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Abstract 

 

Atomistic Insights into Materials Transformations Using Liquid Cell Transmission 

Electron Microscopy 

by 

 

Junyi Shangguan 

 

Doctor of Philosophy in Materials Science 

 

University of California, Berkeley 

 

Professor Haimei Zheng and Mark Asta, Co-Chairs 

 

 

Nanoscale material transformations, including nucleation, growth, dissolution, and 

phase transitions, correlated with heterogeneity, fluctuations, and structural ordering, are 

essential to many physical and chemical processes of materials. There has been significant 

interest in studying nanoscale material transformations in real-time. Understanding and 

further controlling them allow the opportunity to tailor materials' physical and chemical 

properties and facilitate the discovery of novel materials. In-situ transmission electron 

microscopy (TEM) is the most suitable technique for direct observation of material 

dynamics and nanoscale materials transformations with the necessary spatial and temporal 

resolution. However, imaging nanoscale materials transformations through liquids with 

transmission electron microscopy has been a significant challenge due to the fast dynamics 

and the difficulties in maintaining sufficient resolution while imaging. With our 

development of ultrathin-thin liquid cells, we are able to reveal materials' growth, 

dissolution, and phase transition with atomic resolution at various temperatures. My 

research contains three components centered on the development and applications of 

different types of liquid cells. Specifically, I apply these methods of development to the 

following three projects. 

(1) Investigating the stacking order and phase transition is significant for the 

property and application of van der Waals layered nanocrystals. However, direct 

observation and microscopic understanding are still challenging.  Here we have observed 

a temperature-dependent phase transition in the layered InCl3 nanocrystal with atomic 

resolution, which is enabled by our modified in-situ liquid cell TEM techniques applied at 

varying temperature. Under cryogenic temperature, InCl3 exhibits multiple stacking orders. 

Compared to the InCl3 crystal maintaining the phases during the process at 0 °C, the InCl3 

crystal shows a distinct pathway during phase transition at room temperature. Layer-by-

layer growth is also observed at the reaction front. This study provides microscopic insights 

into the transformation process of InCl3 and thus sheds light on the controllable synthesis 

and property tuning of layered materials for advanced applications. 
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(2) As a catalyst for CO2 reduction and other applications, Cu metal nanostructures 

have attracted extensive research interest because it is the only metal capable of converting 

CO2 into multi carbon-based compounds. Controlling the structure and morphology of 

copper nanostructures during the preparation process is crucial for enabling the functional 

design of materials. Here, we have investigated the effect of different temperatures on the 

morphology of Cu nanoparticles during electrochemical deposition. We find that reducing 

the temperature can significantly affect the size, nucleation density, and crystallinity of Cu 

nanoparticles. Electrodeposition at low temperature (-20 ºC) produced clusters of small 

copper nanoparticles, which are distinct from the large highly crystalline copper 

nanoparticles (~16 nm) obtained from the room temperature process. After analysis, we 

find that the differences in the morphology and crystallinity of the Cu nanoparticles are 

caused by changes in the reduction reaction rate and surface diffusion. The limitation of 

the reaction rate promotes the formation of multi nuclei, and the slow surface diffusion 

leads to the poor crystallinity of the particles. This work contributes to our understanding 

of low-temperature electrochemical processes and facilitates the design of catalytic 

materials with hierarchical structures. 

(3) Designing corrosion-resistant materials requires a complementary 

understanding of corrosion mechanisms at multiple scales. Atomic insights into the 

corrosion behavior of metals are thus critical. Here, we have studied the pitting corrosion 

of a Sn nanocrystal with a nanoscale protection layer and the uniform corrosion of Sn metal 

in real-time using liquid cell TEM. Our observation shows that pitting corrosion starts from 

defective areas and pitting in different regions merges as the etching area becomes larger. 

The isotropic etching occurs first, followed by anisotropic etching during the pitting 

corrosion process. For uniform corrosion, surface diffusion layer and “creeping-like” 

etching behavior are observed in the thin liquid region. Understanding these corrosion 

behaviors and dynamics provides important fundamental insight connecting nanocrystal 

crystalline structure to the development of kinetically stabilized surface features and 

demonstrates the importance of developing new materials with corrosion resistance. 

 

 

  



i 

 

 

 

Dedicated to all my teachers and my family members 

 

 

 

 

 

 

 

  



ii 

 

Table of contents 

 

Table of contents ii 

List of figures iv 

List of tables vii 

Acknowledgments viii 

1 Introduction to liquid cell transmission electron microscopy 1 

1.1 Overview of liquid cell electron microscopy ........................................................ 1 

1.2 Investigation of materials transformations using transmission liquid cell electron 

microscopy ...................................................................................................................... 3 

2 Liquid Cell Fabrication 10 

2.1 Introduction to liquid cell.................................................................................... 10 

2.2 Silicon nitride regular liquid cell ........................................................................ 10 

2.3 Electrochemical liquid cell ................................................................................. 12 

2.4 X-ray liquid cell .................................................................................................. 13 

2.5 Carbon film liquid cell ........................................................................................ 15 

2.6 Polymer liquid cell .............................................................................................. 15 

3 In-Situ Study of Layered Nanostructure Growth at Various Temperatures 19 

3.1 Introduction to layered materials ........................................................................ 19 

3.2 Experimental setup and the layered structure of the InCl3 crystal ...................... 19 

3.3 Lateral translation of layered InCl3 in solution at room temperature ................. 29 

3.4 The layer-by-layer growth of the vertical InCl3 crystal at room temperature ..... 31 

3.5 Behavior of layered InCl3 in solution at low temperature of 0 °C ...................... 33 

4 The effect of temperature on nucleation and growth of copper nanoparticles 

during electrochemical reactions 35 

4.1 Introduction to copper nanoparticles synthesis ................................................... 35 

4.2 Experimental setup and structural characterization of the as-prepared Cu 

nanowires ...................................................................................................................... 36 

4.3 Structural diversity of copper particles affected by temperature ........................ 39 

4.4 Growth mechanism of particle growth at various temperatures ......................... 42 

5 Atomistic insights into pitting and uniform corrosion of Sn nanocrystals 45 

5.1 Introduction to pitting and uniform corrosion .................................................... 45 



iii 

 

5.2 Experimental setup and structure characterization of Sn nanocrystals with 

nanocoating ................................................................................................................... 46 

5.3 Investigation of facet selective corrosion process and kinetics of Sn@Ni3Sn4 

nanocrystals ................................................................................................................... 49 

5.4 Atomistic observation of the oxidative pitting corrosion of Sn@Ni3Sn4 

nanocrystal .................................................................................................................... 51 

5.5 High-resolution real-time observation of the oxidative uniform corrosion of Sn 

nanocrystal .................................................................................................................... 54 

5.6 Discussion on the mechanism of pitting and uniform corrosion ........................ 58 

6 Future Perspectives 60 

References 62 

 

 

  



iv 

 

List of figures 

Figure 1.1 The development of liquid cells for imaging liquid samples within electron 

microscopy. ................................................................................................................. 2 

Figure 1.2 Plots of publications and citations of liquid cell in different fields. ................. 3 

Figure 1.3 Possible changes of a nanoparticle during various processes within LCTEM. 4 

Figure 1.4 Pathways of nucleation and growth by particle attachment. ............................ 4 

Figure 1.5 Multistep pathways for the nucleation of Au and Ag nanocrystals in solution.5 

Figure 1.6 Atomic growth pathways of Pt-based nanoparticles. ....................................... 6 

Figure 1.7 Defect and strain-induced corrosion process of nanocrystals. ......................... 7 

Figure 1.8 Galvanic replacement etching process. ............................................................ 8 

Figure 1.9 Electrochemical deposition of Na and Li. ........................................................ 9 

Figure 1.10 In-situ observation of the formation of SEI. ................................................... 9 

Figure 2.1 Fabrication process flow of SiNx regular liquid cell. ..................................... 11 

Figure 2.2 Fabrication process flow of SiNx electrochemical liquid cell. ....................... 12 

Figure 2.3 Illustration of the fabricated electrochemical liquid cell. ............................... 13 

Figure 2.4 Design of the x-ray liquid cell. ....................................................................... 14 

Figure 2.5 Application of the x-ray liquid cell in STXM. ............................................... 14 

Figure 2.6 Illustration of making carbon film liquid cell by sandwiching sample solution 

between two commercial TEM grids with carbon film. ........................................... 15 

Figure 2.7 Fabrication process flow of fabricating electrochemistry liquid cell with 

polymer membrane. .................................................................................................. 16 

Figure 2.8 Fabrication and transfer of polyimide membrane. .......................................... 16 

Figure 2.9 Polyimide membrane transferred onto TEM grid........................................... 17 

Figure 2.10 TEM image and EDS of 40 nm Pt electrode on 10% w/v polyimide 

membrane. ................................................................................................................. 18 

Figure 3.1 Schematic of setup for low temperature liquid cell experiment. .................... 20 

Figure 3.2 Structure model of monoclinic InCl3 crystal. ................................................. 21 

Figure 3.3 InCl3 crystal structure observation using cryogenic TEM. ............................. 22 

Figure 3.4 Illustration of the energetically favored and unfavored structure. .................. 23 



v 

 

Figure 3.5 Lateral translation of layered InCl3 in solution at room temperature. ............ 29 

Figure 3.6 Reversible phase transition of layered InCl3 in solution at room temperature.

................................................................................................................................... 30 

Figure 3.7 The layer-by-layer growth and evolution of the vertical InCl3 crystal in 

solution at room temperature. ................................................................................... 32 

Figure 3.8 Sequential TEM images showing the amorphous to crystal transition during 

growth process. ......................................................................................................... 32 

Figure 3.9 Behavior of layered InCl3 in solution at the low temperature of 0 °C. .......... 33 

Figure 3.10 Sequential TEM images showing the removal of dislocation in InCl3 crystal 

with dislocation climbing and gliding....................................................................... 34 

Figure 4.1 Illustration of experimental setup and characterization of 1.0 M LiPF6 in 

EC/DEC = 50/50 (v/v) electrolyte at room temperature (20 ºC) and sub-zero 

temperature (-20 ºC), respectively. ........................................................................... 36 

Figure 4.2 TEM characterization for the structure of the as-prepared Cu nanowires. ..... 37 

Figure 4.3 Low magnification TEM image of the Cu nanowires showing the diameter to 

be about 30nm. .......................................................................................................... 38 

Figure 4.4 TEM and FFT pattern of the as-prepared Cu nanowire. ................................. 38 

Figure 4.5 Structure characterization of the hierarchical Cu nanoparticle/nanowire 

nanostructure formed at room temperature (20 °C). ................................................. 39 

Figure 4.6 Low-resolution TEM image of the hierarchical Cu nanoparticle-nanowire 

nanostructure. ............................................................................................................ 40 

Figure 4.7 EDS spectrum of Cu nanostructures formed at room temperature (20 °C) with 

large crystalline Cu nanoparticles attached to the Cu nanowires. ............................ 40 

Figure 4.8 Structure characterization of the hierarchical Cu nanocluster/nanowire 

nanostructure formed at -20 ℃. ................................................................................ 41 

Figure 4.9 Nuclei size and nucleation density of Cu nanoparticles formed at 20 ℃ and -

20 ℃, respectively. ................................................................................................... 42 

Figure 4.10 TEM image and FFT pattern of the Cu nanoclusters formed at -20 ℃. ...... 42 

Figure 4.11 Schematic illustrations of two kinds of electrochemical growth mechanisms 

of Cu metal. ............................................................................................................... 44 

Figure 5.1 Chemical and structural characterization of Sn@Ni3Sn4 nanocrystal before 

and after corrosion in aqueous solution using a cryo-holder. ................................... 46 

Figure 5.2 Surface classification based on contact angles. .............................................. 47 



vi 

 

Figure 5.3 Schematic representation of the setup for the liquid cell experiment. ............ 47 

Figure 5.4 Morphology and composition characterization of Sn nanocrystals with 

nanocoating before and after corrosion. .................................................................... 48 

Figure 5.5 Electron tomography of Sn nanocrystals. ....................................................... 49 

Figure 5.6 Real-time observation of the etching process of Sn@Ni3Sn4 nanocrystal in 

aqueous solution........................................................................................................ 50 

Figure 5.7 Facet determination according to the etched morphology. ............................. 51 

Figure 5.8 High-resolution real-time observation of the oxidative pitting corrosion 

process of Sn@Ni3Sn4 nanocrystal in aqueous solution. .......................................... 52 

Figure 5.9 Original TEM image sequence showing pitting oxidative etching process of 

Sn@Ni3Sn4 nanocrystal in solution. ......................................................................... 53 

Figure 5.10 Sequential TEM images showing no corrosion reaction occurs where the 

protective layer is intact. ........................................................................................... 53 

Figure 5.11 Sequential TEM images showing a galvanic corrosion process of 

Sn@Ni3Sn4 nanocrystal in aqueous solution. ........................................................... 54 

Figure 5.12 Structure characterization of Cu nanocrystals. ............................................. 55 

Figure 5.13 Structure characterization of Sn nanocrystal within liquid cell by cryo-EM.

................................................................................................................................... 56 

Figure 5.14 Structure characterization of Sn nanocrystal synthesized ex-situ. ............... 57 

Figure 5.15 High-resolution real-time observation of the oxidative etching process of Sn 

nanocrystal in solution. ............................................................................................. 58 

Figure 6.1 Design of novel electrochemical liquid cell setup allowing to study 

electrochemical processes with liquid electrolyte in-situ at various temperatures. .. 60 

 

  



vii 

 

List of tables 

Table 3.1 Possible structural models of bilayer InCl3 with lateral translation. ................ 24 

Table 3.2 Possible structural models of triple layer InCl3 with lateral translation. .......... 26 

Table 3.3 Summary for possible structural model of mono-, bi-, triple-layers InCl3 with 

lateral translation. ...................................................................................................... 28 

 

  



viii 

 

Acknowledgments 

Time flies quickly. It feels like only a few months ago that I arrived in Berkeley and started 

my study for a Ph.D. in 2017. As I look back, scenes of the past years are still vivid in my 

mind. I am filled with appreciation and gratitude for the people and things that made my 

experience in Berkeley so remarkable and magnificent. 

First and foremost, I want to thank my primary supervisor Professor Haimei Zheng, who 

provided me with a priceless opportunity and unwavering support during my Ph.D. period. 

It was your invaluable guidance and mentoring that let me go through the confusion to 

where I am now. Thank you for inspiring me to be my best and for being there to guide me 

at every stage of the research project. You did more than preparing me academically; and 

you also prepared me for life. Thank you for all the insightful comments and suggestions 

you have given me. 

Similar gratitude belongs to all the members and staff scientists in National Center for 

Electron Microscopy and Molecular Foundry that I have had the honor to work with. Karen 

Bustillo, Chengyu Song, Rohan Dhall, Stefano Cabrini, Michael Elowson, Selven 

Virasawmy, Scott Dhuey, Arian Gashi taught me the skills and techniques in the lab. You 

ensured the lab ran safely and smoothly and all supplies were accessible, making it possible 

for me to conduct experiments and work on my projects. And thank you for your additional 

support through technical and scientific discussion. 

All members in Haimei group were not only amazing coworkers but also incredible 

mentors and lovely friends. I feel so blessed to be working with you. Sophia Betzler, Zhanxi 

Fan, Jiwoong Yang, Lei Yu, Seungyong Lee, Yu Wang, Yujun Xie, Xinxing Peng, Qiubo 

Zhang, Zuwei Yin, Haobo Yu, Tai-Feng Huang, Sang Hoon Joo, Wenjing Zheng, Jiawei 

Sun, Chi Zhang, Wen Wang, Qi Zheng, Daewon Lee, Jiawei Wan, Haochen Li, Matthew 

Hauwiller, you were an invaluable part of the group. With all of you, the laboratory 

equipment was maintained so well and all chemicals were placed in order. And thank you 

for pushing me professionally and for your wonderful patience, continuous support and 

great mentorship through scientific discussion and collaborations. Xubo Liu, Xiangming 

Li, Honghao Hou, Yunhui Tang and Qin Hu also added additional warm humor and made 

the lab a fun place to work. I honestly couldn't ask for better labmates. 

Finally, I want to thank my family for their immense kindness, thorough understanding, 

and loving guidance in all past years. Without you, my father, mother and sister, I wouldn't 

have made it this far. 

What's past is prologue. I will keep moving forward, opening new doors and doing new 

things, with gratitude to everyone I have met along the way. 

 

 

 



1 
 

1 Introduction to liquid cell transmission electron 

microscopy 

1.1 Overview of liquid cell electron microscopy  

Transmission electron microscopy (TEM) is one of the most powerful tools for studying 

the microscopic structure of materials with high spatial resolution.1-3 It can help researchers 

obtain information on the local structure and chemical composition of materials down to 

the atomic level to reveal the relationship between performance and structure.4-6 After 

decades of the development of TEM techniques and electromagnetic optics, the spatial 

resolution has been advanced from the initial 50 nm to the sub-50-pm level because of the 

development of aberration-corrector optics in the imaging system.7-10 By combining with 

the new design of electron microscopy pixel array detector, a 0.39 Å Abbe resolution was 

achieved in 2018.11 The latest pixel array detector has made it possible to image thicker 

samples with <0.20 Å Abbe resolution.12  

Compared with the accomplishments achieved in high-resolution imaging of solid samples, 

in-situ observations of liquid samples still face many challenges.13-16 One of the main issues 

is that the electron beam works under a high vacuum environment,17 which requires the 

observed samples to be free of water and other volatile solvents. However, many materials 

are synthesized in liquids or function in a liquid medium. Their structure may change 

during the sample preparation that involves drying the sample for TEM imaging. Thus, the 

structures observed in the electron microscope may drastically be different from their 

original structure in solution. On the other hand, although optical microscopy is used to 

image liquid samples, the resolution is insufficient to obtain detailed information on the 

fine structure of materials. Therefore, it is significant to develop high-resolution liquid cell 

transmission electron microscopy (LCTEM) techniques to resolve materials pristine 

structures in liquids and their dynamic processes in solution in-situ and in-operando.18 

Since the invention of the electron microscope, direct observation of liquid samples has 

been explored by many researchers. Here are some milestones in LCTEM development, as 

shown in Figure 1.1. As early as in the 1930s and 1940s, the earliest liquid cell for electron 

microscopy was achieved using Pt as the supporting frame and nitrocellulose film from 

cotton as membrane and a sandwich structure was made with solvent inside.19, 20 In recent 

years, with the development of nanofabrication, microfluidic technology, and electron 

microscopy technique, the LCTEM technology using silicon nitride (SiNx) as membrane 

windows has made great progress.21, 22 In 2003, F. M. Ross et al. revealed the early-stage 

growth of Cu clusters through electroception using a SiNx electrochemical liquid cell, 

which pushes the spatial resolution to 5 nm.21  In 2009, H. Zheng et al. introduced ultrathin 

SiNx liquid cells to study the growth of Pt nanoparticles with sub-nanometer resolution.22 

More importantly, a thin Si wafer of only 100-micrometer in thickness instead of standard 

wafer of 500-micrometer was used for these thin liquid cells, which allows chemical 

analysis in-situ using energy-dispersive X-ray spectroscopy (EDS). It was the first time the 

direct high-resolution imaging and chemical analysis through liquids were achieved. With 

the thin liquid cell TEM setup, two different growth modes of Pt nanocrystals are found, 
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namely monomer-by-monomer attachment and coalescence. In the same year, N. de Jonge 

et al. developed the setup of the microfluidic flow cell, pushing the spatial resolution to 4 

nm.23 In 2010, an open-cell setup with ionic liquid electrolyte was designed to study battery 

materials.24 The lithiation of the SnO2 nanowire during electrochemical charging was 

observed in real-time. The open-cell design is limited to special liquid samples with low 

vapor pressure and low volatility. In 2012, graphene was used to encapsulate solution and 

atomic resolution was achieved.25 In the same year, the atomic resolution imaging was also 

achieved using liquid cells with SiNx membranes.26 Following these works, more and more 

liquid systems have been investigated with liquid TEM. Also, with the development of 

nanofabrication technology, various designs of liquid cells have been reported.  

 

Figure 1.1 The development of liquid cells for imaging liquid samples within electron 

microscopy. Schematic of (A) the liquid cell with sandwich structure,19, 20 (B) SiNx 

electrochemical liquid cell,21 (C) ultrathin regular liquid cell,22 (D) flow cell,23 (E) open 

cell using an ionic liquid,24 and (F) graphene liquid cell.25 (G) Spatial resolution versus 

year achieved by the corresponding liquid cells in LCTEM. 

The advantages of in-situ LCTEM are highlighted as follows. It allows for directly 

observing the changes of various materials in liquids during reactions in real-time, 

including growth, dissolution, self-assembly, and phase transition, with high resolution 

down to the atomic level.21, 22, 25-35 Using in-situ LCTEM, previously unknown details of 

the reaction can be discovered in real-time, and the understanding of the reaction can reach 

an unprecedented level, which can greatly promote basic research and applications. The 

key technology of LCTEM is to design and prepare an in-situ liquid cell. Since liquid cells 

can confine liquid specimens for in-situ TEM observations, some rules and disciplines must 

be followed in the design of liquid cell and the fabrication process. First, the liquid cell 

setup should be compatible with TEM. This requires the support film to be an ultra-thin 

membrane with low atomic number elements to decrease electron scattering and increase 

sample contrast. Second, the liquid cell material must be physically and chemically stable 

so that it would not interact with the samples loaded inside. Based on the above 

requirements, currently available sample chamber observation windows include SiNx, 

carbon film, graphene, and MoS2.
22, 36-39 
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LCTEM has become a cutting-edge scientific research technique after several years of 

development, and it has been widely used throughout the research fields of materials 

science, physics, chemistry, and biology.27, 30, 40-42 Researchers have been developing this 

technique to observe changes in material structure at the atomic scale in real-time.25, 27, 42-

45 The LCTEM technique allows to investigate the chemical reaction process in the 

solution,46 which is of great significance for studying the reaction mechanism and 

controlling the reaction process. The worldwide application of the in-situ LCTEM and 

related liquid chip techniques have made breakthrough achievements, and it is attracting 

more and more attention.14 Figure 1.2 shows the fast growth of the field of study. In 2020, 

a Gordon Research Conference (GRC) with focused topic on Liquid Phase Electron 

Microscopy was established. The future growth of the LCTEM techniques and extensive 

scientific discoveries using this technique are expected.  

 

Figure 1.2 Plots of publications and citations of liquid cell in different fields.  (A) Plots of 

the number of publications and (B) citations from 2003 to July 2021. 

1.2 Investigation of materials transformations using transmission liquid cell 

electron microscopy 

LCTEM has been extensively used for in-situ studies of nanoparticle dynamical 

phenomena, including nucleation, growth, dissolution, and self-assembly.21, 22, 30, 35, 47-49 

With the technical advances of LCTEM, in-situ investigation of nanocrystal formation and 

transformations using LCTEM has become a hot topic of study. Various fascinating 

discoveries have been made on imaging the changes of a nanocrystal during nucleation, 

growth and dissolution (Figure 1.3). Today, with the advances of LCTEM techniques, this 

topic continues to attract a lot of attention. A set of works reported in this thesis are centered 

on in-situ study of nanoscale materials transformations by developing and applying 

advanced LCTEM. 

 



4 
 

 

Figure 1.3 Possible changes of a nanoparticle during various processes within LCTEM. 

Nucleation and growth in solution-phase syntheses have been described by the classical 

theory of competing surface energy and volume energy in colloidal chemistry.50-53 

However, there have been reports on nonclassical multistep crystallization, which involves 

various prenucleation intermediate species,26-28, 54 as shown in Figure 1.4.55  

 

Figure 1.4 Pathways of nucleation and growth by particle attachment.  The crystallization 

through particle attachment is considered as non-classical growth pathway.55  
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Figure 1.5 Multistep pathways for the nucleation of Au and Ag nanocrystals in solution.  

(A) Sequential TEM images show the three-step nucleation pathway of Au nanocrystals. 

(B) The atomic model illustrates the nucleation pathway. (C) The nucleation pathway of 

Ag nanocrystals is similar to the nucleation pathway of Au nanocrystals in (A).54 

Nucleation of solids from a liquid solution is often correlated with local fluctuations in the 

concentration and short-range structural ordering or formation of prenucleation clusters. 

The prenucleation intermediates are metastable, and they often exist only transiently before 

growing into stable nanocrystals. There have been some studies on the early stage of 

growth.45, 54, 56 Nonclassical multistep crystallization of nanocrystals from nanocluster 

intermediates was investigated using LCTEM. A multistep growth of Au and Ag 

nanocrystals was revealed using LCTEM. A metal-rich phase intermediate was found at 

the early-stage growth of Ag and Au nanocrystals (Figure 1.5).54 
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Figure 1.6 Atomic growth pathways of Pt-based nanoparticles.  In-situ observation of the 

growth of (A) Pt nanoparticles,25 (B) Pt3Fe nanorods26 and (C) Pt nanocubes.42 

The growth of nanoparticles has been well studied and it can be considered as the most 

representative topic of research using LCTEM. The precursor solution is used as the 

starting material for in-situ observations of nanocrystal growth. Pt nanocrystal growth via 

coalescence and crystal-structure evolution was observed with atomic resolution using 

graphene liquid cell (Figure 1.6A).25 Pt3Fe nanorod growth from nanoparticle building 

blocks was revealed using ultrathin SiNx liquid cell (Figure 1.6B).26 Moreover, the atomic 

pathway of the facet development during the Pt nanocube growth was also observed 

(Figure 1.6C).42 Besides Pt particles, the growth of nanocrystals, including metallic 

nanocrystals, metal-oxide and metal-organic frameworks, has been reported.33, 54, 57, 58  

Besides revealing the nucleation and growth processes, LCTEM also plays an important 

role in the study of dissolution/etching/corrosion.59, 60 Structure evolution, including 
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specific shape and morphology changes occurring locally on individual nanocrystals, is 

revealed using in-situ techniques.61-64 LCTEM provides capabilities for the direct 

observation of dissolution/etching/corrosion behaviors in liquid environment. A variety of 

dynamic dissolution/etching/corrosion phenomena have been visualized with high-spatial-

resolution using LCTEM. For example, the in-situ study of defect-induced asymmetrical 

corrosion behavior and strain-induced corrosion process was reported at the nanoscale 

using LCTEM.61, 65 Corners were the preferential corrosion site (Figure 1.7A). The 

corrosion process was much faster in regions with tensile strain and high local curvature 

(Figure 1.7B).  

 

Figure 1.7 Defect and strain-induced corrosion process of nanocrystals.  (A) Asymmetrical 

corrosion of corner defected Pd@Pt core-shell nanocubes. (B) Pd@Pt octahedron 

corrosion process starting from a terrace defect.  

In-situ observations by LCTEM can provide insight into mechanisms, rates, and possible 

modifications of dissolution/etching/corrosion reactions in the solution environment. 

Nanoscale Kirkendall effect was observed during the galvanic replacement reaction 

between Ag nanoparticles and HAuCl4 (Figure 1.8A) and PdCl2 (Figure 1.8B) solution.65, 

66 These results enhance our understanding of these dissolution/etching/corrosion 

behaviors and dynamics, which helps to provide crucial fundamental insight connecting 

nanocrystal crystalline structure to the development of kinetically stabilized surface 

features and demonstrates the importance of developing new materials with corrosion 

resistance. 
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Figure 1.8 Galvanic replacement etching process.  (A) Evolution of Ag nanocubes in 

HAuCl4 solution at different temperatures.65 (B) Change of Ag particles in aqueous PdCl2 

solution.66  

With the development of electrochemical liquid cells, it has been possible to image through 

liquid electrolytes and observe the deposition and dissolution of an alkali metal (e.g., Li67, 

68 and Na69) and other metals.21, 70, 71 Electrochemical liquid cells with the electrodes being 

patterned in certain configurations were developed (Figure 1.9A, C).29, 69 Such 

electrochemical liquid cells have been used for in-situ study of alkali metal electrochemical 

deposition with a focus on the impact of the electrode morphology on the initial deposition. 

In-situ LCTEM study of the initial precipitation sites and local ion distribution near the 

electrode provides invaluable information.72 The Na deposition showed granular growth 

mode (Figure 1.9B). The newly formed Na grains preferentially deposited at the base of 

existing grains close to the electrode.69 The electrochemical deposition of Li was also 

investigated using LCTEM. The charge and discharge process of the Li-battery showed 

that the nanoscale "dead Li" detached from the working electrode after cycling, thereby 

confirming the irreversible transformation between Li metal and Li-ions (active material 

loss).67  
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Figure 1.9 Electrochemical deposition of Na and Li.  (A) A schematic of the in-situ TEM 

setup for electrochemical deposition. (B) In-situ imaging of the electrochemical deposition 

of Na. (C) An electrochemical TEM sample holder for metal deposition. (D) In-situ 

observation of the electrochemical deposition of Li. 

Besides the morphology evolution of metal deposition, real-time observation reveals 

unprecedented detail of the solid electrolyte interphase (SEI) effects on electrochemical 

deposition. Different compositions of SEI are determined (e.g., LiF) using electron 

diffraction and EDS.68, 73-75 Variations in the SEI thickness on a Na nanograin introduce 

differences in the local growth rate and morphology disparities among the nanograins. 

Additionally, the formation of the SEI and structural modifications of cathode materials 

during charge cycles have also been captured successfully. Additives can drastically 

change the charge distribution on electrodes by selectively passivating certain features of 

the electrode.75 These studies open future opportunities to address many more important 

questions in electrochemical deposition/dissolution of alkali metal and the roles of SEI. 

 

Figure 1.10 In-situ observation of the formation of SEI.  (A) Experimental setup for the 

in-situ LCTEM study of LiF formation within the SEI. (B) In-situ imaging of Li growth 

and the characterization of the SEI on Li. 
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2 Liquid Cell Fabrication 

2.1 Introduction to liquid cell 

TEM has been a strong technique to study nanomaterials' behavior and dynamics due to its 

ability to directly observe nanocrystals down to the atomic scale and characterize the 

structural and elemental distribution. With the development of nanofabrication techniques, 

SiNx based liquid cells are fabricated and introduced to in-situ LCTEM studies, making it 

possible to observe solution-based processes directly. Visualizing nanomaterials behaviors 

in liquid phase at the nanoscale and in real-time could offer opportunities to verify existing 

theories and to understand fundamental processes in materials science, lithium-ion 

batteries, life science and other research fields. 

Liquid cell can sandwich a thin layer of liquid between two ultrathin membranes so that 

the liquid specimen is isolated from the ultra-high vacuum environment and can be 

maintained inside the liquid cell. The advancement in liquid cell fabrication fostered 

scientific breakthroughs and achievements. Besides SiNx liquid cell allowing for sub-

nanometer resolution,22, 26 electrodes are added to realize electrochemical investigations.21 

Then microfluidic flow cell was introduced to allow liquid flow during reactions in TEM.23 

With a deeper understanding of two-dimensional materials, graphene of only several layers 

was used to encapsulate the solution and reached atomic-level resolution in TEM.25 Later, 

the hybrid liquid cell architectures with graphene-sealed SiNx cavities were fabricated to 

confine sample nanomaterials and solutions in defined dimensions while reaping the 

benefit of using graphene as viewing window material.76, 77 MoS2 liquid cells with a layer 

of graphene and a layer of MoS2 as the encapsulating membrane as well as the functional 

substrate was also achieved.37 Recently, carbon film liquid cell was introduced by simply 

using commercial TEM ultrathin carbon film grids.39 

Liquid cell prepared by nanofabrication encapsulates liquids in nano-reactors to form a thin 

layer of liquid (~10-300 nm). The liquid cell needs to meet several requirements: (1) The 

electron microscope is operated under a high vacuum, and the liquid sample cell is required 

to have good sealing, and strong mechanical properties. (2) The observation window of the 

liquid sample chamber should be thin and chemically stable; (3) Non-conductive 

membrane is essential for the electrochemical liquid cell to prevent short circuit. 

2.2 Silicon nitride regular liquid cell 

Regular liquid cell with SiNx supporting film is powerful for in-situ LCTEM studies. The 

fabrication process flow is in Figure 2.1. The traditional SiNx liquid cell bottom is 

fabricated from a commercial 4-inch p-doped silicon wafer of 100 μm thick. Initially, the 

ultra-thin starting silicon wafer is coated with 15 nm low-stress SiNx through low pressure 

chemical vapor deposition (LPCVD). The sample wafer is then cleaned with acetone and 

isopropyl alcohol (IPA) and baked at 180 ºC for 10 minutes to remove the moisture and 

organic solvent residue.  

For the photolithography process, a dummy wafer with standard thickness of 500 μm is 

spin-coated with photoresist and immediately bonded with the ultra-thin sample wafer by 

the photoresist before baking at 100 ºC for 2 minutes. Without the dummy wafer, the ultra-
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thin sample wafer is fragile and tends to break during spin coating process. Then about 7 

drops of hexamethyldisilazane (HMDS) are dripped and spin-coated onto the sample wafer 

to increase surface uniformity and to increase its adhesion of photoresist. It will be baked 

at 100 ºC for 2 minutes to solidify the HMDS. This is followed by the spin coating of MAP-

1215 photoresist and baking at 100 ºC for 2 minutes. After being exposed to ultraviolet 

(UV) light under a mask, MAD-331 solution is used to develop the photoresist and remove 

the photoresist in UV light-exposed area. In this way, the photoresist is patterned, and some 

SiNx is uncovered. Then the isotropic Reactive Ion Etching (RIE) is used to etch the 

exposed SiNx using the mixture gas of oxygen and CHF3, exposing the silicon in the 

patterned area. The wafer is immersed in acetone for two days to remove all photoresist 

and the ultra-thin sample wafer would detach from the handling dummy wafer. 

 

Figure 2.1 Fabrication process flow of SiNx regular liquid cell. 

Then the exposed silicon is etched by 33.3% potassium hydroxide (KOH) in water solution 

at 80 ºC. The low stress SiNx membrane is chemically stable in KOH solution. The KOH 

etching rate for the silicon (111) plane is much slower than other crystalline orientations,78 

so the KOH etching process will leave a cavity of silicon surrounded by the {111} facets 

of Si while the SiNx membrane is suspended below. The sidewalls of the cavity form an 

angle of 54.7ºwith the wafer surface, which guides the design of liquid cell mask. After 

this, the piranha solution is used to clean the wafer. 

The wafer is flipped and bonded with another clean dummy wafer for the second 

photolithography. Following a similar process of spin coating, UV exposure and 
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development, the wafer is evaporated with a thin layer of 150 nm indium by thermal 

evaporation and then lift-off. The indium plays the role of spacer and sealing material of 

liquid cell. After cleaning, the bottom chip of the regular SiNx liquid cell has been finished. 

Using different masks, similar process can be used to fabricate the top chip of regular SiNx 

liquid cells. The top chip and bottom chip can be carefully aligned and bonded by indium 

spacer after baking at 120 ºC for one hour. Alternatively, Gel-Pak and UV glue can also be 

used to align and bond regular liquid cell, respectively. 

2.3 Electrochemical liquid cell 

To conduct in-situ electrochemistry studies with LCTEM, the electrochemical liquid cell 

is designed and fabricated with the ability of biasing. The fabrication process of 

electrochemical liquid cell is similar to that of SiNx regular liquid cell with some changes, 

as shown in Figure 2.2.  

 

Figure 2.2 Fabrication process flow of SiNx electrochemical liquid cell. 

First, the silicon wafer used for the electrochemical liquid cell is 200 nm thick and coated 

with 30 nm SiNx so that it is strong enough to withstand the fabrication process operations. 

Second, 90 nm titanium electrode is evaporated on the bottom chip in the second 

photolithography process. Then after cell assembly, these electrodes are bonded with 

aluminum wires (Figure 2.3). In this way, the liquid cell can be connected to an 

electrochemistry working station through the build-in conductive wires inside the 

electrochemistry TEM holder, so the current or voltage can be applied to the sample. Third, 

the indium spacer is patterned on the top chip rather than the bottom chip in order to 
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simplify the fabrication process of bottom chip and to keep the cleanness of bottom chip. 

After assembling the top chip and bottom chip, epoxy is used to seal the surroundings to 

prevent sample solution leakage and tighten the bonding of the top and bottom chips 

(Figure 2.3A). As shown in Figure 2.3B, the SiNx membrane of the top chip reservoir can 

be broken by a clean tweezer tip and then aluminum wires are bonded to the electrode 

through the reservoir. After loading the sample solution from the reservoir, epoxy is used 

to carefully seal the reservoir area. UV glue can also be used to replace the epoxy since it 

can be solidified within seconds under UV exposure, and it is chemically stable when 

touching the electrolyte. 

 

Figure 2.3 Illustration of the fabricated electrochemical liquid cell. (A) Electrochemical 

liquid cell after assembling the top chip and the bottom chip. Epoxy is used to seal the 

surroundings to reduce solution leakage. (B) The left electrochemical liquid cell has been 

bonded with conductive wire. The right electrochemical liquid cell has been loaded with 

sample solution through the reservoirs by a pipette and the reservoirs have been sealed by 

the epoxy. 

2.4 X-ray liquid cell 

The electrochemical liquid cell makes it possible to conduct electrochemistry studies by 

in-situ LCTEM, inspiring the investigations to be extended to x-ray sources. Though the 

spatial resolution is lower than TEM, x-ray probes can offer information different from 

TEM. 

A new x-ray liquid cell is designed as in Figure 2.4A. The aspect ratio of the viewing 

window is large, so it is less likely to break. There are two windows (30600 μm) in parallel 

so there would be more space for observation. The masks for individual bottom chip and 

top chip are in Figure 2.4B and C. The fabrication process flow would be the same as the 

electrochemical liquid cell. Figure 2.4E is the scanning electron microscopy (SEM) image 

of electrodes on the window, as highlighted by the purple dashed box in Figure 2.4B. The 

protuberance is designed on the electrode to help differentiate cathode and anode during 

the experiment. 
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Figure 2.4 Design of the x-ray liquid cell.  (A) 3D model of the new x-ray liquid cell. (B) 

Design of the bottom chip mask. (C) Design of the top chip mask. (D) Fabricated x-ray 

liquid cell. (E) SEM images of the electrodes above the viewing windows of liquid cell, 

corresponding to the purple dashed square region in (B). (F) SEM images of the electrodes 

with holes below viewing windows, corresponding to the blue dashed square region in (B). 

 

Figure 2.5 Application of the x-ray liquid cell in STXM.  (A) A home-made TEM holder 

with biasing capability. This holder is compatible with STXM chamber. (B) Tip of the 

holder loaded with an x-ray liquid cell. (C) The holder is inserted into the STXM chamber. 

(D) STXM image of the lithium-rich material loaded into the x-ray cell. (E) Magnification 

of the particle in (D). 

Instead of fabricating the top chip to be the same size as the bottom chip, as in the 
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electrochemical liquid cell, this x-ray liquid cell has the top chip smaller than the bottom 

chip. Thus, the three electrodes on the bottom chip can be in direct contact with the washers 

on the home-made holder (Figure 2.5B), which are connected to an electrochemistry 

working station. This home-made holder is compatible with the Scanning Transmission X-

ray Microscopy (STXM) in the Advanced Light Source (ALS) at Lawrence Berkeley 

National Laboratory. Figure 2.5C is the figure of the chamber after inserting this holder. 

As an example, lithium-rich material in electrolyte is loaded into the x-ray liquid cell and 

can be studied by STXM (Figure 2.5D and E). 

2.5 Carbon film liquid cell 

Caron film liquid cell is introduced with improved spatial resolution and a fast fabrication 

process. As shown in Figure 2.6, one TEM grid is held by a tweezer with its carbon film 

facing upwards and the sample solution is drop-cast onto the ultrathin carbon supporting 

film. Then this TEM grid is carefully covered onto the second TEM grid. The two layers 

of carbon film would attach and form liquid pockets in between. After waiting about 2 

minutes, this liquid cell sample is ready to be loaded onto the TEM holder for further TEM 

studies. 

 

Figure 2.6 Illustration of making carbon film liquid cell by sandwiching sample solution 

between two commercial TEM grids with carbon film. 

2.6 Polymer liquid cell 

The carbon film liquid cell has promising properties for TEM studies but cannot be used 

for electrochemistry research due to the conductivity of carbon. To address this limitation, 

liquid cell with polymer support film can be used. A new type of electrochemical liquid 

cell was developed to allow for the studies of electrochemical processes in liquid 

electrolytes using in-situ LCTEM, and potentially at low temperatures.  

Since commercial polymer films such as formvar are not compatible with electrolyte 

solution, polyimide was selected as the support film on consideration of its high chemical 

resistance, moderate sensitivity to the electron beam and high mechanical stability. And 

more importantly, polyimide was used to build up double film cell structure for cryo-TEM 

imaging in 1979.79 

The fabrication process flow of polyimide liquid cell is shown in Figure 2.7. The process 

starts from the commercial hole TEM grid, which is not covered by any supporting film. 

A layer of Al2O3 is sputtered onto the grid so that it would be less likely to cause a short 
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circuit during the biasing experiment.  

 

Figure 2.7 Fabrication process flow of fabricating electrochemistry liquid cell with 

polymer membrane. 

Then the polyimide support film is fabricated and transferred onto the TEM grid, as shown 

in Figure 2.8A. For polyimide film fabrication, the prepolymers are diluted in N-methyl-

2-pyrrolidone (NMP) at different concentrations. This solution is spin-coated onto a 

dummy wafer with 250 nm thermal oxide layer and cured at 200 ℃ for 30 min (Figure 

2.8B). To release the membrane, the wafer is vertically immersed into 10% HF solution 

for 15 sec to etch the oxide layer on the wafer. Then the wafer is carefully tilted and merged 

into the water to release the membrane onto the water surface (Figure 2.8C). As indicated 

in Figure 2.8D, TEM grids are attached to the Gel-Pak, and the membrane is transferred by 

lifting Gel-Pak gently from water. When dried, the membrane can be seen clear on the Gel-

Pak and attached with the TEM grids (Figure 2.8 E). The TEM grid can be removed from 

Gel-Pak by a tweezer with the membrane covering the grid surface. 

 

Figure 2.8 Fabrication and transfer of polyimide membrane. (A) Process flow of 

fabricating and transferring polyimide membrane. (B) Polyimide membrane after spin 

coating and curing. Different concentrations are used to make membrane of different 

thickness. (C) The polyimide membrane released onto water is highlighted in red square. 

(D) Schematic of putting TEM grid onto the Gel-Pak and lifting from the water so the free-

standing polyimide membrane would attach onto the Gel-Pak. (E) Polyimide membrane is 

transferred onto the Gel-Pak and covered TEM grids. 

The result of polyimide transfer is in Figure 2.9. Figure 2.9A shows one TEM grid well 

covered by polyimide membrane and one TEM grid with broken polyimide membrane. Pd 

nanoparticles are dissolved in solution and drop-casted onto the membrane for TEM 

observation. As in Figure 2.9B, at low magnification, the membrane is uniform and 

compatible with TEM imaging. At high magnification, the membrane is locally uniform 
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(Figure 2.9C). The Pd nanoparticle can be captured by HRTEM (Figure 2.9C). The furthest 

set of points in its Fast Fourier Transform (FFT) corresponds to 63 pm in real space, 

indicating the spatial resolution of this membrane can be down to tens of pm scale. 

 

Figure 2.9 Polyimide membrane transferred onto TEM grid. (A) TEM grid after 

transferring 7% w/v polyimide membrane. The grid on the top has good membrane. The 

grid on the bottom has broken membrane. (B) TEM image of polyimide membrane loaded 

with Pd nanoparticles. (C)  High magnification TEM image showing the local uniformity 

of polyimide membrane. (D) HRTEM image of Pd nanoparticle loaded onto the polyimide 

membrane. Inset is the FFT of red doted square region. The furthest set of two points in 

FFT corresponds to distance of 63 pm in real space.  

The next step is to pattern electrode onto the support film membrane. The TEM grids are 

loaded onto a 3D-printed alignment plate and covered by the shadow mask for e-beam 

evaporation of Pt electrode, as shown in Figure 2.10A. The TEM grid with the electrode 

on the polyimide membrane can be seen in Figure 2.10B. The left grid is good, while the 

right grid is misaligned with the shadow mask, so the electrode pattern is not in the right 

position. The grid is further checked by TEM. Figure 2.10C is the low magnification TEM 

image of electrodes supported by polyimide membrane. Figure 2.10D is the high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of 

the electrode and membrane. EDS mapping of C, O, Pt indicates the distribution of these 

elements. Figure 2.10E is the EDS spectrum of Figure 2.10D and it shows the existence of 

only C, O, Cu, Pt elements, indicating the cleanness of the fabricated grid. Figure 2.10F is 

the EDS line scan of the dashed red box region in Figure 2.10D along the arrow direction. 

The line profiles of C, O, Pt element intensity indicate the uniformity of the support film 

and the sharpness of the evaporated electrode. 
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Figure 2.10 TEM image and EDS of 40 nm Pt electrode on 10% w/v polyimide membrane. 

(A) Schematic of shadow mask used to evaporate Pt electrode onto the polyimide 

membrane. The shadow mask is utilized to pattern the Pt electrode. (B) Image of the grid 

after evaporating 40nm Pt electrode. Left: the well-aligned electrode on the membrane. 

Right: the off-aligned electrode on the membrane. (C) TEM image of Pt electrode on the 

TEM grid. (D) HAADF-STEM image of the Pt electrode on polyimide membrane. On the 

right are the corresponding EDS maps of C, O, Pt element respectively. (E) The EDS 

spectrum of (D) indicates that the C, O, Cu and Pt elements are detected. (F) EDS line scan 

gives elemental intensity profiling as a function of scan distance in the red box in (D) along 

the red arrow direction. This demonstrates the uniformity of C and O and the sharpness of 

the Pt electrode. 
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3 In-Situ Study of Layered Nanostructure Growth at 

Various Temperatures 

3.1 Introduction to layered materials 

Layered materials have attracted significant interest and widespread study since the 

discovery of graphene. They can form different phases based on the arrangement of atoms 

and layer stacking. This offers them diverse structures and unique properties that are 

promising for a wide range of applications from optoelectronics to electronics, catalysis 

and energy storage.80-84 Recently the family of metal trihalides (MX3) have attracted 

increasing attention as magnetic model structures in layered compounds. It was reported 

that some metal trihalides, such as CrI3 and CrBr3, can be either ferromagnetic or 

antiferromagnetic depending on the number of layers, interlayer stacking order and 

external control such as electrostatic gating.85-88  So an understanding of the structural 

phases and the phase transitions of layered materials including the van der Waals (vdW) 

structures is of vital importance and will contribute to their controllable preparation. 

Recent technical advances, such as TEM have enabled nanocrystal characterization with 

high spatial and temporal resolution during the transformation process.22, 42, 89-92 And 

valuable work has been conducted to investigate the structural phase transitions in layered 

materials.86, 93-100 Such phase transitions can be triggered by external activation, such as 

temperature, strain, laser, biasing and electron beam radiation.29, 101-105 Experiments and 

calculations showed the phase transformation process involves bond breaking, atomic 

displacements and atomic plane gliding.103, 106, 107 While new phases propagate and evolve 

in the crystal, intermediate phases or distorted regions can also form and these intermediate 

regions can correspond to higher energy states.92, 106 Some other phase transitions would 

introduce changes in interlayer structure, such as the layer stacking arrangement, while 

there is little change in the intralayer structure.101, 108 Understanding and control of such a 

wide range of atomic processes and nanoscale mechanisms are so far still elusive.  For 

example open questions remain concerning the ways in which the different layers interact 

with each other and how the stacking configurations change at the atomic scale during 

dynamic processes, for example, growth and self-assembly.  

3.2 Experimental setup and the layered structure of the InCl3 crystal 

Here, we develop novel in-situ liquid cell TEM method allowing to achieve cryogenic 

temperature, 0 °C and room temperature respectively. We report the structure and 

transformations of layered materials by using InCl3 as a model system.  

For the experimental setup, the traditional SiNx liquid cell is replaced by the ultrathin 

carbon film liquid cell to overcome the fragility of SiNx at low temperature and to promote 

spatial resolution. A ~0.5 μL 40 mg/ml InCl3 solution is drop-casted on one TEM grid and 

the second TEM grid is placed on top of the droplet to form a carbon film liquid cell. The 

liquid cell is then loaded onto a cryogenic holder to observe nanocrystal growth and 

transformation, as shown in Figure 3.1A.  

Additionally, we use the mixture of ethanol and ice instead of liquid nitrogen as the cooling 

agent to achieve 0 °C with the cryogenic TEM holder. A schematic of the low temperature 
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technique is shown in Figure 3.1B. This cooling setup is stable while introducing less drift 

to the sample. The combination of the novel low temperature technique and carbon film 

liquid cell can achieve high spatial and temporal resolution in observations of 

nanomaterials. Most importantly, this liquid cell TEM setup offers the opportunity to reach 

various low temperatures by simply changing the coolant.  

 
Figure 3.1 Schematic of setup for low temperature liquid cell experiment. (A) The carbon-

film liquid cell preparation for in-situ LCTEM studies. The sample solution is drop casted 

on the carbon film of a TEM grid and covered by another TEM grid. (B) Illustration for a 

cooling holder. The liquid cell is placed on the traditional cryogenic TEM holder for in-

situ study. Liquid nitrogen or ice/ethanol mixture was added into the Dewar to achieve the 

in-situ study at cryogenic or sub-zero temperature.   

This novel modified liquid cell TEM is used to study the structure and transformations of 

layered nanostructures, and here InCl3 is chosen as the model system. The bulk InCl3 

crystal structure has been reported to be monoclinic, and is layered structure of the same 

structure type observed for the family of chromium trihalides, CrX3 (where X = Cl, or I).109, 

110  

As shown in Figure 3.2A, each In atom coordinates with six Cl atoms to form an octahedral 

prismatic structure. The single layer atomic structure of InCl3 is shown in Figure 3.2B. On 

the left and center of Figure 3.2B are the side view and planar views of the structure 

respectively. The In atoms are represented by red dots and follow a honeycomb 

arrangement in the monolayer, as indicated by the red solid hexagons. Within the In 

honeycomb lattice, the top and bottom surfaces of Cl atoms form single triangles but with 

opposite orientation, indicated by the yellow dash line and blue solid line, respectively. 

The simplified illustration of the atomic structure using the different lines is shown in 

Figure 3.2C, where the blue triangles represent the Cl above the In while the yellow 

triangles show the Cl below the In. The 3D structure of monoclinic InCl3 is shown in Figure 

3.2D and the side view from Y axis is in Figure 3.2E, showing the alignment of atoms. 

Figure 3.2F is the simplified schematic of the In network in neighboring layers, indicating 

the stacking order of the crystal. 
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Figure 3.2 Structure model of monoclinic InCl3 crystal. (A) The octahedral prismatic 

structure of InCl3. Each In atom (red ball) is surrounded by six Cl atoms (blue balls) in an 

octahedral coordination. (B) Atomic model of the side view (purple square) and planar 

view (black square) of the single layer InCl3. (C) Simplified atomic structure of the single 

layer InCl3. (D) 3D model of the monoclinic InCl3 crystal structure with lattice parameters 

on the left. The included angle between X and Z direction is 111°. (E) Side view from Y-

axis of the crystal stacked by four layers. The double-sided black arrows indicate the 

alignment of atoms perpendicular to the monolayer plane. (F) Planar view of the 

monoclinic crystal indicating the stacking order of three layers. Each layer is simplified as 

the hexagon, which corresponds to the In atoms in the honeycomb lattice in each monolayer. 

The In network in each layer stacks in the order of magenta, blue, and yellow. 

To observe the InCl3 crystal structure, we first examine the InCl3 atomic structure at 

cryogenic temperature. The InCl3 solution is sandwiched between the carbon film liquid 

cell and loaded onto the cryogenic holder to cool down by liquid nitrogen. Figure 3.3A and 

B display the planar view and side view of InCl3 crystal respectively. The inset of Figure 

3.3A indicates the zone axis to be [001], which is the Z-axis direction indicated in Figure 

3.2D. The inset of Figure 3.3B shows the corresponding FFT of the selected blue square 

region. One pair of dots is clearly observed and the d-spacing of 5.86 Å matches well with 

the reported interlayer distance of InCl3 slabs, indicating that the image shows the side 

view of the layered material. The streaks in the FFT indicate the existence of the stacking 

faults.  

Locally, the layers are stacked with several translations and form local new phases. Figure 

3.3C shows the magnification of the selected region in the red square in Figure 3.3B. The 

layers are arranged in identical stacking, which is of AA stacking. The green box region in 

Figure 3.3B is magnified in Figure 3.3D. The material has ABC stacking and its twin 

structure above it. While the yellow box region in Figure 3.3B corresponds to AB stacking, 

as shown in Figure 3.3E. For the two stackings with translations, we connect the closest 

dots in neighboring layers and measure the angle with respect to the vertical direction. It is 

about 17° in the ABC phase and AB phase. These new phases we observed here are likely 

to be the metastable phases during phase transitions.  
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Figure 3.3 InCl3 crystal structure observation using cryogenic TEM. (A) Cryo-EM image 

of InCl3 crystal from planar view. Inset: FFT of the image indicating the zone axis to be 

[001]. (B) Cryo-EM image of InCl3 crystal from side view. Inset: FFT of the blue square 

region. (C), (D), (E) are magnification of the selected red, green and yellow square region 

in (B) showing different stacking order between layers. 

Since the interaction between different InCl3 layers is weak vdW force, different layers 

tend to slide under fluctuations. The slide will lead to phase transition to form a new 

structure. To know the phase transition pathways of InCl3 during the in-situ LCTEM study, 

the models for the possible InCl3 structure are built.  

To preserve the 3-fold symmetry of monolayer, the unit vectors for the crystal structure are 

chosen as the 𝑎⃑ and 𝑏⃑⃑ in Figure 3.4A, which are used to quantify the relative translation 

between layers.  And the vector 𝑐 is perpendicular to the plane. 

Considering its symmetry, each layer can undergo translations relative to the layer below 

while the interlayer distance is fixed. All possible translations can be expressed as:  

Translation =
𝑚

3
𝑎⃑ +

𝑛

3
𝑏⃑⃑ (𝑚, 𝑛 = 0, 1, 2) 

Based on the stacking between layers, some structures can be considered energetically 

favored and some are unfavored.  

For example, the bilayer structure with Layer2 = Layer1 + Translation(
2

3
𝑎⃑ +

1

3
𝑏⃑⃑) is 

shown in Figure 3.4B. The Cl in blue dashed plane lie in the cavity of the Cl triangle in 

magenta solid plane, suggesting that the Cl below In in the second layer (vertices of blue 

dashed triangle) do not lie above the Cl above the In in the first layer (vertices of magenta 

solid triangle). So this structure is energetically favored. However, the bilayer structure 

with Layer2 = Layer1 + Translation(
2

3
𝑎⃑), shown in Figure 3.4C, is different. The Cl in 

blue dashed plane overlaps with the Cl triangle in magenta solid plane, as highlighted by 

the black cross. The overlapping of these two neighboring Cl planes indicates that this 

structure is energetically unfavored. 
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Figure 3.4 Illustration of the energetically favored and unfavored structure. (A) 

Representation of monolayer InCl3 structure. The magenta hexagon represents the In 

honeycomb lattice. The magenta solid triangle and dashed triangle represent the Cl atoms 

above the In plane and below the In plane, respectively. Unit vectors 𝑎⃑ and 𝑏⃑⃑ are selected 

to preserve the 3-fold symmetry of monolayer while 𝑐 is perpendicular to the monolayer. 

(B) Atomic model of the unit cell of bilayer InCl3 with translation. The atoms in the first 

(bottom) monolayer sheet are represented in magenta following the style in (A). The atoms 

in the second (top) monolayer sheet are represented by the same line style but in blue color. 

The Cl in blue dashed triangle vertices do not lie above the vertices of magenta solid 

triangle, suggesting that the Cl in blue dashed plane lie in the cavity of the Cl triangle in 

magenta solid plane. (C) Atomic model of the unit cell of bilayer InCl3 with unfavored 

translation. As indicated by the black cross, the Cl in blue dashed triangle vertices overlap 

the vertices of magenta solid triangle, suggesting that the Cl in blue dashed plane right 

above the Cl in magenta solid plane. So structural arrangement is relatively unstable. 

According to the number of layers contained in the unit cell, we considered the case of 1, 

2 and 3 layers.  

For possible structures stacked by two layers in the unit cell, all possible translations and 

structures are listed in Table 3.1. Since monolayer InCl3 sheet has translation symmetry 

and 3-fold rotation symmetry, some translations would generate equivalent structures, 

which is listed in the fourth column of the table. The bilayer structure, described by 

Layer 2 = Layer1 + Translation(
𝑚

3
𝑎⃑ +

𝑛

3
𝑏⃑⃑) , can be represented by parameter (𝑚, 𝑛) 

and this label is listed in the fifth column. Then based on the rule illustrated in Figure 3.4, 

it is possible to tell if the structure is energetically favored. 

Likewise, for possible structures with three layers in the unit cell, possible translations, unit 

cell label representation and the energetic favorability are analyzed in Table 3.2. 
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Table 3.1 Possible structural models of bilayer InCl3 with lateral translation.  Magenta and 

blue represent the atoms in the first (bottom) monolayer and second (top) monolayer in the 

unit cell, respectively. Considering the translation symmetry and 3-fold rotation symmetry 

of monolayer InCl3 sheet, some translations would produce equivalent structures and they 

are listed in the table. The location of Cl in neighboring layers would indicate whether each 

crystal structure is energetically favored, and this is labeled in the last column of the table.  
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Table 3.2 Possible structural models of triple layer InCl3 with lateral translation. Magenta, 

blue and yellow represent the atoms in the first (bottom), second (middle) and third (top) 

monolayer in the unit cell, respectively. The representation style follows that in Table 3.1. 

By exhaustion method, all potential structures are listed and some equivalent structures can 

be omitted or labeled. 

Excluding the equivalent structures and energetically unfavored ones, all the potential and 

energetically favored structures are listed in Table 3.3. Only In network are drawn to show 
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the stacking between layers and Cl triangles are omitted to simplify the representation of 

the structure. 

So for the listed possible translations and corresponding structure models in Table 3.3, the 

possible zone axes that would produce the side view AA or AB, ABC with distance and 

angles matching that in the side view in Figure 3.3 were summarized. Then for the later in-

situ study, we would be able to identify the possible structures and transformations by 

comparing the side view structures in high-resolution TEM observation and possible 

models in Table 3.3. 
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Table 3.3 Summary for possible structural model of mono-, bi-, triple-layers InCl3 with 

lateral translation. As shown in the left panel, each monolayer sheet is represented by a 

solid hexagon for In atoms. Cl triangles are omitted for simplicity. Magenta, blue and 

golden represent the bottom, middle and top layer of the triple-layer InCl3, respectively. 

By translating the layer against the layer below, different stacking structures are obtained. 

All potential energy favorable structural models are listed in the second column of the table. 

And the side views that match the cryogenic temperature observations are listed with 

possible zone axes. 
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3.3 Lateral translation of layered InCl3 in solution at room temperature 

The atomic pathway of phase transition from AA to AB is shown in Figure 3.5A. To 

quantify the sliding between layers, the clusters are represented by dark dots in Figure 3.5B. 

The clusters are detected by convolving the image data with Laplacian of Gaussian filter 

(LoG), which would generate the local maximum signal at the center of each blob. Like 

Figure 3.3C, D and E, the neighboring clusters in adjacent layers are connected by line and 

the angles are measured with respect to the vertical direction. The color of the line 

represents the absolute value of the angle. And the sign of the angle indicates whether it is 

tilted to the right or the left. The color bar is shown in the bottom right in Figure 3.5.  

The angle between the top two layers (the first layer and the second layer) are measured 

and labeled as the 1st set angle. The angles of other adjacent atomic layers from top to 

bottom (the second layer to the seventh layer) were also measured and labeled as 2nd, 3rd, 

4th, 5th and 6th sets of angles. Since each atomic layer has 10 dots (Figure 3.5B), we can get 

10 angles from each set. Figure 3.5C shows the change of the average angle of each set 

over time. Here the red star corresponds to the average angle between the two layers in the 

orange box in Figure 3.5A. It changes from around 0 ºto about -17 º, while the average 

angles of other sets remain relatively stable at either 0 º or 17 º. 0 º is AA stacking while 

17 º is AB stacking. So, on average, the two layers in the orange box transform from AA 

to AB stacking. 

 

Figure 3.5 Lateral translation of layered InCl3 in solution at room temperature. (A) 

Sequential TEM images showing the lateral translation of InCl3 in solution at room 

temperature. (B) The corresponding structural model shows the details of lateral translation 

of In atoms. The color of the line between adjacent In atom clusters represents the absolute 

value of the angle with the vertical direction. (C) Change of average angle (with the vertical 

direction) of the seven atomic layers of InCl3 over time. (D) Color map of the local lateral 

translation of InCl3 in each layer. 
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To further see the local translations, Figure 3.5D demonstrates the sliding angles of all 

clusters in each neighboring two layers. For example, the 1st figure corresponds to the angle 

of the lines connecting clusters in the 1st and 2nd layer. The horizontal axis corresponds to 

lines in the layer from left to right while the vertical axis represents time. We can see that 

the angle of these layers outside the orange box does not change much. So the stackings 

are locally stable to be AA or AB. But for the 3rd set angles in the orange box, initially, the 

angles of all lines are close to 0 º, suggesting that it is all well aligned in AA stacking. 

Then, the angle on the left side increases gradually and extend to the right side. This means 

that the AA stacking is transformed to AB from left side to right side gradually. The In 

clusters within the layer move one after another, rather than the clusters within the same 

layer moving together simultaneously. Therefore, we consider the transformation is 

consistent with the passage of a partial dislocation that changes the stacking sequence, 

rather than the whole layer shifting uniformly. 

 
Figure 3.6 Reversible phase transition of layered InCl3 in solution at room temperature. 

(A) Sequential TEM images showing the reversible phase transition of InCl3 in solution at 

room temperatu re. (B) The corresponding atomic model shows the details of lateral 

translation of the stacking from ABA to AAA, and then back to ABA. The color of the line 

between adjacent In atoms represents the absolute value of the angle with the vertical 

direction. (C) Change of averaged angle (with the vertical direction) of the three atomic 

layers of InCl3 over time. (D) Color map shows the reversible phase translation of InCl3. 

The reversible transformations can also be observed in another region of the crystal. From 

the time series images (Figure 3.6A) and the corresponding models (Figure 3.6B), we can 

see that the three layers of InCl3 are initially in ABA stacking. Then the InCl3 suddenly 

gets to AAA stacking and returns into ABA stacking again. The lateral translation can be 

quantitatively analyzed by the angle between layers. Here the blue and orange curves in 

Figure 3.6C correspond to the average angle of the 1st set (between the top layer and middle 

layer) and 2nd set (between middle and bottom layer). As can be seen, the angle of the 1st 

set changes from around -17 º to about 0 º, and then back to -17 º. The angle of the 2nd set 

also shows the same characteristics. It first changes from 17 º to about 0 º, and then back 

to 17 º. Similarly, we selected the key frames and showed the angle changes by color map 
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(Figure 3.6D). From the key frames and the processed result, we can see that initially the 

3 layers are in ABA stacking. Then the right side suddenly gets to AAA stacking and 

gradually returns into ABA stacking again. And the transition happened as the In clusters 

moved one by one sequentially. 

3.4 The layer-by-layer growth of the vertical InCl3 crystal at room 

temperature 

The in-situ TEM study demonstrates the dynamics of the vertical growth and evolution of 

InCl3 crystal layer at room temperature and the snapshots are presented in Figure 3.7. The 

time-resolved figures in Figure 3.7A show the successive addition of new layers at the 

reaction front. Simultaneously, the projection length of existing layers also increases 

slightly. This is because the new layer formation is energetically more favorable than in-

plane growth of existing layers. Figure 3.7B shows the formation detail of an additional 

layer. The growth of a new monolayer is initiated from the edge of the existing InCl3 layers 

at the reaction front and then it subsequently grows into a new slab by the attachment of 

growth species at the step site. The step sites are more energetically active, so the 

monomers are more likely to attach to them. This observation is consistent with previous 

discovery that new monolayer begins to nucleate on to already formed layers from either 

step edge or from the center in a layer-by-layer mode.90 Even more atomic scale details are 

revealed here in Figure 3.7C. The formation and evolution of two new layers, indicated by 

yellow arrows and white arrows respectively, is involved with dissolution-reprecipitation 

process at the reaction front. The dissolution is caused by thermodynamic disturbance from 

the nearby solution, while the precipitation is accompanied with growth species diffusion 

in liquid and its attachment onto the surface kink. When the competing dissolution process 

outweighs the precipitation, removal of monomers at the kinks can be observed. 
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Figure 3.7 The layer-by-layer growth and evolution of the vertical InCl3 crystal in solution 

at room temperature. (A) Sequential TEM images showing the layer-by-layer growth 

process. New layer addition and existing layer growth can be observed. (B) Sequential 

TEM images showing single layer growth at the reaction front. The red arrows show the 

atomic layer propagation in the process. (C) Sequential TEM images showing process of 

dissolution–reprecipitation at the kink site. The yellow arrows show the top layer dissolves 

and reprecipitates at the kink site. The white arrows indicate the second layer dissolves and 

reprecipitates at the kink site. 

In addition to the phase transition between ordered crystals shown above, we also observe 

crystallization of local amorphous domains. Figure 3.8 demonstrates the structural 

amorphous-to-crystalline transition. As highlighted in the orange dashed area, the 

amorphous region changes in size and evolves into crystalline structure, which is also the 

result of dissolution–reprecipitation of ions. This structural rearrangement leads to increase 

in the crystallinity and stability of the crystal. Different from direct transformations in 

Figure 3.5 and Figure 3.6 that clusters rearrange directly within the crystal, this amorphous-

to-crystalline transition involves nucleation in solution. 

 

Figure 3.8 Sequential TEM images showing the amorphous to crystal transition during 

growth process. 
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3.5 Behavior of layered InCl3 in solution at low temperature of 0 °C 

To understand the temperature effect on translation between layers, we study the InCl3 

structure at low temperatures. The low temperature of 0 ºC is achieved and stabilized by 

adding the mixture of ice and ethanol into the Dewar of a cryogenic TEM holder.  

Figure 3.9A shows the initial structure of the vertical InCl3 crystal in solution at 0 ºC at 0.2 

s. Like the experiment at cryogenic temperature, we can observe AA stacking and ABC 

stacking in the yellow box and blue box regions. Figure 3.9B shows the magnification of 

the selected blue square region and the layers are stacked in ABC with an angle of around 

17 º. This is consistent with the proposed structures and cryo-EM result. Until 23.8 s, this 

phase ABC is stable during the process and stacking configurations can be maintained. 

Likewise, the crystal selected in yellow box is magnified in Figure 3.9C and it is of AA 

phase. The AA phase is also stable. The vdW force between layers is weak and the energy 

barrier between two phases is small. The lower temperature leads to lower thermal 

fluctuation energy and slower kinetics. Besides, the lower temperature would cause slower 

ion diffusion in the liquid. So, in the highlighted areas, the phases at low temperature are 

well preserved and go through no structural transformations at 0 ºC for more than 20 s. 

 

Figure 3.9 Behavior of layered InCl3 in solution at the low temperature of 0 °C. (A) Initial 

TEM image of InCl3 crystal at 0 °C at 0.2 s. (B) Magnification of the selected blue square 

region in (A) at 0.2 s and 23.8 s respectively, showing that the crystal could maintain ABC 

phase at 0 °C. (C) Magnification of the selected yellow region in (A) at 0.2 s and 23.8 s 

respectively. The AA phase is stable during the observation period. 

Figure 3.10A is the magnification of the crystal in the red box region in Figure 3.9A and 

reveals the removal of dislocation in the InCl3 crystal in solution at 0 °C. At 7.0 s, there 

exists a dislocation in the crystal and the extra half layer is highlighted by the cyan arrow. 

The cyan arrows always point to the same half layer as reference. Figure 3.10B is the 

corresponding model and the balls represent the clusters in each monolayer. The cyan balls 

are the clusters in the half layer pointed by the cyan arrow and is labeled as the first layer. 

The neighboring layers below it are marked as the second, third, fourth, fifth and sixth 
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layers in order. The clusters of each layer are represented by orange, blue, magenta, green 

and yellow balls respectively, as indicated in the top figure in Figure 3.10B. From 7.0 s to 

19.6 s, the first half layer shrinks by diffusion of ions and vacancies, causing the dislocation 

to climb. And the dislocation core moves left. Then after 19.6 s, the second layer is broken 

and its right half reconnects with the first half layer to form a complete new layer. The 

dislocation glide happens with dislocation core moving downwards. The shear stress may 

be caused by thermodynamic fluctuations. Then from 21.4 s to 21.6 s, the third layer is 

broken and reconnects with the second layer. Finally at 22.0 s, a perfect crystal is formed. 

We hypothesize that at 0 °C, structural phase transitions are suppressed due to the slow 

kinetics, so that the dislocation removal details can be observed. This evolution process 

shows dislocation migration through first climbing to the adjacent location and then gliding 

to the final position, which is accompanied by recovery or crystallization, until a perfect 

crystal is formed. 

 

Figure 3.10 Sequential TEM images showing the removal of dislocation in InCl3 crystal 

with dislocation climbing and gliding. (A) Magnification of the selected red region in 

Figure 3.9A with dislocation.  Cyan arrows pointing to the same layer as reference. The 

dislocation core moves left, followed by layer breaking and recombination process at 

neighboring layers. (B) The corresponding atomic model. The colored balls indicate the 

clusters within the same layer initially at 7.0 s. The cyan balls indicate the clusters in the 

initial half layer pointed by cyan arrow in (A).  
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4 The effect of temperature on nucleation and growth 

of copper nanoparticles during electrochemical 

reactions 

Reproduced in part with permission from: Qiubo Zhang, Jiawei Wan, Junyi Shangguan, 

Sophia Betzler and Haimei Zheng, "Influence of sub-zero temperature on nucleation and 

growth of copper nanoparticles in electrochemical reactions" Iscience 24, no. 11 (2021): 

103289. 

4.1 Introduction to copper nanoparticles synthesis 

Copper-based nanomaterials capable of converting carbon dioxide into renewable fuels and 

feedstocks have received increasing attention as highly active catalysts for electrochemical 

carbon dioxide reduction (CO2 RR).111-113 During the CO2 RR process, copper-based 

catalysts are the only ones that can generate various multi-carbon products such as ethylene, 

ethanol, and propanol.114 Their catalytic activity and selectivity depend on the microscopic 

structure and surface morphology, such as nanoparticle shape, size, surface configuration, 

and chemical state.115-119 Therefore, exploring and manipulating the formation of copper 

nanomaterials during the synthesis process is crucial for the functional design of 

nanomaterials as well as for optimizing their catalytic performance. 

Electrodeposition is considered as one of the ideal methods to prepare catalysts with 

hierarchical structures because it has the benefit of simple steps and quick operation and it 

can avoid the complexity of high-temperature synthesis process, which is required by many 

other synthesis methods.120, 121 For electrodeposition, many factors can alter the nucleation 

and growth of nanocrystals, resulting in final products with different structures and 

morphologies.122 For example, current density has been reported to affect nucleation 

density, size, and shape of nanocrystals.123 The pH can affect the structure and properties 

of metal deposits.124 Adding additives to the solution can suppress lithium dendrite 

formation during battery operation.75 Despite reports on the effect of temperature on 

electrodeposition have been reported,125, 126 it remains unclear how low temperature affects 

the nucleation and growth of copper nanoparticles. There are two main reasons. First, it is 

difficult for general electrolytes to remain in liquid state and maintain good electrical 

conductivity at low temperatures. Second, characterizing samples is challenging because 

they may change after removal from the cryogenic environment. 

In this study, we prepared two kinds of hierarchical nanostructures with Cu nanoparticles 

adhered to the Cu nanowires at both sub-zero temperature (-20 ºC) and room temperature 

(20 ºC). We characterized the Cu nanostructures by TEM with various techniques. We 

found that low temperatures influence the size, shape, and crystallinity of the resulted Cu 

nanoparticles. The reduced reaction rate leads to multiple nucleation sites of metal 

nanoparticles, which is the main reason for the different growth modes of Cu nanoparticles 

at low temperatures. At low temperatures, the low surface diffusion rate of adatoms is 

responsible for the poor crystallinity. 
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4.2 Experimental setup and structural characterization of the as-prepared Cu 

nanowires 

We performed experiments using well-designed equipment for electrochemical and sub-

zero temperature control. Figure 4.1A shows the schematic illustration of the experimental 

setup. Before the experiments, we pre-synthesized copper nanowires so that they could be 

loaded onto a carbon film-supported TEM copper grid. In synthesized copper nanowires, 

we mixed 17 mg of CuCl2, 50 mg of D-(+)-glucose and 180 mg of hexadecylamine with 

10 mL of deionized water in a glass vial. The final solution was then sonicated for 30 min 

at room temperature. Afterward, we transferred the vial to an oil bath and heated it at 

100 °C for 6 h with magnetic stirring. Finally, we washed the synthesized copper nanowires 

five times with hexane/ethanol (1:1 volume) and collected them by centrifugation at 9500 

rpm for 5 min.  

 

Figure 4.1 Illustration of experimental setup and characterization of 1.0 M LiPF6 in 

EC/DEC = 50/50 (v/v) electrolyte at room temperature (20 ºC) and sub-zero temperature 

(-20 ºC), respectively. (A) A schematic diagram of the experimental setup to apply biasing 

at different temperatures. (B) Current versus time plot of the electrodeposition processes 

at 20 ºC and -20 ºC. (C) TEM and electron diffraction images of the electrolyte in a carbon 

film liquid cell at 20 ℃. (D) TEM and electron diffraction images of the electrolyte in a 

carbon film liquid cell at -20 ℃. Solid precipitations are found in the electrolyte. 

After the samples were prepared, we connected the copper grid to the platinum anode and 

the cathode was made of copper. Both electrodes are attached to the electrochemical 

workstation and immersed in 5 mL commercial electrolyte of 1.0 M LiPF6 in ethylene 

carbonate/diethyl carbonate (EC/DEC) = 50/50 (v/v). The EC/DEC mixed solution was 

chosen as the electrolyte because of its low freezing point, its capability to remain liquid 

and good electrical conductivity even at sub-zero temperatures.127 We then sealed the 

electrolyte in a ceramic container, which has an insulation container made of polystyrene 
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around it to maintain the temperature. We use liquid nitrogen for temperature control, first 

cooling the insulation device to the desired sub-zero temperature, then waiting until it 

reaches the desired temperature and starts biasing. Because polystyrene has a low thermal 

conductivity (0.033 W/(m·K)),128 the low temperature can be maintained for a few minutes. 

In the operations, 2 V of constant voltage operation for 90 s was used in both room 

temperature (20 °C) and sub-zero temperature (-20 °C) experiments. The real-time 

temperature is measured by using a thermoelectric detector. As shown in Figure 4.1B, the 

current stabilized at 0.007 mA at 20°C and 0.002 mA at -20°C. Since the ion migration in 

the electrolyte slows down with decreasing temperature, the current density is small at low 

temperatures. 

In order to further find out how the structure of the electrolyte differs at different 

temperatures, we used LCTEM combined with cryo-EM to image the electrolyte at 20 °C 

and -20 °C. Figures 4.1C and 4.1D show the TEM images and selected area electron 

diffraction (SAED) patterns of the electrolyte at 20 °C and -20 °C. We pipetted a drop (1 

μL) of electrolyte (1.0 M LiPF6 in EC/DEC=50/50 (v/v)) onto one carbon film-coated grid, 

which was then covered with another carbon film to form a thin liquid cell. At room 

temperature, no diffraction spots appear in the diffraction pattern, which indicates that the 

electrolyte exhibits a homogeneous amorphous liquid structure (Figure 4.1C). To achieve 

cryogenic temperatures while liquid-cell TEM imaging, we used a cryogenic EM stage, 

which allows the liquid to be cooled and stabilized at -20°C. As shown in the TEM image, 

at -20 °C, the electrolyte consists of liquid and solid phases (Figure 4.1D). The 

corresponding diffraction spots fit the {111} and {022} facet spacing of the solid EC. At 

temperatures below zero, solid EC precipitates out of the liquid electrolyte, reducing the 

conductivity of the electrolyte. 

 

Figure 4.2 TEM characterization for the structure of the as-prepared Cu nanowires. (A) 

Low magnification TEM image of the Cu nanowires. (B) HRTEM image of one Cu 

nanowire. (C) The zoom-in image of the yellow box area in (B) shows the crystal 

orientation of the nanowire. (D) HADDF-STEM image of Cu nanowire and EDS elemental 

mapping for Cu, C and O. 
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Figure 4.3 Low magnification TEM image of the Cu nanowires showing the diameter to 

be about 30nm. 

We characterized the as-prepared copper nanowires to compare the morphology and 

structure of the samples before and after electrodeposition (Figure 4.2). The as-synthesized 

Cu nanowires have a fivefold twinned structure, typically showing <110> axial and {100} 

radial.112, 129 Low-resolution TEM images show it is a one-dimensional wire structure with 

an average diameter of about 30 nm (Figure 4.2A and Figure 4.3). Their lengths vary from 

a few hundred nanometers to a few micrometers. Figure 4.2B shows a high-resolution TEM 

(HRTEM) image of the Cu nanowires, with the inset box magnified to be the atomic-

resolution image shown in Figure 4.2C. The lattice spacings of Cu {111}, {002} and {200} 

in the figure are consistent with the case of the <110> axially grown Cu nanowires. 

Furthermore, the corresponding FFT pattern shows that Cu has a single crystal structure 

(Figure 4.4). The successful synthesis of copper nanowires can be confirmed from high-

angle annular dark-field (HAADF)-STEM images and EDS mapping (Figure 4.2D). EDX 

mapping of copper (Cu), carbon (C), and oxygen (O) show the elemental distributions, 

proving there is no apparent oxidation of pure copper nanowires. 

 

Figure 4.4 TEM and FFT pattern of the as-prepared Cu nanowire. (A) HRTEM image of 

one nanowire. (B) FFT pattern of as-prepared Cu nanowire in the yellow square region 

showing a single crystalline structure. 
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4.3 Structural diversity of copper particles affected by temperature 

After electrodeposition, we obtained two different hierarchical nanostructures at different 

temperatures and named them the Cu nanoparticle/nanowire (NP/NW) hierarchical 

structure and nanocluster/nanowire (NC/NW) structure. As shown in Figure 4.5A, the 

NP/NW hierarchical structure produced by electrodeposition at room temperature (20 °C) 

had some individual nanoparticles attached to the nanowires. Although the average 

diameter of these nanoparticles is about 16 nm, they are homogeneously distributed 

between 10nm and 20 nm (Figure 4.6). HRTEM images indicate that these nanoparticles 

have good crystallinity, and the crystals can be fivefold twins and single crystals (Figure 

4.5B, E). The HRTEM image and corresponding FFT pattern of the five-fold twins indicate 

that the twin boundaries are (111) planes (Figure 4.5C). We zoomed in on the inset box 

region of Figure 4.5B to better understand the interface structure between nanoparticles 

and nanowires. The magnified image (Figure 4.5D) shows there is almost no lattice 

mismatch at the interface. However, we can find a certain degree of strain at the twin 

boundaries, which may be caused by small changes in the lattice orientation. 

 

Figure 4.5 Structure characterization of the hierarchical Cu nanoparticle/nanowire 

nanostructure formed at room temperature (20 °C). (A) Low magnification TEM image of 

the hierarchical Cu NP/NW nanostructure. (B) The zoom-in image and (C) the 

corresponding FFT pattern of the pink box region in (A) showing the nanoparticle with a 

five-fold twin structure. (D) The zoom-in image of the white box area in (B) showing the 

interface between nanoparticles and nanowires. The pink dotted line marks out the interface. 

(E) The zoom-in image and (F) the corresponding FFT pattern of the green box region in 

(A) showing the nanoparticle with a single crystal structure. (G) The zoom-in image of the 

white box area in (E) showing the interface between a single crystal nanoparticle and 

nanowire. The green dotted line marks out the interface. (H) HAADF-STEM image of 

hierarchical Cu NP/NW nanostructure and EDS elemental mapping of Cu, C and O. 
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Figure 4.6 Low-resolution TEM image of the hierarchical Cu nanoparticle-nanowire 

nanostructure. 

The shape of the single-crystal particles is close to that of a sphere. Only one set of 

diffraction points appears in the corresponding FFT pattern, so the crystal structures of the 

nanoparticle and nanowire substrate are perfectly matched (Figure 4.5F). The enlarged 

interface image (Figure 4.5G) further confirms a coherent interface between the 

nanoparticles and nanowires with no detectable differences in the lattice structure. The 

EDS spectrum confirmed that the particles only contain Cu element, and the C peaks came 

from the carbon film (Figure 4.7). Figure 4.5H shows that the copper element is uniformly 

distributed in the particles. 

 

Figure 4.7 EDS spectrum of Cu nanostructures formed at room temperature (20 °C) with 

large crystalline Cu nanoparticles attached to the Cu nanowires. 

In contrast, at -20 °C, we found that the morphology of the Cu deposits was completely 

different, and Cu clusters were found instead of nanoparticles (Figure 4.8A). Since copper 

is very active under electron beam irradiation,130 we used low-temperature TEM imaging 

to avoid potential changes caused by electron beam irradiation during the imaging process. 

These nanoclusters are composed of smaller nanoparticles and adsorbed on nanowires to 

form hierarchical Cu NC/NW nanostructures.  
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Figure 4.8 Structure characterization of the hierarchical Cu nanocluster/nanowire 

nanostructure formed at -20 ℃. (A) Low magnification TEM image of the hierarchical Cu 

NC/NW nanostructure. (B) HRTEM image of several gathered Cu nanoclusters showing 

the crystallinity of the clusters is not perfect. (C) The inverse fast Fourier transformation 

(IFFT) of the HRTEM image highlights the crystal part. The yellow dotted line marks the 

edge of the cluster. (D) HAADF-STEM of the hierarchical Cu NC/NW nanostructure and 

EDS elemental mapping of Cu, C, and O elements. 

Compared with nanoparticles formed at room temperature, the nanoclusters have smaller 

diameters (~9 nm) and greater nucleation density (Figure 4.9). The poor crystallinity of the 

nanoclusters can be seen from the HRTEM images (Figure 4.8B). From Figure 4.8C, it can 

be found that the crystalline region and the amorphous region coexist in a cluster. The 

crystalline parts of the clusters are highlighted by selecting diffraction points in the FFT 

pattern and then performing an inverse fast Fourier transformation to obtain a real-space 

image. Then, we stain the crystalline regions with orange. As can be seen in Figure 4.8C, 

the nanoparticle aggregates within the nanoclusters do not have a preferred orientation. The 

FFT pattern of the Cu nanoclusters also shows that the orientation of the polycrystalline 

Cu clusters is random (Figure 4.10). We can also speculate that their interfacial bonding is 

weaker from the narrow and amorphous necks between the nanoclusters and nanowires. 

The EDS mapping (Figure 4.8D) demonstrates that only Cu element exists in the 

nanoclusters. Overall, the Cu NC/NW nanostructures formed at low temperature exhibited 

different sizes, morphologies, crystallinity, and weakener connections to Cu nanowires 

compared to the NP/NW structures formed at room temperature. 
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Figure 4.9 Nuclei size and nucleation density of Cu nanoparticles formed at 20 ℃ and -

20 ℃, respectively. 

 

Figure 4.10 TEM image and FFT pattern of the Cu nanoclusters formed at -20 ℃. (A) 

TEM image of the hierarchical Cu NC/NW nanostructure. (B) FFT pattern of Cu 

nanoclusters obtained from the yellow square area at low temperature (-20 ℃). It shows 

random oriented polycrystalline Cu clusters. 

4.4 Growth mechanism of particle growth at various temperatures 

Previous studies have reported that both temperature and current density can affect the size 

and nucleation density of deposited particles during electrodeposition by altering the 

overpotential.123, 131 The dependence of Cu particle size on overpotential can be reflected 

from the classical nucleation equation. The critical radius (rcrit) can be described as 

follows:123, 131 

                                          𝑟𝑐𝑟𝑖𝑡 = 2ϒ𝑉𝑚/𝐹|η|                                             (1) 

Where 𝐹 is Faraday's constant, ϒ is the surface energy of the Cu-electrolyte interface, 𝑉𝑚  

is the molar volume of Cu and η is the electrochemical overpotential. This equation can 

also be used to estimate the critical nucleus size in heterogeneous nucleation.131, 132 It can 

be seen from the formula that the nucleus size is inversely proportional to the 

electrochemical overpotential. Previous studies have demonstrated that the nucleation 
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overpotential increases with decreasing temperature, suggesting that lower temperatures 

can induce smaller metal nuclei. The current density decreases with decreasing nucleation 

overpotential, as predicted by the Butler-Volmer electrode kinetic relationship. Therefore, 

the core size becomes larger as the current density decreases. However, our experiments 

contradicted the predicted results with smaller nucleation size at low temperatures (Figure 

4.9). Thus, we infer that the effect of temperature on the nucleation overpotential is greater 

than that of the current density. 

We analyzed the entire process to understand differences in particle aggregation, interfacial 

bonding, and crystallinity. The metal electrodeposition process generally consists of three 

steps.133, 134 Ions in solution first migrate to the electrode surface in the first step. After they 

migrate near the electrode surface, the ions undergo a chemical conversion reaction. The 

ions are then reduced to metal atoms. Finally, the nascent adsorbed metal atoms diffuse 

along the electrode surface to the growth point, contributing to the growth of the metal 

lattice, or aggregating with other nascent atoms to form new nuclei. Thereby multi crystals 

are formed. For the first step, previous studies have demonstrated that low temperatures 

can reduce the ion diffusion coefficient.135 Also, it is more difficult for the electro-reduction 

reaction to take place at the solid-liquid interface because of the increased nucleation 

overpotential.126 With regard to the third step, according to the surface diffusion theory, 

the diffusion coefficient D is given by:136 

                                        D = (v𝑒
−𝐸𝑑𝑖𝑓𝑓

𝐾𝐵𝑇
⁄

) 𝑎2/𝑧                                    (2) 

Where v is attempted frequency, T is the absolute temperature, 𝐾𝐵 is Boltzmann constant, 

Ediff is the potential energy barrier for diffusion, and a is the distance per jump. z=2 for 

one-dimensional diffusion, z=4 for two-dimensional diffusion, and z=6 for three-

dimensional diffusion. At room temperature, the diffusion of Cu ions during 

electrodeposition is limited by the diffusion rate. As shown in Figure 4.11A, under 

electrical bias, Cu ions in solution diffuse to the electrolyte/electrode interface, and then 

react to be reduced to Cu atoms. The nascent metal atoms diffuse along the nanowire 

surface and aggregate with other nascent atoms to form nanocrystals. Due to the faster 

surface diffusion of Cu atoms at room temperature, they can find the lowest surface energy 

sites to epitaxially form freestanding single-crystalline nanoparticles on the nanowires. 

Although the rates of all three steps decrease at low temperatures, the decrease in reaction 

rate is more severe than the decrease in diffusion rate. Therefore, the whole process is 

reaction limited. After Cu ions diffuse to the liquid/solid interface and are reduced to 

adatoms, the formed adatoms cannot diffuse rapidly, resulting in a small contact area 

between nanoclusters and nanowires. Moreover, the subsequent ions cannot carry out the 

reduction reaction in time. Instead, they will accumulate on the surface of the nanoclusters, 

and nucleate again to form new clusters as the concentration increases. Due to the limitation 

of surface diffusion, nascent atoms are randomly fixed at the reaction site, resulting in poor 

crystallinity. This rationally explains why Cu nanoclusters are generated at sub-zero 

temperatures (Figure 4.11B). 
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Figure 4.11 Schematic illustrations of two kinds of electrochemical growth mechanisms 

of Cu metal. (A) The growth of nanocrystals is limited by the diffusion of ions in the 

solution at room temperature. (B) The growth of nanocrystals is limited by the reduction 

reaction at the electrolyte/metal interface at -20 ℃. 

Briefly, we experimentally demonstrate the temperature dependence of electrodeposited 

copper nanoparticles. Electrodeposition tends to produce copper clusters at subzero 

temperatures. The particle size, morphology, crystallinity, and connection to the substrate 

(Cu nanowires) are significantly different from those obtained at room temperature. The 

rate-limiting of the ionic reaction results in the formation of multiple nuclei and weak 

binding. The decrease in surface diffusion rate at low temperatures is considered to be the 

main factor for the generation of amorphous structures. This work deepens our 

understanding of nanomaterial nucleation and elucidates the factors governing metal 

nanoparticle electrodeposition and nanoscale dynamic processes. 
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5 Atomistic insights into pitting and uniform 

corrosion of Sn nanocrystals 

5.1 Introduction to pitting and uniform corrosion 

When materials interact with their environment, such as in a corrosive solution, they often 

experience structural degradation. Corrosion is one of the major concerns with many 

materials, including the destructive oxidation of metallic materials as well as the 

degradation of nanometallic materials, all of which lead to loss of function owing to 

(electro-)chemical interaction with the environment.137, 138 For example, electrode 

degradation in fuel cells,139-141 etching of silicon in solar cell devices,142 degradation of 

electronic packaging,143 structural materials breakdown,144, 145 have created many serious 

issues. Materials corrosion directly impacts the economy, and it can also lead to safety 

issues.146, 147 Unlike natural disasters (e.g., earthquake), corrosion can be controlled by 

improving the corrosion protection efficiency, which requires comprehensive 

understanding of corrosion mechanisms.147  

There are different types of corrosion, depending on the mechanisms of the corrosion 

reaction. It includes uniform, cracking, dealloying, erosion, galvanic crevice and pitting 

corrosion.148 According to the corrosion morphology, it can be uniform corrosion, or pitting 

corrosion and the latter is often not easily detected.149 Restrained by the available 

experimental methods, related studies have mostly been conducted on systems at the length 

scales of millimeter and micrometer.150 Nevertheless, corrosion research benefits from 

direct observations of corrosion occurring at nano- and even atomic level to gain a clearer 

and more fundamental picture of corrosion behavior, such as pitting corrosion, which 

basically starts at an extreme small scale down to nanometers and even to atomic scale.151 

One of the biggest challenges in the investigation of corrosion is the difficulty of observing, 

with atomic insight, how and where materials degrade under certain environmental 

conditions.137 Many traditional electrochemical measurements, including electrochemical 

impedance spectroscopy, cyclic polarization and potentiodynamic polarization, have been 

employed to investigate the corrosion reactions. Important information, such as corrosion 

kinetics and resistance, can be obtained using electrochemical method.152 However, these 

measurements are insufficient to elucidate the underlying corrosion mechanism, and they 

cannot offer the ability to observe the changes of system in real-time during corrosion. In 

addition, the structural and morphological changes of materials caused by corrosion are 

typically investigated ex-situ by TEM on samples taken at different stages of reaction, 

which cannot give us much information about how and where corrosion will happen. 

Structure evolution, including specific shape and morphology changes occurring locally 

on individual nanocrystals at atomic scale can only be revealed using in-situ techniques 

with high spatial resolution.151 In-situ LCTEM provides capabilities for the direct 

observation of materials transformations in liquid environment. A variety of dynamic 

phenomena have been visualized with high-spatial resolution using LCTEM, including 

nucleation, crystallization, and dissolution.14, 30, 42 In-situ observations by LCTEM can 

provide insight into mechanisms, rates, and possible modifications of corrosion reactions 

in the solution environment.59, 60, 137, 153-156 The in-situ study of asymmetrical, strain-
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induced and galvanic corrosion have been reported at nanoscale using LCTEM.61, 65, 157-159 

The application of LCTEM to corrosion studies at the atomic level in the last several years 

is lacking and is urgently needed to broaden our knowledge about corrosion. 

To understand the microscopic corrosion mechanism regarding how corrosion initiates and 

develops, metallic Sn nanocrystals and Sn nanocrystals with a protection layer, which have 

been widely used in electronics industry,160 are employed as model systems to study pitting 

corrosion and uniform corrosion, respectively. Using in-situ high-resolution LCTEM, we 

capture the atomic-scale corrosion process of pitting corrosion and uniform corrosion. 

Combing with a cryo-TEM holder, aberration-corrected TEM (Cs-corrected TEM) and a 

fast and precise super x-ray energy-dispersive spectrometer, we could simultaneously 

investigate the structure and content of corrosion products in real space. Our observation 

reveals a facet selective etching of pitting corrosion and “creeping-like” uniform corrosion 

behavior. The local environment is proven to have a big impact on the corrosion behavior 

and kinetics.  

5.2 Experimental setup and structure characterization of Sn nanocrystals 

with nanocoating 

We take the etching process of Sn nanocrystals with nanocoating in solution as a 

representative system to investigate oxidative pitting corrosion. The corrosion experiments 

were conducted using an effective “carbon-film liquid cell” (Figure 5.1A). The carbon-

film supported TEM grid was first treated with oxygen plasma to increase surficial 

hydrophilic that was determined by the contact angel measurements (Figure 5.2). An “in-

situ” method to synthesize Sn nanocrystals with nanocoating through chemical reactions 

between Be, SnCl4 and NiCl2 within the carbon-film liquid cell is developed (Figure 5.3).  

 

Figure 5.1 Chemical and structural characterization of Sn@Ni3Sn4 nanocrystal before and 

after corrosion in aqueous solution using a cryo-holder. (A) Schematic illustration showing 

the morphological evolution of a Sn@Ni3Sn4 nanocrystal during etching. (B) HAADF-

STEM images and (C) EDS elemental mapping of Sn@ Ni3Sn4 nanocrystal in solution 
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before etching. (D) 3D reconstruction of a single nanocrystal from TEM projects, revealing 

an approximate rectangular prism (the dashed lines mark the rectangular prism spanned by 

the tips of the Sn@Ni3Sn4 nanocrystal). (E) HAADF-STEM image and EDS chemical 

maps of representative hollow nanocrystals formed after core etched. (F) Low-

magnification image of the hollow nanocrystal. (G) FFT and (H) inverse FFT images from 

the reign enclosed in the red square in (F).  

 

Figure 5.2 Surface classification based on contact angles.  (A) Image and (B) contact angel 

measurement of a water droplet on a commercial TEM grid. (C) Image and (D) contact 

angle measurement of a water droplet on an oxygen-plasma treated TEM grid. The contact 

angle changes from 79° to 26° after plasma clean. 

 

Figure 5.3 Schematic representation of the setup for the liquid cell experiment. The SnCl4 

liquid droplet is dropped on the surface of the Be metal to generate Sn nanocrystal. 

Touching the liquid drop with a carbon-film supported TEM grid allows transfer of the 
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nanocrystals in liquid. A top grid is assembled with the bottom grip to fabricate the 

sandwich liquid cell.    

In the in/ex-situ study, an aberration-corrected TEM operated at an acceleration voltage of 

300 kV is applied. HAADF-STEM image shows the nanorod morphology of the 

synthesized particles within the liquid cell, as shown in Figure 5.1B. Figure 5.1C displays 

the EDS elemental mapping of pristine Sn nanocrystals with nanocoating in solution before 

corrosion at liquid N2 temperature. Elemental mapping images confirm the uniform 

encapsulation of the Sn core by a protective shell; Ni is abundant at the surface and 

surrounds the dense Sn core. Elemental maps of the chloride (Cl) and oxygen (O) from the 

bulk solution were also obtained (Figure 5.4). To further characterize the structure of the 

Sn nanocrystals with nanocoating, electron tomography is conducted, providing a 3D view 

of this structure. TEM images of particles at different tilting angles are shown in Figure 

5.5. The 3D tomography reveals that the obtained nanocrystals are rectangular prisms, as 

shown in Figure 5.1D. We first investigate the oxidative corrosion of Sn nanocrystals with 

nanocoating in solution. This occurs because oxidizing species generated under electron-

beam irradiation can trigger the oxidative etching process of Sn nanocrystals.13, 161  

 

Figure 5.4 Morphology and composition characterization of Sn nanocrystals with 

nanocoating before and after corrosion. (A) HAADF-STEM image, EDS elements 

mapping of Sn, Ni, O and Cl, and (B) corresponding EDS spectrum of nanocrystals before 

corrosion. (C) HAADF-STEM image, EDS elements mapping of Sn, Ni, O and Cl, and (D) 

corresponding EDS spectrum of nanocrystals after corrosion. 

Our in-situ observation reveals the transformation of the Sn with a protective shell 

nanomaterial into hollow nanostructure. We analyze the composition of the hollow 

nanocrystal that is formed after corrosion using STEM-EDS at cryo-temperature. Figure 

5.1E shows representative HAADF-STEM images and corresponding elemental maps 

from four hollow nanocrystals in the field of view. The results indicate that the final 
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nanocrystal consists of Sn and Ni in the shell. We further analyze the crystalline structure 

of the hollow nanocrystal. Figure 5.1F shows a low-magnification TEM image of a hollow 

nanocrystal, and Figure 5.1G presents the FFT of the selected area in Figure 5.1F. The d-

spacings of the facets measured in Figure 5.1H are consistent with the (111) and (-11-1) 

lattice planes of Ni3Sn4 crystal structure viewing along the [10-1] direction.162 From the 

analysis above, it is apparent that the rectangular prism nanocrystals are composed of a 

metal core and alloy shell. After placing the core-shell nanocrystals in an aggressive 

environment, the inner core will dissolve in the solution, however, the shell could keep 

stable for a certain time. Therefore, the Sn@Ni3Sn4 can be used as a model system for 

studying pitting corrosion. 

 

Figure 5.5 Electron tomography of Sn nanocrystals. (A-C) TEM images of different 

particles at different tilting angles. 

5.3 Investigation of facet selective corrosion process and kinetics of 

Sn@Ni3Sn4 nanocrystals 

Real-time observation of the corrosion process of Sn@Ni3Sn4 nanocrystals in aqueous 

solution is performed using LCTEM. Figure 5.6 shows the representative sequential TEM 

images of the morphological evolution of a regular Sn@Ni3Sn4 nanocrystal during the 

oxidative corrosion process. At the beginning, the Sn@Ni3Sn4 nanocrystals exhibit a well-

defined rectangular prism structure. During the etching process, the contrast of the middle 

part of the Sn core became light, indicating that Sn was etched even with the protective 

shell. From the pattern of the etched area in Figure 5.6A, we can infer that there is no 
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selective behavior from 0 s to 32 s. As etching proceeds, an anisotropic etching creates a 

cavity with a trapezoidal cross-section, as shown in images at 64 s and 84 s of Figure 5.6A. 

Subsequently, the nanocrystal is etched along a specific facet until all the Sn metal 

dissolves into the solution. 

 

Figure 5.6 Real-time observation of the etching process of Sn@Ni3Sn4 nanocrystal in 

aqueous solution. (A) Sequential TEM images showing the etching process of a 

Sn@Ni3Sn4 nanocrystal in solution. (B) Outlines of the etching process of the Sn@Ni3Sn4 

from each frame and overlaid to each other (position a and position b represent pitting 

corrosion reaction sites). The color shows a time sequence with blue as the initial time and 

red as the later time. (C) Etching area and (D) etching rate trajectories of Sn@Ni3Sn4 

nanocrystal with different starting positions based on the contours in (B) (red, blue and 

black scatter curves show the etching area of positions a, b and c, respectively. Purple 

scatted curve represents the etching area after the overlapping of position a and b). (E) The 

etching rate of different facets. The red, blue and black curves represent the etching 

distance versus time along the corresponding arrow direction of the left corner image in 

(E). The slope rates of 0.15, 0.23 and 0.39 nm/s represent the corresponding etching rates 

along red, blue and black arrow directions, respectively.  

To better understand the spatiotemporal details of the pitting corrosion, we constructed 

time-domain contour plots: cross-sectional outline of a changing nanocrystal extracted 

from videos that are equally spaced in time (Figure 5.6B). From Figure 5.6B, we know that 

there are three main reaction sites, namely positions a, b and c. Positions a and b represent 

the reaction sites of close structure (surface with protection layer), and position c represents 

the reaction site of open structure (surface without protection layer). Although the contact 

area of the Sn metal with the solution is small at positions a and b due to the protection 

layer, the etched area is very large starting from positions a and b (Figure 5.6C). The etched 

area is 1353, 405 and 519 nm2 at 84 s for positions a, b and c, respectively. After 84 s, the 

etched regions from points a and b merged (Figure 5.6A). As can be been in Figure 5.6D, 



51 
 

the etching rate increased sharply after the coalescence of pitting corrosion regions. We 

calculated that the total etched area is about 7300 nm2 from the close structure (positions a 

and b), which is 13 times higher than the etched region from the open structure (position 

c). Besides the etching area and etching rate from different reaction sites, the contour of 

the particle shape also allows doing quantitative analysis for the facet selective etching. 

We measured one angle of the trapezoidal cross-section at 84 s in Figure 5.6A, which 

matches very well with the angle between (0-11) and (020) facets (Figure 5.7). So, we infer 

that the black, blue and red arrows indicate the facets of (020), (011) and (01-1) based on 

the symmetry structure of Sn metal viewing along [100] direction. As can be seen in Figure 

5.6E, the facet etching rate of (020) is faster than the facets of (011) and (01-1). The results 

of the linear fit show that the etching rates of (020), (011) and (01-1) are 0.39, 0.23 and 

0.15 nm/s, respectively. Therefore, the etched area is terminated with facets {011} after 96 

s, which have the lowest corrosion rate, as shown in Figure 5.6A.      

 

Figure 5.7 Facet determination according to the etched morphology. (A)  Representative 

TEM images of the Sn intermediate during the pitting corrosion process. The angle 

between different facets is measured. (B) Low- and high-magnification TEM images of Sn 

nanorod.  

5.4 Atomistic observation of the oxidative pitting corrosion of Sn@Ni3Sn4 

nanocrystal 

From the low-magnification real-time observation, we understand that although the initial 

pitting corrosion area is small, the etched area is very large. Important facet selective 

etching information is also obtained from the analysis of images and shape contour. 

However, it is still not clear where the reaction starts and how anisotropic etching occurs. 

To further understand the pitting etching sites and dynamics, the corrosion process of 

Sn@Ni3Sn4 nanorods was investigated. Sequential band-pass filter TEM images in Figure 

5.8A show the high-resolution of pitting corrosion process of Sn@Ni3Sn4 nanocrystal in 

solution (original images are shown in Figure 5.9). There are two reaction sites during the 

pitting etching process, labeled as a and b at 0.6 s in Figure 5.8A. The etching reaction 

starts from the defective region, where the protection layer is lacking, as shown at position 

b in Figure 5.8A. As the corrosion area gets larger, the protective layer will crack due to 

the loss of support, as indicated by the blue arrow at 29.6 s in Figure 5.8A. The etching 

reaction from point a in Figure 5.8A shows that the pitting process includes two stages, as 

shown in Figure 5.8B. Firstly, isotropic etching occurred first to form a semicircular cavity 

structure. Then, surface atoms of the semicircular cavity structure with high activity are 
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removed first, resulting in surface structure terminated with low index facets. We also find 

that regions with a dense protection layer will not be etched under the same environment 

(Figure 5.10). 

 

Figure 5.8 High-resolution real-time observation of the oxidative pitting corrosion process 

of Sn@Ni3Sn4 nanocrystal in aqueous solution. (A) Sequential high-resolution TEM 

imaging after band-pass filter treatment showing pitting oxidative etching process of 

Sn@Ni3Sn4 nanocrystal in solution with atomic-scale resolution. (B)  Schematic 

illustration of the etching process. The golden layer represents the alloy protection layer, 

and the red models represent Sn metal. (C) Representative high-resolution TEM image to 

show the selective facet etching behavior. The inset image is the close-up view of the red 

square region. Black, blue and red arrows show etching directions along (020), (011) and 

(01-1), respectively. The etching void was indicated by the yellow dash line (W means the 

opening width of the hole, and H means the height from the surface of the particle to the 

bottom of the void). (D) Plot of the width and height versus time of the etching area, which 

is labeled by the yellow dash line in (C). (E) Outlines of the facet selective etching process 

from each frame and overlaid to each other. The color shows a time sequence with blue as 
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the initial time and red as the later time. (F) Etching rate of different facets based on the 

contours in (E). 

 

Figure 5.9 Original TEM image sequence showing pitting oxidative etching process of 

Sn@Ni3Sn4 nanocrystal in solution. 

 

Figure 5.10 Sequential TEM images showing no corrosion reaction occurs where the 

protective layer is intact. (A) Selected original key frames and (B) after band-pass filter 

treatment.   

The high-resolution TEM image in Figure 5.8C shows that the surface facets are terminated 

with (020), (011) and (01-1), which are indicated by the black, blue and red arrows, 

respectively. We measured the width and height of the hole versus the time that was created 

from position b, as shown in Figure 5.8D. The initial defective region without a protection 
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layer is about 8 nm. The width and height of the etched holes increase simultaneously from 

0 s to 10 s, and then the etching rate decreases after the close-packed structure is formed 

on the surface. The shape contour of the etched area from position a was performed to track 

the facet selective etching behavior (Figure 5.8E). The facet (020) etching rate is faster 

than facets (011) and (01-1), which is consistent with our observation at low magnification 

(Figure 5.8E). It is interesting to note that the etching rate of all three facets is fast at first 

and then slows down at high magnification (Figure 5.8F). This could relate to the slow 

diffusion rate of the oxidation species that was caused by the limited pitting region. It is 

worthy to note that there may be no facet selective corrosion behavior of Sn@Ni3Sn4 

crystal under the same condition (Figure 5.11), which we will discuss later. Moreover, we 

find that the Sn metal first dissolves into the solution, followed by the dissolution of the 

protective layer, as indicated by the yellow square in Figure 5.11.  

 

Figure 5.11 Sequential TEM images showing a galvanic corrosion process of Sn@Ni3Sn4 

nanocrystal in aqueous solution.   The Sn core first dissolves into the solution, followed by 

the dissolution of the alloy layer.   

5.5 High-resolution real-time observation of the oxidative uniform corrosion 

of Sn nanocrystal 

To further understand the oxidation corrosion kinetics and behaviors, we also investigate 

the corrosion process of metallic Sn nanocrystals in solution using LCTEM. Sn 

nanocrystals are synthesized using the same method as Sn@Ni3Sn4 nanocrystals. Besides 

metallic Sn nanocrystals, we also extend this method to synthesize Cu nanoparticles 

through the chemical reaction between Zn and Cu(NO3)2 solution (Figure 5.12).  
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Sn nanocrystals display different morphologies, and the main ones are nanorods, as shown 

in Figure 5.13. We first characterize the frozen metallic Sn sample in solution with a Super 

EDS before corrosion at liquid N2 temperature. EDS mapping shows that there is no 

additional oxygen signal on the surface of Sn nanocrystal, which indicates that there is no 

tin oxide layer on the surface (Figure 5.13). While the Sn nanocrystals synthesized ex-situ 

shows an obvious oxide layer after several rounds of centrifugation and washing (Figure 

5.14). The above results confirm that our synthesis method could efficiently prevent Sn 

nanocrystals from being oxidized.    

 

Figure 5.12 Structure characterization of Cu nanocrystals. (A) Low- and (B-C) high-

magnification HAADF-STEM images and corresponding EDS mapping of Cu 

nanocrystals.   
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Figure 5.13 Structure characterization of Sn nanocrystal within liquid cell by cryo-EM. (A) 

HAADF-STEM images of Sn nanocrystal. (B) HAADF-STEM images of Sn nanocrystal 

and corresponding elemental mapping of Sn, O, and Cl. Different morphologies of Sn 

nanocrystal are observed, and no oxidation layer is detected on the surface of Sn 

nanocrystal. 
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Figure 5.14 Structure characterization of Sn nanocrystal synthesized ex-situ. (A) Low- and 

high-magnification TEM images of Sn nanorods. The high-resolution image indicates that 

the polycrystalline SnO2 layer is formed on the surface of Sn nanorod. (B) EDS elements 

mapping of Sn, O to confirm the existence of surface oxidation layer. 

We first select a Sn nanocrystal that is adsorbed on the viewing window, and the liquid 

layer around this nanocrystal is thin, which can be distinguished from the contrast of the 

solution background. Some very interesting intermediates were found during the etching 

process. As can be seen from Figure 5.15A, a diffusion layer was formed on the surface of 

the Sn nanocrystal. We observed that the thickness of the diffusion layer increases as the 

Sn etching progresses until the entire viewing area is filled. The higher contrast of the 

diffusion layer than the background of the solution further confirms the existence of Sn-

ions in the diffusion layer. Besides the diffusion layer, a “creeping-like” etching behavior 

(Figure 5.15B, C) was also observed due to the slow reaction kinetics in the thin liquid 

region and the adhesive force between the Sn nanocrystal and the membrane. Using in-situ 

HRTEM, we observe that Sn nanocrystals behaved like a liquid droplet but remain highly 

crystalline in the interior. The “creeping-like” etching behaviors start from the position 

with high curvature (Figure 5.15B).  

We also investigate the etching behaviors of a “free” Sn nanocrystal in solution, as shown 

in Figure 5.15D. These free Sn nanocrystals are observed in the regions with a thick liquid 

layer. We notice that there is no surface diffusion layer on the surface of the Sn nanocrystal 

in think liquid layer region during the etching process. The etching rate of the pure Sn metal 

is fast, and it takes less than 5 s to make the Sn nanocrystal dissolve into the solution. 

Moreover, compared with the etching behaviors of the Sn nanocrystal with a protection 

layer, the facet selective etching behavior for metallic Sn nanocrystals is not observed.  
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Figure 5.15 High-resolution real-time observation of the oxidative etching process of Sn 

nanocrystal in solution. (A) Sequential high-resolution TEM imaging showing oxidative 

etching process of Sn nanocrystal attached to the window in a thin region. (B) Outline of 

the early etching process (0.0 s – 13.8 s) and (C) late etching process (20.0 s – 33.0 s) of 

the Sn nanocrystal. The color shows time sequence with blue as the initial time and red as 

the later time. (D) Sequential TEM images showing the etching process of free Sn 

nanocrystal in a thick region. 

5.6 Discussion on the mechanism of pitting and uniform corrosion  

Oxidative etching is a common reaction during the corrosion process. In this work, we use 

LCTEM to investigate the oxidative etching behavior of core-shell Sn@Ni3Sn4 and 

metallic Sn nanocrystals in solution, which represent pitting and uniform corrosion, 

respectively. The oxidative etching reactions are triggered by the oxidation species 

generated by the electron beam irradiation. Within microsecond after irradiation, a steady 

state is reached with hydroxide radicals (•OH), hydrogen peroxide (H2O2), hydrogen ion 

(H+) etc. being the dominant species.13 To simplify the reaction, we use hydroxide radicals 

to represent the oxidation species. Therefore, the metallic Sn nanocrystals corrosion 

reaction can be described as follows: 

                                                     Sn + 4•OH + 4H+→ Sn4+ + 4H20  

For the uniform corrosion behavior in the thin liquid layer, Sn nanocrystals undergo 

dissolution and Sn-ions are formed and diffuse into the bulk solution. The diffusion rate of 

Sn-ions is slow due to the thin thickness of the surrounding liquid layer, so the surface 

diffusion layer was captured. The absence of a diffusion layer during the corrosion process 

in the thick liquid layer can be caused by the following two reasons. 1) The thickness of 
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the liquid layer is too thick, and the diffusion layer cannot be observed. 2) The diffusion 

kinetics of Sn-ions are too fast to be captured in the thick region.  

The corrosion reaction of the Sn core of the Sn@Ni3Sn4 nanocrystal is a little different 

because of the existence of the alloy layer. Besides the chemical reaction with the oxidation 

species directly, Sn core also undergoes a galvanic corrosion process. The Sn core works 

as anode, and the alloy layer works as cathode. Therefore, we observed that Sn first 

dissolves into the solution, followed by the dissolution the alloy layer (Figure 5.11). The 

Sn core corrosion reaction can be described as follows: 

                                                         Anode site: Sn + 4e- → Sn4+ 

                                               Cathode site: 4•OH + e-+ 4H+→ 4H2O 

After Sn core is removed, the alloys layer will be oxidized into Ni-ion and Sn-ion through 

the chemical reaction with oxidative species in solution.  

We infer that the pitting corrosion behaviors is controlled by the concentration of oxidation 

etching species and Sn-ions within the pitting region. At the beginning of the corrosion, 

different crystal faces are exposed where there is no protection layer. Sn core is quickly 

oxidized and dissolved into the solution by adjacent irradiation oxidation species, so the 

concentration of oxidation species within the cavity decreases and the concertation of Sn-

ions increases. Due to the small hole size of the initial pitting position, the diffusion rate of 

oxidation species from outside the cavity into the cavity is relatively low. The Sn-ions are 

also trapped into the pitting region. Both the chemical and electrochemical corrosion 

process are suppressed. The reduced reaction kinetics allows the Sn nanocrystal to reach 

an equilibrium state during the corrosion process, which facets are terminated with low 

index facets. We also notice that there is no equilibrium state if many bubbles are formed 

near the particle region, as indicated by the red arrows in Figure 5.11. We hypothesize that 

these bubbles can influence the reaction kinetics through the following ways: 1) the bubble 

contains high concentration of oxidation species, which will react with the Sn-core; 2) the 

bubble push the flow of the thin liquid layer to increase the diffusion of oxidation species 

through the small hole. Above all, the local environment has a big influence on the reaction 

kinetics and shape evolution of the Sn nanocrystals during the corrosion process.   

In summary, our in-situ liquid cell imaging in combination with other complementary 

electron microscopy techniques, such as, aberration-corrected high-resolution imaging, 

EDS mapping and cryo-EM characterization of the liquids near the solid surface provides 

an unprecedented level of details on corrosion. The pitting and uniform corrosion process 

of non-precious metals with atomic resolution is achieved in a liquid environment. Details 

including facet selective etching, passive layer failure, surface diffusion layer and creeping-

like behaviors are revealed. Facet selective corrosion behavior of Sn@Ni3Sn4 caused by 

the slow of diffusion oxidation species during the pitting corrosion. Our results prove that 

LCTEM provides for observation and microscopic understanding of transient 

intermediates in the etching of nanocrystals. This work provides atomistic insights into the 

pitting and uniform corrosion behaviors and etching dynamics of nanocrystals in solution, 

offering an important design principle for engineering protection layer of nanocrystals to 

achieve corrosion-resistant materials.   
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6 Future Perspectives 

We consider it necessary to integrate the development of low-temperature techniques with 

the electrochemical liquid cell capabilities, which would enable the in-situ high-resolution 

study of SEI or other electron beam-sensitive materials. We designed a novel holder by 

adding the electric biasing capability to the current cryogenic holder. Coupled with an 

electrochemical liquid cell, this setup would allow for the studies of electrochemical 

processes with liquid electrolytes both in-situ and at various low temperatures.  

 

Figure 6.1 Design of novel electrochemical liquid cell setup allowing to study 

electrochemical processes with liquid electrolyte in-situ at various temperatures. (A-B) A 

schematic of the experimental setup by developing the electrochemical liquid cell with 

variable temperature control. (C) The capability of this setup, such as TEM imaging, EDS 

and EELS and 4D-STEM at various temperatures. 

Polyimide is selected as the support film in consideration of its high chemical resistance, 

less sensitive to the electron beam, and high mechanical stability. Preliminary work shows 

that polyimide thin film can be successfully transferred onto the TEM grid using HF as the 

transferring solution. This support film is thin and uniform enough for high-resolution 

imaging and as the liquid cell membrane. The major steps of the process flow have been 

achieved, indicating the feasibility of fabricating this unique type of liquid cell. 

The development of this new electrochemical liquid cell setup allowing various low 

temperatures has enabled the exploration of scientific phenomena that previously are 

unreachable. An electric bias can be applied to the sample and the nanoscale structural 

evolution, such as the SEI structure and composition (distribution of organic and inorganic 

components) during cycling, and the electrodeposition of metal or alloy nanoparticles. The 

growth mechanisms (e.g., growth mode, preferred growth direction) of Li dendrites in 

different environments (e.g., electrolyte component, temperature, current density) can also 

be revealed in this setup. This interesting setup would allow transferring the sample onto a 
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cryogenic holder for further characterization without having to open the cell. Thus, it 

avoids exposure of the sample to air or moisture, thus limiting damages or structural 

alternations of the samples. 

In summary, the research and development included in this document exemplify LCTEM 

can be used to study materials transformations at the atomic level, which is hard to achieve 

with another approach. The experiments can be extended to various temperatures. The 

success in the design and fabrication of nanoscale devices opens many future opportunities 

for the investigation of nanostructure dynamics at the atomic scale as well as air-sensitive 

functional materials in-situ.  
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