystals annealed at 300 ℃, and (c) fcc + hcp Co particles from ε-Co nanocrystals 
annealed at 500 ℃. Reprinted with permission from ref. 488. Copyright 1999 American Institute of 
Physics. 
 

VO2 also exhibits a significant change in magnetic susceptibility when it undergoes a transition from 

the high-temperature rutile (R) phase to the low-temperature monoclinic (M1) phase triggered by 

temperature. VO2 in the R phase is paramagnetic, with no permanent magnetic moment and strong 

magnetic behaviour (Figure 51). While, when VO2 go through cooling, it transfers to the M1 phase with 

enhanced magnetic susceptibility due to the formation of localized magnetic moments related with V3+.491 

These magnetic properties of VO2, coupled with its unique metal−insulator transition, have attracted 

considerable attention for applications in spintronic devices, magneto-optical devices, and sensors.477 
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Figure 51. Application of the metal-insulator transitions to the magnetocaloric effect. (a) Temperature 
dependence of zero field cooled and field cooled magnetization of VO2 samples in 200 Oe magnetic field. 
(b) Magnetization isothermals at 290−390 K for VO2 samples. (c) Magnetic entropy change ∆S of VO2 
sample. (1), (2), and (3) refer to the VO2 samples obtained from solution synthesis, solid-state reaction, 
and confined space combustion methods, respectively. Reprinted with permission from ref. 492. Copyright 
2011 The Royal Society of Chemistry.  
 

5.6 Catalytic properties 
The catalytic performance of nanomaterials has been found to be closely related to their atomic 

arrangement in terms of lattice structure and chemical composition (i.e., crystal phase), which 

fundamentally determines the electronic structure of a material and further defines the catalytic activity 

related properties such as chemisorption and electrical conductivity.493 Therefore, controlled engineering 

of the phase is gaining attention as a method to regulate the physical and chemical properties of 

nanomaterials with the aim of optimizing their catalytic performance. 

It has been widely reported that certain unconventional phases possess superior catalytic activities 

compared to their counterparts. Geng et al. reported the preparation of metastable 1T phase MoS2 

nanosheets by a hydrothermal method. Compared with the conventional stable 2H phase MoS2 which 

shows semiconducting feature, the metallic 1T phase demonstrates excellent catalytic activity in 

hydrogen evolution reaction (HER) measurements with a reduction in Tafel slope from 135 mV/dec to 

41 mV/dec (Figure 52a,b). The optimal HER activity is attributed to the five orders of magnitude 

increase in electrical conductivity as well as the increase in active sites and hydrophilicity.494 Feng et al. 

synthesized the 3R phase TaS2 nanosheets using a unique calcination method and characterized their 

catalytic performance for HER. The two-dimensional 3R TaS2 demonstrates remarkable HER activity, 

which suppresses its 1T and 2H phase counterparts, due to the rich active sites provided by the broken 

inversion asymmetry and abundant edge exposure.495 Wang et al. investigated the performance of 4H Au 

nanoribbons as a catalyst for CO2 electroreduction reaction with hybrid 4H/fcc phase and pure fcc phase 

Au nanoribbons as a comparison. The results indicate the superiority of pure 4H Au nanomaterial in 

terms of both activity and selectivity for CO production with a Faradaic efficiency of more than 90%. 

The mechanism was revealed by combined surface structure probe and DFT calculations, suggesting the 

existence of distinctive and rich uncoordinated sites on the 4H Au nanocrystals instead of its fcc 

counterpart.496 Qiu et al. proposed a wet-chemical synthesis of PdCu nanoparticles, of which the crystal 

phase was found to be determined by the following thermal annealing temperature. A bcc phase is 

obtained at elevated temperature of 300−500 ℃, while the fcc counterpart is obtained at a lower 

temperature. The as-prepared nanoparticles are then applied as catalysts in hydrogen oxidation reaction 
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(HOR), where the bcc PdCu exhibits a significant advantage of 20-fold in specific activities compared 

to the fcc phase. The dominance in HOR activity is unraveled by DFT calculations, showing that the bcc 

surface has a much stronger adsorption to OH and similar binding to H compared to the fcc phase, which 

resembles the Pt model surface (Figure 52c,d).497 However, it is worth noting that the supremacy in 

catalytic performance between different phases could vary upon different catalytic process. Yao et al. 

synthesized a rare fcc phase ruthenium (Ru) through epitaxial growth using an fcc Pd-Cu alloy seed with 

matched lattice constant. They find that compared with the conventional hcp-based Ru nanocatalyst, the 

unusual fcc phase Ru nanoparticles show enhanced activity in the hydrogenation reaction of 4-

nitrochlorobenzene with the conversion rate increasing from 61% to 99%. However, an inversed result 

was obtained when comparing their activity in the styrene hydrogenation reaction, showing a much 

higher conversion rate for the hcp phase Ru.498 

 

Figure 52. (a-b) HER activity of the 1T (M-MoS2) and 2H (S-MoS2) phase MoS2 nanosheets. (a) 
Polarization curves of the MoS2 nanosheets. (b) Corresponding Tafel plots obtained from the polarization 
curves. (a,b) Reprinted with permission from ref. 494. Copyright 2016 The Author(s). Published by 
Springer Nature Limited. (c) Comparison of HOR mass and specific activity of PdCu with different 
phases at 100 mV overpotential in H2-saturated 0.1 M KOH electrolyte. (d) Plot showing the relationship 
between the experimentally measured exchange current density for hydrogen oxidation in base and the 
calculated H/OH adsorption strengths, with two dashed lines representing the optimal H and OH 
adsorption potential, respectively. (c,d) Reprinted with permission from ref. 497. Copyright 2018 
American Chemical Society. 
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6. Summary and outlook 
The powerful TEM makes it possible to obtain information about the crystalline materials at the 

atomic scale. Recent advances in in situ TEM technology have enabled various in situ experiments in 

TEM, including mechanical, thermal, electrical, gas, liquid, optical, and magnetic experiments. A variety 

of nanomaterials have been investigated by in situ TEM for their phase transformation under external 

stimuli, providing actual phase transformation mechanisms even at the atomic scale, which are 

systematically reviewed here. The modulation of different phases for nanomaterials demonstrates the 

great potential for tuning the properties of these nanomaterials. The actual phase transformation 

mechanism illustrated by in situ TEM will pave the way to efficiently modulate the phase and then the 

desired properties of nanomaterials for their widespread applications. Despite the great progress that has 

been made in in situ TEM for PEN over the past decades, there are still challenges to be overcome before 

the modulation is widely practiced. 

1) in situ Mechanical technology for PEN 

First, even though the nanomechanical tests can be performed in TEM with real time 

recording, the load applied to the nanomaterials is still not stable considering the drift issue, 

especially for quantitative nanomechanical tests equipped with piezo-actuator and sensor. Second, 

it is still not real working space conditions, most of the phase transformations are driven by 

complicated external factors, such as oxidation effect by wet air, complicated loading rather than 

uniaxial or simple loading in in situ TEM. Third, some phase transformations occur at high speed, 

such as the displacive phase transformations. Therefore, the ultrafast TEM will be useful to 

clearly reveal the whole process. 

2) in situ Heating technology for PEN 

First, accurate temperature measurement at the nanoscale is still challenging, making the 

actual phase transformation temperature inaccurate, especially when the effect of electron beam 

irradiation is taken into account. Second, heating alone is not sufficient for the real phase 

transformation. Coupling with other stimuli is still required.  

3) in situ Electrical technology for PEN 

First, quantitative bias experiments play a vital role in uncovering the mechanism of phase 

transformation of nanomaterials. However, it is still challenging due to the small reaction volume. 

Considering the noise induced by the experimental environment, high performance equipment 

and shielding setups are desired. Second, high spatial resolution, localized measurements, and 

detailed information on electrical kinetics enable researchers to gain a deeper understanding of 
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electrochemical processes. While these parameters are still difficult to be obtained in in situ TEM 

experiments. 

4) in situ Gas technology for PEN 

First, the spatial resolution decreases significantly due to the scattering of gas molecules even 

at low gas pressure. Second, the maximum gas pressure for window type gas holder is 5 bar, 

which is still much lower compared with realistic conditions. Therefore, the balance between gas 

pressure and spatial resolution should be optimized by advanced MEMS or aperture design. Third, 

the temporal resolution needs to be improved for some fast reactions during several milliseconds 

or even nanoseconds. 

5) in situ Liquid technology for PEN 

First, the balance between membrane thickness, flatness, and robustness of the view window 

should be optimized perhaps by a better choice of membrane materials. Second, the liquid volume 

loading of the liquid cell should be more precisely controlled to ensure the same liquid thickness, 

which will improve the repeatability of the in situ liquid experiments. Third, the conditions of in 

situ liquid experiments are still simple (multiple external fields need to be integrated) and 

moderate (electron beam or moderate heating initiated), which are far from laboratory conditions. 

Fourth, the side effects of the electron beam are more severe in in situ liquid experiments due to 

the interaction between the electron beam and the liquid molecules. 

6) in situ Optical technology for PEN 

First, the in situ photoluminescence and cathodoluminescence are still desired for high quality 

data for in situ optical experiments. Second, high efficiency detection is very important for in situ 

optical experiments to reduce radiation damage from the electron beam. Third, combined with 

computational reconstruction techniques, 3D structural characterization can be realized and 

electron ptychography can achieve better contrast on light atoms. 

7) in situ Magnetism technology for PEN 

First, higher spatial resolution is still desired to analyze the magnetic moment distribution 

among the sample, even at the atomic scale, which will facilitate the study of antiferromagnetic 

spintronics. Second, multifield in situ magnetism experiments are needed to study the transition 

mechanism of the magnetic domain under different external field stimuli. 

As mentioned above, the most common challenges, include higher spatial and temporal resolution 

under different external fields, low frequency of the image acquisition system based on conventional 

charge-coupled device (20 frames/s), multi-field coupling in TEM, large differences between in situ TEM 
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experiments compared to laboratory conditions, and electron beam irradiation effects. In fact, several 

advanced technologies have been proposed and realized to solve some of these problems. 4D ultrafast 

electron microscopy increases the temporal dimension based on the pump-probe scheme and can realize 

femtosecond/nanosecond temporal resolution, which can be used to visualize the temporal evolution of 

the changes in the specimen. Different from charge-coupled device, direct electron camera based on 

complementary metal-oxide semiconductor technology can significantly improve the collection 

efficiency (103 readout rates). Based on the direct electron camera technology, 4D STEM can obtain 2D 

real space and 2D reciprocal space data for each pixel with high spatial resolution and comparable 

temporal resolution to traditional STEM. We strongly believe that in situ TEM opens up broad prospects 

for investigating the actual atomic mechanisms underlying phase transformations. It also facilitates the 

development of strategies to modulate phase transformations in nanomaterials, aiming to achieve precise 

control over the desired property-oriented phase modulation. These advances hold great potential for a 

wide range of applications in nanomaterials. 
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