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Abstract
In Situ/Operando Liquid Cell Transmission Electron Microscopy

for Understanding Dynamic Processes of Electrocatalysts and Other Nanomaterials

by
Jiawei Wan

Doctor of Philosophy in Engineering - Materials Science and Engineering

University of California, Berkeley

Professor Haimei Zheng, Co-Chair
Professor Mark Asta, Co-Chair

In situ/operando liquid cell transmission electron microscopy (TEM) enables real-time
visualization of physical and chemical processes in liquid environments at nanoscale resolution. It
creates opportunities to understand the dynamic behavior of nanomaterials across various
applications ranging from materials synthesis to energy storage, and chemical production.
However, challenges remain in probing dynamic processes of nanomaterials under complex
working conditions (e.g., electrocatalysis), which limits mechanistic understanding of the
structure-performance correlations. The development of liquid cell TEM platform with enhanced
spatial resolution and versatile functionalities, e.g., by implementing multimodal in situ/operando
capabilities, is essential to overcome the challenge entailing the broader applications.

This dissertation aims to deepen the fundamental understanding of dynamic processes of
nanomaterials and reveal their structure-performance correlations by developing and applying in
situ/operando liquid cell TEM. I focus on two topics of studies on electrocatalysts and nanomotors.
The work begins by the innovations of liquid cell microdevices that address challenges in
investigating electrochemical systems. By applying operando electron microscopy and X-ray
spectroscopy, my systematic investigation uncovers the dynamic structural reconstruction of CuO
nanowire-derived Cu under carbon dioxide reduction reaction (CO2RR) working conditions.
Additionally, I discover the underlying mechanisms in nanomotor movement through in situ liquid
cell TEM, thus providing new insights into the structure-performance relationships.

In Chapter 1, I briefly introduce the fundamentals of in situ/operando liquid cell TEM and
review its applications, including nucleation and growth of nanoparticles, the structural evolutions
of electrocatalysts, and electrochemical processes at electrode-electrolyte interfaces of batteries.
In Chapter 2, I provide an overview of typical liquid cell designs, followed by the latest techniques
and optimized strategies for improving spatial resolution and extending functionality of liquid cells.
I emphasize the newly developed polymer membrane-based electrochemical liquid cells, which
have enabled high-resolution imaging as well as chemical analysis capabilities during
electrochemical reactions. In Chapter 3, I combine the operando electrochemical liquid cell TEM
(EC-TEM) with time-resolved X-ray absorption spectroscopy (XAS) to unveil the formation
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pathways of oxide-derived Cu (OD-Cu) active sites from CuO bicrystal nanowire precatalysts,
driven by nanocrack generation and propagation. It provides new mechanistic insights into better
control of catalyst structure and performance. In Chapter 4, I further investigate the temperature-
dependent structural diversity of Cu nanoparticles formed during -electrodeposition for
electrocatalyst synthesis. In Chapter 5, I demonstrate the mechanism of the directional movement
of CdCl2-4H-O nanomotors. The facet-dependent reactivity of nanomotor leads to ionic self-
diffusiophoresis and drives its movement. Finally, in Chapter 6, I summarize the key findings of
this dissertation and provide my perspectives on the future directions for advancing in
situ/operando liquid cell TEM.



Acknowledgments

First, I would like to express my gratitude to my advisor, Prof. Haimei Zheng. Over the
past five years, [ have been incredibly fortunate to have had the opportunity to explore the scientific
world under her guidance. Her creative ideas, passion for science, and patient mentorship has not
only inspired me, but also provided me with a strong platform to grow into an independent
researcher. I am also deeply grateful to my co-advisor, Prof. Mark Asta, whose guidance and
support have broadened my horizons and knowledge access different fields.

I would also like to extend my sincere thanks to my qualification and dissertation
committee members: Prof. Mary Scott, Prof. Bryan McCloskey, Prof. Junqiao Wu, and Prof.
Miquel Salmeron. Their expert advice and support have been invaluable throughout my
dissertation. I am equally grateful to all the professors who provided courses and instructions,
helping me build a solid foundation for my research.

A heartfelt thank you goes to my group members, including Dr. Qiubo Zhang, Mr. Yi Chen,
Dr. Junyi Shangguan, Dr. Xinxing Peng, Dr. Sophia Betzler, Dr. Seunyong Lee, Mr. Daewon Lee,
Dr. Yu Wang, Dr. Xianhu Sun, Dr. Diyi Cheng, Dr. Qi Zheng, Ms. Amy Ren, Mr. Jiana Zheng, Dr.
Yujun Xie, Dr. Wen Wang, Dr. Jiawei Sun, Dr. Chi Zhang, Mr. Mo Lin, Mr. Kai-Yuan Hsiao, and
Mr. Masaya Sakakibara. I have learned immensely from the professional discussions and
collaborations, and the atmosphere in the lab has been a great source of joy and inspiration.

I am deeply appreciative of my collaborators, whose contributions make my research
fruitful. Dr. Ershuai Liu and Dr. Walter S. Drisdell provide exceptional experimental skills and
insightful feedback on XAS. Dr. Jiayun Liang and Prof. Zakaria Y. Al Balushi offer remarkable
expertise in both experiments and simulations. Dr. Buyu Zhang and Prof. Mark Asta’s pivotal role
in theoretical calculations greatly advanced our work. Special thanks to Dr. Woong Choi, Dr. Keon-
Han Kim, Mr. Changlian Wen, Dr. Adam Z. Weber, and Prof. Alexis T. Bell for their expertise in
electrocatalysis. Dr. Meng Zhang and Dr. Han Xue’s remarkable skills in electron microscopy
impressed me a lot. I also appreciate the support from Dr. Ji Yang and Dr. Ji Su in materials
synthesis. My gratitude extends to Dr. Karen C. Bustillo, Dr. Peter Ercius, Dr. Rohan Dhall, Mr.
Chengyu Song, Dr. Eli Stavitski, Dr. Denis Leshchev, Dr. Akhil Tayal, Dr. Lu Ma, and Dr. Dali
Yang for their invaluable technical support. Special thanks also go to Dr. Ji Yang, Dr. Yuhang Cai,
Dr. Hao Chen, Dr. Ruihan Guo, Dr. Healin Im, Dr. Ershuai Liu, Dr. Han Xue, and Dr. Meng Li for
initiate collaborations that enriched my research.

The long journey of my Ph.D. would not have been possible without the support of my
family and friends. Their patience, encouragement, and belief in me have been my motivation
through challenges, and they have shared in the joy of each accomplishment. A special thank you
goes to Dr. Xiao Zhao, Dr. Yizhen Chen, Dr. Hao Chen, Dr. Ji Yang, Dr. Xin Chen, Dr. Ershuai
Liu, and Dr. Han Xue for the fun and camaraderie we've shared.

Finally, I would like to express my deepest gratitude to my wife, Dr. Jiayun Liang. Your
unwavering love, patience, encouragement, and support have been my constant source of strength
throughout this journey. This accomplishment would not have been possible without you by my
side.



Table of Contents

LSt OF FIGUIES ...ttt bbb n e b e ne e \4
LSt OF TADIES ...t XVi
List of abbreviations and SYMDOLS .........coiiiiiiiiiiiii i xvii
O] 1T 111 1) o O PO P TP P PPPPRTN 1
1.1 An overview of liquid cell TEM .......ccooiiiiiiiiiiiiiiiie e 2
1.2 Investigation of nanomaterial transformations using liquid cell TEM ...........ccccvvvviiiiinnnnnen. 3
1.2.1 Nucleation and rOWth .........coeoiiiiiiiiiii s 3
1.2.2 Etching and COTTOSION .........civieitiiieriieii sttt 5
1.2.3 Self-aSSEMDLY ..ottt 6
1.2.4 DYNAMIC MNOLION ...ttt b ettt b e nre e e 7

1.3 Mechanism studies of functional materials using electrochemical liquid cell TEM ............. 8
1.3.1 Rechargeable Datteries. ......cueiuiiiieeiiieiie ettt 8
1.3.2 EleCIOCALALYSIS . cvveeutieiitieiee sttt ettt e b e b e n e e e 9

1.4 Motivation and organization of diSSErtation............cceereeriiieiiiiiiienie e 11
CRAPLET 2 ...ttt 12
2.1 An overview of liquid cell design for in situ/operando TEM............cccccovveiiiiiiiiiiiiniinnnens 13
2.2 Development history of liquid CelIS .......cviiiiiiiiiiie e 13
2.2.1 Evolution of SiNx membrane-based liquid Cells ..........ccoriiriiiiiiiiiiicecec e 15
2.2.2 Evolution of 2D membrane-based liquid Cells ..........cccoovvviiiiiiiiiiiiiiiicce 15

2.3 Fabrication and advances of liquid Cells .........ccccouvviiiiiiiiiiiii 16
2.3.1 Fabrication of SiNx membrane-based liquid cells...........cccoviiiiiiiiiiiiiiin 16
2.3.2 Advances of SiNx membrane-based liquid Cells ...........cooiiiiiiiiiiiiii 18
2.3.3 Fabrication of 2D membrane-based liquid cells............cooiiiiiiiiiiiiii 20
2.3.4 Advances of 2D membrane-based liquid cells ...........coccoriiiiiiiiiii 22

2.4 Understanding liquid behaviors within liquid cells............cccooeiiiiiinii 23

2.5 Development of polymer membrane-based electrochemical liquid cells for in situ/
operando TEM studies on electroCatalysis .......cocvverviriiieriiiiieseiee e 25

2.5.1 Fabrication of two-electrode polymer membrane-based electrochemical liquid cells..25

2.5.2 Characterization of two-electrode polymer membrane-based electrochemical liquid

il



2.5.3 Operation of polymer membrane-based electrochemical liquid cells ............ccceevvenee. 27

2.5.4 Fabrication of three-electrode polymer membrane-based electrochemical liquid cells29

2.0 CONCIUSIONS ...ttt sttt b e et et e e s et e nb e e s sn e e be e e nneenneeanneenreeas 32
CRAPLET 3 ... e 33
O B T2 (T L To 0 s ST 34
3.2 Experimental setup and characterization............cuocviveiiiiiiieniesece e 34
3.2.1 Preparation of CuO nanowire precatalysts .........ocviveiiiieiieiisiineesese e 34
3.2.2 Fabrication of electrochemical liquid CellS.........coovvviiiiiiiiiiiiiiiii i 34
3.2.3 Quasi-operando EC-TEM MEaSUTCMENLS ........c.coevvriiiiieiiiiieiiiieesiiieessiiesssinessieessseessns 35
3.2.4 Precatalyst electrodes Preparation ...........coceeiveereiriieniesieesee st 35
3.2.5 Operando XAS MEASUICIMENLS .......ccuiriieiieiiiesieiaiie et e s e e e e e e neesnneas 35
3.2.6 Electrochemical CO2RR measurements in H-type cells .........ccccoovviiiiiiiicniciiiienn, 36
3.2.7 Electrochemical CO2RR measurements in MEA ............cccocoiiiiiiiiiin e 37
3.2.8 Electrochemical active surface area measurements ............cccoovevereeneneeseeneeseeseennenns 37
3.2.9 CryO-ET MEASUIEIMENLS .......ceeveiiirieieiiiriesiee et sree s nne e nnee s 37
3.2.10 Oxygen vacancy calCulations ...........cceiiiiiiiiiiiiiiie s 38
3.3 Characterization of CuO bicrystal nanowire precatalyst..........ccoccvveiiiiiiiniiniicin 38
3.4 Visualizing nanocracking in catalyst restructuring by quasi-operando EC-TEM ............... 43
3.5 Tracking ensemble valence state evolution by operando time-resolved XAS ................... 49
3.6 Structure-performance correlation in CO2RR ..o 57
3.7 CONCIUSIONS ..ttt sttt e ettt ettt ettt ettt ekt e ekt e ettt e st et e eab e e e sa b e e e sab e e e esb e e e bt e e e nnneeennneeanneas 64
CRAPLET 4 ...t 65
O I 5313 e 1o [ ) o A OO PP T OUPR PR 66
4.2 Experimental setup and characterization..............ccooveriiiiiciieiie e 66
4.2.1 CREIMICALS ...ttt ettt b e e bn e e e nnn e nns 66
4.2.2 Preparation Of CU NANOWITES ......ccviiiiiiiiiiiiiiieiii i 66
4.2.3 TEM IMAZING....c.vtiuriiiieitieiiiiee ittt b e b et be e nre s 67
4.3 Electrodeposition performed at room and sub-zero temperature .............cceevveeeeeiieeniieeninns 67
4.4 Structural characterization of as-prepared Cu NANOWITES.........cccvrrrriereeririenieieiee e 68
4.5 Electrodeposition of Cu nanoparticles on Cu nanowire at room temperature .................... 70
4.6 Electrodeposition of Cu nanoparticles on Cu nanowire at sub-zero temperature ................ 72
4.7 Growth mechanism of Cu nanoparticle at different temperatures .............cccccecviriiiiiennns 74

il



Lo @0 1 o3 18 1S3 o ) V< T 77

L0 1T 111 1) g SO E P P PP PPP R PUPPPPPPPPRRN 78
R O 6315 0T Lot 5 Te) o U OTRRPRR TR 79
5.2 Experimental setup and characterization............cuocvviveiiiiiiiciicsecese e 79

5.2.1 In situ 1iquid Cell TEM ...coiiiiiiiiiiiiiiee e 80

5.2.2 Finite element sSimulation SEHHNG..........ccoviiviiiiiiiiiiieece e 81
5.3 Directional motion of a CdCl24H20 NanomOtOr ..........ccccverveiiiiiiiieiieie e 81
5.4 Deformation of @ CdCl2-4H20 NanOmMOLOT ........c.ceiiiiiiiiiiieie e 83
5.5 Structural characterization of a CdCl2:4H20 nanomotor...........ocvervveieeieeeieesineenee e 85
5.6 Mechanism study on nanomotor directional MOVEMENt ............cocoververieeiiieeniesie e 87
5.7 CONCIUSIONS ...ttt ettt ettt ettt ettt b e e e bt et e e s he e e b e e s b e e et e e smeeanbeesneeenneenneeannis 91

CRAPLET 0 ...t 93
LT 00} 1 Ted 13 S 0} TSP 94
0.2 OULLOOKS ..ottt h ekt e e st e e s bt e e a b e et e e e nbe e e bt e nbe e beeente e e 94

6.2.1 Enhancement of spatial and temporal reSolution.............ccocveriiiinieiinic s 95
6.2.2 Integration of multimodal functionalities ...........ccoviiiiiiiieniiiiie e 95
6.2.3 Innovation from in situ to operando liquid cell TEM ..........cccccviiiiiiiiiiiniiiic e, 95
References ... 97

v



List of Figures

Figure. 1.1: Applications of in situ/operando liquid cell TEM. A typical liquid cell TEM
platform consists of an electron microscope for advanced imaging, paired with a specially designed
sample stage and liquid cells. In situ/operando liquid cell TEM provides the capability to monitor
reactions in liquid environments in real-time, such as nanoparticle growth and transformations, the
structural evolution of battery materials, electrocatalysts restructuring and so on. These real-time
observations offer valuable insights for improving materials synthesis, energy conversion and
storage, as well as chemical and fuel production. Reprinted with permission from Reference 18 ©
2024 AAAS, and 20 © 2020 AAAS. ...t 2

Figure. 1.2: Nucleation and growth of nanoparticles investigated by in situ liquid cell TEM.
In situ observation of (a) ligand-controlled oriented attachment of Au nanoparticles, and (b) the
formation of a 2D cobalt nickel oxide nanosheets from a molecular precursor solution with the
pathway of 3D nanoparticle growth followed by 3D-to-2D transformations. (a) Reprinted with
permission from Reference 34. © 2018 Springer Nature. (b) Reprinted with permission from
Reference 77. © 2019 SPringer NALULE. .......ccuvvvirieiriiieieerie et 4

Figure. 1.3: Etching and corrosion of nanoparticles investigated by in situ liquid cell TEM.
In situ observation of (a) the dissolution of a Pd@Au nanocube, (b) the transformation of MOFs
into LDHs wusing ZIF-8 nanocubes as etching templates, (¢) the etching of a
Au nanorod at solid-liquid-gas interfaces. (a) Reprinted with permission from Reference 48. ©
2020 Springer Nature. (b) Reprinted with permission from Reference 54. © 2021 American
Chemical Society. (¢) Reprinted with permission from Reference 55. © 2022 Springer Nature. ...5

Figure. 1.4: Self-assembly of nanoparticles revealed by in situ liquid cell TEM. (a) Pt
superlattice formation from nanoparticles. (b) Self-assembly of PbSe nanoparticles from 2D
hexagonal monolayer to a 1D nanocrystal chain. (¢) 3D hexagonal columnar superlattice formed
by triangular nanoprisms. (a) Adapted with permission from Reference 40. © 2012 American
Chemical Society. (b) Adapted with permission from Reference 42. © 2019 AAAS. (c) Reprinted
with permission from Reference 44. © 2019 Springer Nature. ........cccooveriiiieniinie e 6

Figure. 1.5: Tracking dynamic motion of nanoparticles by in situ liquid cell TEM. (a)
Trajectory of Au nanoparticles with different sizes. (b) The translocation of nanodroplet. (a)
Reprinted with permission from Reference 56. © 2009 American Chemical Society. (b) Reprinted
with permission from Reference 57. © 2012 National Academy of Sciences.............cccocvverivrrnnene. 7

Figure. 1.6: Investigation of battery structural evolution by in situ EC-TEM. Sequential TEM
images of (a) the growth and dissolution of Li-Au alloy, (b) Li dendritic growth, and (c¢) the
deposition and dissolution of Li2S in an electrochemical liquid cell. (a) Reprinted with permission
from Reference 66. © 2014 American Chemical Society. (b) Reprinted with permission from
Reference 68. © 2020 Royal Society of Chemistry. (¢) Reprinted with permission from Reference
69. © 2023 SPIINEET NALUTE. ....eeeiieieiiiie ettt et e e sbb e e s be e e s be e e sbeeesnbeeeannnas 9

Figure. 1.7: Investigation of electrocatalysts structural evolution by in situ EC-TEM. In situ
observation of (a) the dissolution/redeposition of Cu nanoparticles under CO2RR condition, (b)
the restructuring of Cu2O cubes over 45 min of CO2RR. Advanced techniques such as (¢) EELS

\%



and (d-f) 4D-STEM can be utilized to provide structural and chemical information under EC-TEM.
(a) Reprinted with permission from Reference 71. © 2020 Wiley. (b) Reprinted with permission
from Reference 96. © 2021 Springer Nature. (¢) Reprinted with permission from Reference 74. ©
2021 Springer Nature. (d-f) Reprinted with permission from Reference 72. © 2023 Springer Nature.

Figure 2.1: Schematic of typical structure of TEM liquid cells, including a SiNx and a 2D
membrane-based liquid cell. Multiple functions can be integrated into liquid cells, such as flow,
heating, and DIASINE. ......oiviiiiiiiii e 13

Figure 2.2: Typical designs of liquid cells for in situ/operando TEM. (a) The first liquid cell
using collodion membrane. Reprinted with permission from Reference 1. © 2020 The Materials
Research Society. (b) A static SiNx electrochemical liquid cell. Reprinted with permission from
Reference 25. © 2003 Springer Nature Limited. (¢) A high-resolution static SiNx liquid cell. (d) A
flow SiNy liquid cell. Reprinted with permission from Reference 109. © 2022 Elsevier. (e) The
construct of a liquid cell that can fit into a commercial TEM heating holder. (f) A static SiNx
electrochemical liquid cell. Reprinted with permission from Reference 64. © 2013 Springer Nature.
(g) A static SiNx electrochemical liquid cell. Reprinted with permission from Reference 108. ©
2013 American Chemical Society. (h) A flow SiNy electrochemical liquid cell. Reprinted with
permission from Reference 39. © 2014 American Chemical Society. (i) A flow heating SiNx liquid
cell. Reprinted with permission from Reference 33. © 2017 Springer Nature. (j) A static graphene
liquid cell. Reprinted with permission from Reference 22. © 2017 Wiley. (k) A microwell graphene
liquid cell. Reprinted with permission from Reference 110. © 2016 Wiley. (1) A carbon film liquid
cell. Reprinted with permission from Reference 1. © 2020 The Materials Research Society. (m) A
flow graphene liquid cell. Reprinted with permission from Reference 104. © 2020 American
Chemical Society. (n) A double graphene liquid cell. Reprinted with permission from Reference
111. © 2021 Wiley. (0) A polymer electrochemical liquid cell. Reprinted with permission from
RETETENCE 38, ..ottt e et et ennee e 14

Figure 2.3: Fabrication of SiNx membrane-based liquid cells. (a) Schematic of a static SiNx
liquid cell and (b) its optical image. (¢) Schematic of a static SiNx electrochemical liquid cell and
(d) its optical image. (e) The fabrication process of a regular/electrochemical liquid cell top and
(f) bottom chip. (g) The assembly of a regular liquid cell and an electrochemical liquid cell. (b)
and (d) are reprinted with permission from Reference 100. © 2021 Springer Nature. (c) Reprinted
with permission from Reference 64. © 2013 Springer Nature. ........cccoccvvvveriiieeniienee e 17

Figure 2.4: Advances of SiNx membrane-based liquid cells. (a) Optical image of an ultrathin
SiNx membrane and (b) its fabrication process. (¢) A flow SiN liquid cell chip with Au grid bars.
(d) Illustration of available imaging area in the assembled liquid cell and (e) its fabrication process.
(f) Schematic of a bulge-free SiNx liquid cell and (g) its projected view after assembly. (h)
Quantification of the water layer thickness from the edge to the center of the viewing area. (i)
Fabrication process of wafer bonding. (j-I) SiNx electrochemical liquid cells with different
electrode configurations. (m) A heating SiNx electrochemical liquid cell. (n) A SiNx
electrochemical liquid cell with a transferred graphene on Pt electrode and (o) its fabrication
process. (a-b) Reprinted with permission from Reference 116. © 2024 AAAS. (c-¢) Reprinted with
permission from Reference 117. © 2018 AAAS. (f-h) Reprinted with permission from Reference
118. © 2023 Royal Society of Chemistry. (i) Reprinted with permission from Reference 119. ©
2017 IOP Publishing Ltd. (j) Reprinted with permission from Reference 120. © 2014 Microscopy

Vi



Society of America. (k) Reprinted with permission from Reference 74. © 2021 Springer Nature.
(1) Reprinted with permission from Reference 121. © 2015 IEEE. (m) Reprinted with permission
from Reference 133. © 2020 Microscopy Society of America. (n-0) Reprinted with permission
from Reference 138. © 2021 WILEY......coiiiiiiiiiiiieiieie e 19

Figure 2.5: Fabrication of graphene-based liquid cells. (a) Schematic of a static graphene liquid
cell and (b) its fabrication process. (¢) Schematic of a graphene-SiNx hybrid liquid cell. (d) A loop-
assisted graphene transfer method for liquid cell assembly. (e) Fabrication process of large-scale
graphene TEM grids. (f-g) Schematics of microwell graphene liquid cells using (f) hBN and (g)
SiN as the spacer. (h) Fabrication process of a microwell graphene liquid cell. (i) Schematic of a
flow graphene liquid cell. (j) Schematic of a flow graphene liquid cell and (k) its fabrication
process. (I) Schematic of a double graphene liquid cell before and after liquid mixing and (m) its
fabrication process. (a) Reprinted with permission from Reference 22. © 2017 Wiley. (b) Reprinted
with permission from Reference 101. © 2023 American Chemical Society. (c) Reprinted with
permission from Reference 141. © 2017 American Chemical Society. (d) Reprinted with
permission from Reference 142. © 2013 IUCr. (e) Reprinted with permission from Reference 145.
© 2020 Springer Nature. (f) and (h) are reprinted with permission from Reference 115. © 2018
American Chemical Society. (g) Reprinted with permission from Reference 110. © 2016 Wiley. (1)
Reprinted with permission from Reference 104. © 2020 American Chemical Society. (j-k)
Reprinted with permission from Reference 105. © 2020 Wiley. (I-m) Reprinted with permission
from Reference 111. © 2021 WILY......oouiiiiiiiiiiieiieit e 21

Figure 2.6: Advances of 2D membrane-based liquid cells. (a) The fabrication process of a
carbon film liquid cell. (b) Schematic of a MoS» liquid cell. (¢) The HF-assisted transferring
process of MoS; membrane. (d) Schematic of an hBN liquid cell. (a) Reprinted with permission
from Reference 34. © 2018 Springer Nature. (b-c) Reprinted with permission from Reference 146.
© 2019 American Chemical Society. (d) Reprinted with permission from Reference 147. © 2018
041 SR PR 22

Figure 2.7: Nanoreactors inside liquid cells. (a) Schematic of Au-coated liposome nanocapsules
for liquid cell TEM and (b) the fabrication process. Reprinted with permission from Reference
148. © 2020 Royal Society Of ChemiStIy. ....c.cccviviiieiiiiiiiciisie e 23

Figure 2.8: Understanding the physical and chemical properties of liquids inside liquid cells.
Schematic of (a) a model SiNy liquid cell and (b) its bulging region. Liquid layer thickness map
obtained from (c¢) the mass-thickness contrast method and (d) EELS measurements. (e) Schematic
of a microheater SiNx chip. (f) Schematic of luminescence method for temperature detection. (g)
Simulated temperature profile and (h) the corrected temperature map obtained by the luminescence
results. (i) Liquid velocity mapping in a flow liquid cell. (j) Time-dependent concentration curves.
(k-1) Simulated current density of the electrolyte for electrochemical liquid cells. (a-d) Reprinted
with permission from Reference 149. © 2021 Wiley. (e-h) Reprinted with permission from
Reference 150. © 2021 American Chemical Society. (i-j) Reprinted with permission from
Reference 151. © 2024 Springer Nature. (k-1) Reprinted with permission from Reference 152. ©

2021 TOP. ..ttt b e e bt b n s 24
Figure 2.9: Fabrication process of the polymer membrane-based electrochemical liquid cells.
........................................................................................................................................................ 26

vii



Figure 2.10: Characterization of two-electrode polymer membrane-based electrochemical
liquid cells. (a) Electrode configuration design for a polymer membrane-based liquid cell. (b)
Optical microscopy image of an electrochemical liquid cell bottom chip.........ccccevvviiiiiiiiiineenne, 26

Figure 2.11: Characterizations on the Pt electrodes for polymer membrane-based liquid cells.
(a) HRTEM image of 10 nm thick Pt electrodes. Scale bar, 5 nm. (b) Corresponding FFT pattern
of (a). Scale bar, 5 nm. (¢) DP of the Pt electrodes and (d) corresponding radial RDF............... 27

Figure 2.12: Illustration of the TEM holder and its connection between the liquid cell.......28

Figure 2.13: TEM image of a local area inside an electrochemical liquid cell during EC-TEM
EXPEIIIMCIIES. .......oiiiiiiiii ittt e R R e e 28

Figure 2.14: CV profile of commercial Pt nanoparticles loaded in the EC-TEM liquid cell in
0.1 M HCIO4 @leCtrolyte...........coiuviiiiiieiiiieiei e 29

Figure 2.15: Fabrication process of three-electrode polymer membrane-based
electrochemical liquid cells. (a) A top chip workflow and (b) a bottom chip workflow............. 30

Figure 2.16: Optimization and characterization of Ag/AgCl reference electrode. (a-c)
Optimization of the parameters of Ag deposition. Scanning electron microscopy (SEM) images
scale bar, 5 um. (d-f) Optimization of the parameters of FeCls etching to form AgCl. SEM images
scale bar, 5 pm. (g-i) Characterization of Ag/AgCl electrode using HRTEM, HAADF-STEM, and
EDS mapping. (g) HRTEM image of AgCl on Ag. Scale bar, 5 nm. (h) HAADF-STEM of AgCl
on Ag. Scale bar, 2.5 pm. (i) EDS mapping of corresponding Ag and Cl. Scale bar, 2.5 pm.......31

Figure 2.17: Characterization of three-electrode polymer membrane-based electrochemical
liquid cells. (a) Electrode configuration design for a three-electrode polymer membrane-based

Figure 3.1: The operando electrocatalytic platform used to study structural dynamics of
nanocatalysts for CO2RR and characterizations of CuO bicrystal nanowire precatalysts. (a)
Schematic illustration of the operando electrocatalytic platform employed in this study to track the
dynamic behaviors of CuO precatalysts under CO2RR conditions. Quasi-operando EC-TEM
uncovers the morphological and local structural changes of individual working catalysts (TEM
setup limits direct detection of catalytic products), while operando XAS unveils the valence state
evolution of the ensemble catalysts. (b) TEM image shows the typical morphology of an as-
prepared CuO bicrystal nanowire, which is divided by the twin boundary parallel to the nanowire’s
growth direction. Scale bar, 100 nm. (¢) HRTEM image of the local area on a CuO bicrystal
nanowire, showing the atomic twinned structure. Scale bar, 2 nm. (d) XANES and (e), FT-EXAFS
spectra of Cu K-edge for the as-prepared CuO nanowire (NW) precatalysts and the corresponding
references (CuO, Cu20, and Cu), revealing characteristic structure of CuO phase. ...........cccc...... 39

Figure 3.2: Synthesis of CuO bicrystal nanowire. Optical images of a Cu foil substrate (a) before
and (b) after thermal. Scale bar, 1 cm. (¢) SEM image of CuO nanowires prepared by heating the
copper foils in (b). The nanowires grew vertically on the substrate. Scale bar, 1 um. (d) [llustration
of purification process of exfoliation CuO nanowires from Cu substrates. First, substrates after
thermal oxidation were sonicated in ethanol and the CuO nanowires would disperse into the

viii



solution. Then, the solution was centrifuged at 3000 rpm for 10 minutes and the liquid supernatant
was collected for further centrifugation at 9500 rpm for 10 minutes. Next, the CuO nanowires were
collected in sediment and stored in ethanol for further use. ...........cccooeviiiieii 40

Figure. 3.3: TEM characterization of CuO bicrystal nanowire. (a) TEM image of CuO
nanowire precatalysts after exfoliation and purification processes from Cu substrates in Fig. 3.2d.
The morphology of CuO represented nanowire shape with different length. Scale bar, 1 um. (b)
Diameter distribution histogram of 100 CuO nanowires, showing an average width of ~60 nm in
4LV L] ) SO OTU PP PRTOTRRPP 40

Figure 3.4: SEM and AFM characterization of CuO bicrystal nanowire. (a) SEM image
showing the morphology of an individual CuO nanowire with raised ridge and polygonal cross
section. Scale bar, 100 nm. (b) Atomic force microscopy (AFM) image showing the ridge in the

middle. Scale bar, 100 nm. These results confirm the bicrystal structure with a boundary plane in
the MIAAIC. ... 41

Figure 3.5: EDS and EELS characterization of CuO bicrystal nanowire. (a) HAADF-STEM
image of an as-synthesized CuO nanowire. Corresponding EDS elemental maps of Cu (b) and O
(¢), showing the uniform distribution of Cu and O elements. Scale bar, 100 nm. (d) EDS spectra
showing corresponding peaks of Cu and O. (e) EELS spectra measured on an individual CuO
nanowire and corresponding CuO reference spectra. Cu-L3 and L, edges are marked in the figure.
The nanowire spectrum matches well with the CuO standard spectra, indicating successful
Synthesis 0f the CUO PRASE. .....cuiiiiiiiiiiiie e 41

Figure 3.6: X-ray Diffraction (XRD) characterization of CuO bicrystal nanowire. (a) XRD
result of the Cu substrate after thermal oxidation at 450 °C for 90 minutes, showing compositions
of Cu, Cu20, and CuO. The majority Cu0 and Cu phases show high intensity signal, while the
CuO phase is trace amount. (b) XRD result of the CuO nanowire precatalysts after purification
procedure in Fig. 3.2d. It shows the successful collection of CuO bicrystal nanowire precatalysts
with dominant phase of CuO and the coexistence of Cu,O traces. (¢) Standard XRD of Cu, Cu;0,
ANA CUO. ettt b et ettt e e h e e e e a et e R e e e R b e e b bt e e bt e e e e e e neeeanes 42

Figure. 3.7: Real-time probing of nanocracking in CuO bicrystal nanowire precatalysts
under CO:RR conditions using quasi-operando EC-TEM. (a) Schematic of fabrication and
assembly processes of an EC-TEM liquid cell with the capability of enabling electrochemical
measurements and simultaneously tracking the structural changes at nanoscale resolution. (b)
Schematic illustration of nanocracking within a CuO nanowire during electroreduction, boundary
(blue box) and transverse (red box) nanocracks grow and propagate on a projected plane consisted
with EC-TEM. (¢) Selected quasi-operando EC-TEM video frames of the morphological evolution
of a CuO bicrystal nanowire at -2.0 V vs. Pt (-1.32 V vs. RHE) under CO2RR conditions, and
corresponding distribution of nanocracks (highlighted in yellow) on false-color images of CuO
nanowire (derived Cu). Transverse (red arrow) and boundary nanocracks (blue arrow), and
CuO/Cu phase propagation (white dash line) are observed. Scale bar, 20 nm. (d) Nanocrack density
evolution in the first 30 s under CO2RR conditions. Systemic error may be introduced from
detection under different contrast thresholds. (e) In situ elemental analysis of CuO nanowire-
derived Cu in c after restructuring. HAADF image, Cu, and O maps, and corresponding intensity

1X



profiles of Cu K-edge and O K-edge show existence of metallic Cu and nanocracks. (f) In situ
HRTEM image of cracked Cu after EC-TEM measurements. Scale bar, 10 nm. Nanocracks are
highlighted in yellow dash line. FFT rings match with Cu (111), (200), and (220) facets, indicating
dominated Cu phase. Scale bar, 5 nm™!. Enlarged areas represent single crystalline (SC, red box)
and polycrystalline (PC, blue box) Cu nanograins. Scale bar, I nm. ........cccccceevviieiiiinniiensiieenn 44

Figure. 3.8: Experimental setup of the quasi-operando EC-TEM measurements for
electrocatalytic studies. The CuO nanowire precatalysts were first drop-cast onto the bottom chip
of liquid cell. Then, 1 pL of electrolyte (CO»-saturated 0.1 M KHCO3) was added onto the bottom
chip. Finally, the bottom chip was covered by the top chip, completing the liquid cell assembly.
Multiple liquid pockets were able to form inside the liquid cell. The liquid cell was able to connect
with the electrical biasing TEM holder and potentiostat for further electrochemical measurements.

Figure. 3.9: Quasi-operando EC-TEM monitoring electroreduction of an individual CuO
bicrystal nanowire and the reconstruction of OD-Cu. Selected quasi-operando EC-TEM video
frames show (a) morphological evolution and phase transformation of a CuO bicrystal nanowire
at -2.0 V vs. Pt (-1.32 V vs. RHE) under CO2RR conditions. A nanocrack network is generated
while CuO being reduced to OD-Cu within 30.0 s. (b) The OD-Cu continuously reconstructs and
the nanocracks involve rich dynamic fluctuations. The boundary nanocracks dramatically expand
and open at 50.0 s while they partially heal at 60.0 s (red arrows). The reconstructed Cu
nanoparticles are also found (90.0 s). Scale bar, 50 NM. .......cccoviiiiiiiiiiiie e 46

Figure. 3.10: Volume evolution of CuO nanowire-derived Cu catalysts. Selected quasi-
operando EC-TEM video frames in Fig. 2c at 0 s and 30 s showing the shrunken volume of an
individual CuO nanowire at -2.0 V vs. Pt (-1.32 vs. RHE) in CO»-saturated 0.1 M KHCOs. Scale
bar, 20 nm. Cu has a smaller volume compared with CuO. Based on the density difference between
CuO (6.31 g cm™) and Cu (8.96 g cm™), the volume would decrease ~40 % theoretically after
electroreduction. Based on the contrast difference in intensity profiles, the dimeter of the nanowire
decreased ~10 % from 0 s to 30 s. We estimate the decreased volume of OD-Cu by supposing CuO
shrinks uniformly in three dimensions (~10 %), which would result in a volume decrease of ~30 %.
The difference between estimation and theoretical value is originated from the porous nanocracks
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Figure. 3.11: In situ EDS measurements of CuO nanowire-derived Cu catalysts. (a) In situ
HAADF-STEM image and EDS mapping of (b) Pt, (¢) Cu, and (d) O of an individual CuO
nanowire-derived Cu nanoparticle after quasi-operando EC-TEM experiments inside an
electrochemical liquid cell. The Pt signal is due to the catalyst materials being seated on the Pt
electrode and the oxygen signal is from background or electrolyte. The yellow box marked in (a)
represents the area for line scan analysis of EDS intensity in Fig. 2e. Scale bar, 50 nm. (e) EDS
spectra from the Whole region Of (@).......ccoueiiiiiiiiii s 48

Figure. 3.12: Theoretical calculations of O vacancy diffusion in CuO reduction. DFT
calculation results show energy of different O vacancy sites: (a) on the twin boundary (TB), (b)
one atom away, (¢) two atoms away perpendicular to twin boundary, and (d) on the surface. O
vacancy prefer the sites at twin boundary and near surface, with relatively lower energy. This
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implies that O vacancies prefer to segregate at the boundary and will lead to the cracks along the
twin boundary. NEB calculations further evaluate the energy barrier of different diffusion paths.
We compare two paths: one is O vacancy diffuses perpendicular to the twin boundary (b)-(c) and
the other one is O vacancy diffuses parallel to the twin boundary (b)-(e). The O vacancy diffusion
barrier of (b)-(c) (1.3 eV) is smaller than that of (b)-(e) (2.2 eV), indicating O vacancy prefer to
diffuse perpendicular to the twin boundary/surface, which can lead to formation of transverse
cracks. Blue, red, and white balls represent Cu, O, and O vacancy, respectively. .........cccovrevennnnn 49

Figure 3.13: Configuration of the home-made H-type cell used for operando time-resolved
and HERFD-XAS experiments. This cell is similar to those typically used for the CO2RR testing.
It was modified by introducing a transparent window for the synchrotron X-ray detection......... 50

Figure 3.14: LSV profile of CuO nanowires in the electrolyte of 0.1 M KHCO3 sparged with
CO: inside the operando XAS cell. The points mark out regions under different potentials: (a)
thermodynamic CuO electroreduction potential (0.45 V vs. RHE), (b) an intermediate CuO
electroreduction potential (-0.1 V vs. RHE), (¢) CO2RR onset potential (-0.65 V vs. RHE), and (d)
optimized potential for CO2RR towards Ca+ products (-1.0 V vs. RHE). ... 50

Fig. 3.15: Operando time-resolved (HERFD-) XAS studies of ensemble CuO bicrystal
nanowire precatalysts under CO2RR conditions. (a) Operando time-resolved conventional
XANES spectra, (b) corresponding 1% derivative spectra, and (¢) FT-EXAFS spectra of CuO
nanowire precatalysts at -0.65 V vs. RHE under CO2RR conditions. (d) Operando time-resolved
conventional XANES spectra, (e) corresponding 1% derivative spectra, and (f) FT-EXAFS spectra
of CuO nanowire precatalysts at -1.0 V vs. RHE under CO2RR conditions. (g) Ensemble valence
state evolution at different potentials. (h) Potential dependence of operando Cu K-edge HERFD-
XANES spectra of the CuO nanowire precatalysts under CO2RR in 0.1 M CO»-saturated KHCO3
using chronoamperometry (CA) for 2-3 minutes and (i) the corresponding 1% derivative spectra.

Figure 3.16: Operando XAS measurements of CuO nanowire at different potential. Operando
(a) XANES spectra and FT-EXAFS spectra in (b) R space and (¢) K space of the CuO nanowire-
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Figure 3.17: Comparison of HERFD-XAS and conventional XAS of the CuO nanowire
precatalysts in the XANES region. The HERFD-XAS provides a higher resolution at the pre-
edge peaks (8979 eV and 8985 eV, inset) and the major peak (8995 eV). Data was collected at Cu
K-edge in the N2-purged 0.1 M KHCO; electrolyte under open-circuit potential.............ccoceenee. 53
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RHE. The difference between N> and CO» could be ascribed to the pH value of CO»-saturated 0.1
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Chapter 1
Liquid cell transmission electron microscopy

This chapter introduces the concept of liquid cell transmission electron microscopy (TEM) and its
role in advancing the state-of-the-art applications for studying the structural dynamics of
nanomaterials in liquids and dynamic phenomena at solid-liquid interfaces. It provides a review of
in situ/operando liquid cell TEM, highlighting the critical role in investigating the mechanisms of
functional materials since the invention of electron microscopy. The chapter also summarizes the
current limitations and challenges in the field, setting the stage for the key focus of this dissertation:
exploring new possibilities for correlating nanomaterial structures with their functions by real-time
imaging with the necessary spatial and temporal resolution. Lastly, an outline of the remainder of
the dissertation is provided.



1.1 An overview of liquid cell TEM

Transmission electron microscope is a powerful tool that has widely used to investigate the
microscopic structure of materials at nanoscale and beyond'™. By utilizing a highly focused
electron beam with an extremely short wavelength, it enables the visualization of nanomaterials
with the atomic resolution’. Beyond imaging, TEM can be coupled with analytical techniques such
as energy-dispersive X-ray spectroscopy (EDS)® and electron energy loss spectroscopy (EELS),
allowing to provide detailed chemical and electronic information of the sample. These advanced
techniques facilitate the study of materials composition, structure and bonding, which are critically
important for developing a comprehensive understanding of the materials. TEM has become
indispensable in physics®!!, chemistry!'>!3, biology>!'*!5, geology'®!", as well as materials
science!® %" and nanotechnology?'??, with applications ranging from assisting the development of
novel functional nanomaterials to visualization of biological macromolecules. It remains a leading
tool in nanoscale research and discovery.
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Figure. 1.1: Applications of in situ/operando liquid cell TEM. A typical liquid cell TEM
platform consists of an electron microscope for advanced imaging, paired with a specially designed
sample stage and liquid cells. In situ/operando liquid cell TEM provides the capability to monitor
reactions in liquid environments in real-time, such as nanoparticle growth and transformations, the
structural evolution of battery materials, electrocatalysts restructuring and so on. These real-time
observations offer valuable insights for improving materials synthesis, energy conversion and
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storage, as well as chemical and fuel production. Reprinted with permission from Reference 18 ©
2024 AAAS, and 20 © 2020 AAAS.

Conventional TEM requires samples to be placed in a high vacuum environment, which
makes it unsuitable for studying processes that naturally occur in liquids, including many
important physical, chemical, and biological phenomena. Liquid cell TEM techniques overcome
this limitation by enclosing the liquid samples in a sealed and electron-transparent microdevice,
named liquid cell?!**? integrated with a functional sample stage. This setup allows researchers
to directly visualize and analyze structural, chemical, and morphological changes in materials in
liquids as they undergo dynamic processes in real-time (Fig. 1.1). For example, the nanoparticle
behaviors in solutions can be studied, e.g., nucleation and growth?¢3>16, phase transformation®®
39, self-assembly** ¢, corrosion*’~>°, and dynamic motion®**°. Moreover, it can realize observation
of biological samples in wet condition*¢1"%, External stimulus can be integrated into the liquid
cells as well. For instance, thermal heating helps explore thermally induced nucleation and
growth®®33 while biasing is important for research on various electrochemical processes, including
electrodeposition?>4%° rechargeable batteries®® ®, and electrocatalysis®®%7074,

These capabilities of liquid cell TEM are essential for driving breakthroughs in technology
developments and innovations in materials synthesis, energy conversion and storage, and chemical
and fuel production. By enabling direct observation of nanoscale materials dynamic processes in
their native environments, liquid cell TEM provides critical insights into reaction mechanisms and
material transformations, which are vital for development of advanced materials and devices.

1.2 Investigation of nanomaterial transformations using liquid cell TEM

1.2.1 Nucleation and growth

Nucleation and growth in solution-phase synthesis have traditionally been described by the
classical theory that it is driven by the competing surface energy and volume energy in colloidal
chemistry, while recent studies have revealed nonclassical multistep crystallization’>®, In situ
liquid cell TEM provides an ideal platform for uncovering the pathways and intricate information
of these processes, enabling the study of nanoparticle growth and elucidating the factors that
control the structure and morphology of nanoparticles*®3>1°,

The formation of Pt nanocube has been investigated using in situ liquid cell TEM?S,
Contrary to the surface energy minimization rule, the growth rates of all low-index facets are
similar until the {100} facets cease growing. Subsequently, the {110} facets continue to grow until
they reach a limit, forming the edges of a nanocube, while the continued growth of {111} facets
fill the corners. Liquid cell TEM imaging also provides valuable insights into the growth
mechanisms of one-dimensional (1D) nanostructures. Single Pt;Fe nanorod grows from a
molecular precursor solution?’. Initial nanoparticles form and subsequently attach end-to-end to
create a nanowire, with the formation of such nanoparticle chains attributed to dipolar interactions
between the nanoparticles. In addition, the ligand-controlled oriented attachment of Au
nanoparticles has been observed at atomic resolution under in situ liquid cell TEM (Fig. 1.2a)*.
In this case, pairs of Au nanocrystals preferentially contact via {111} facets and begin orienting
with one another. As they approach, the angle difference between the Au (111) planes of the two
nanoparticles gradually decreased from 31° to 0°. Additionally, since processes at the nanoscale
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often diverge from our macro- and microscopic understanding, liquid cell TEM studies have
revealed unexpected growth pathways. For instance, the growth of two-dimensional (2D) metal
oxide sheets has been discovered through the nucleation of intermediate three-dimensional (3D)
nanoparticles that transform into nanosheets. These nanosheets subsequently grow into larger ones
through coalescence (Fig. 1.2b)”". It’s proposed that both negative surface energy and particle size
contribute to the 3D-to-2D transformations.

Figure. 1.2: Nucleation and growth of nanoparticles investigated by in situ liquid cell TEM.
In situ observation of (a) ligand-controlled oriented attachment of Au nanoparticles, and (b) the
formation of a 2D cobalt nickel oxide nanosheets from a molecular precursor solution with the
pathway of 3D nanoparticle growth followed by 3D-to-2D transformations. (a) Reprinted with
permission from Reference 34. © 2018 Springer Nature. (b) Reprinted with permission from
Reference 77. © 2019 Springer Nature.

1.2.2 Etching and corrosion
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Figure. 1.3: Etching and corrosion of nanoparticles investigated by in situ liquid cell TEM.
In situ observation of (a) the dissolution of a Pd@Au nanocube, (b) the transformation of MOFs
into LDHs wusing ZIF-8 nanocubes as etching templates, (¢) the etching of a
Au nanorod at solid-liquid-gas interfaces. (a) Reprinted with permission from Reference 48. ©
2020 Springer Nature. (b) Reprinted with permission from Reference 54. © 2021 American
Chemical Society. (¢) Reprinted with permission from Reference 55. © 2022 Springer Nature.

Etching and corrosion are significant concerns in the application of metals and alloys, often
leading to structural damage and device failure’®”°. One of the greatest challenges is accurately
predicting how and where materials will degrade under specific conditions, largely due to a limited
understanding of the precise corrosion mechanisms. /n situ liquid cell TEM offers a unique
opportunity to gain deeper insights into these mechanisms by dynamically capturing
microstructural and chemical changes at high-resolution in realistic or near-realistic
environments*’ %,

For example, time-series in situ TEM images show that a Pd@Au nanocube undergoes
rapid oxidative etching with terminated {210} facets. The dissolution of the Pd core proceeds more
rapidly than that of the Au shell upon exposure to the etching solution, resulting in a complex
architecture where Au branches are interconnected through a central Pd core (Fig. 1.3a)%.
Additionally, liquid cell TEM provides valuable insights into chemical etching mechanisms used
in synthesis. The transformation mechanism of metal-organic frameworks (MOFs) into layered

5



double hydroxides (LDHs) has been investigated using zeolitic imidazolate framework-8 (ZIF-8)
nanocubes as etching templates®*. As shown in Fig. 1.3b, the {100} facets of the ZIF-8 nanocubes
are initially etched, creating a gap between the newly formed LDH shell and the shrinking ZIF-8
core. Eventually, the remaining ZIF-8 is fully etched away, completing the transformation into
LDH nanocages. Furthermore, the corrosion processes of nanoparticles at solid-liquid-gas
interfaces can also be observed using in situ liquid cell TEM. The corrosion of Au nanorods has
been monitored in aqueous hydrobromic acid with atomic-level resolution, revealing that the
etching rate of the nanorods is directly related to the distance between oxygen nanobubbles, which
provides new insights into the mechanisms of solid-liquid-gas reactions (Fig. 1.3¢)>.

1.2.3 Self-assembly

Self-assembly, the spontaneous organization of molecules or nanoparticles into structured
functional materials, is fundamental to both natural systems and advanced synthetic
nanomaterials®®8!. In situ liquid cell TEM enables the direct observation of the formation, growth,
and interaction of nanoparticles in solution to capture the dynamics of self-assembly in liquid
environments. This technique provides critical insights into the kinetics, pathways, and

mechanisms of self-assembly, shedding light on how factors such as concentration, temperature,
40-46

or external stimuli influence the organization of nanostructures

Figure. 1.4: Self-assembly of nanoparticles revealed by in situ liquid cell TEM. (a) Pt
superlattice formation from nanoparticles. (b) Self-assembly of PbSe nanoparticles from 2D
hexagonal monolayer to a 1D nanocrystal chain. (¢) 3D hexagonal columnar superlattice formed
by triangular nanoprisms. (a) Adapted with permission from Reference 40. © 2012 American
Chemical Society. (b) Adapted with permission from Reference 42. © 2019 AAAS. (c) Reprinted
with permission from Reference 44. © 2019 Springer Nature.
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Researchers have reported the real-time formation of 2D nanoparticle arrays under
conditions of low diffusive limit, where nanoparticles are primarily driven by capillary forces and
solvent fluctuations (Fig. 1.4a)*°. They find that superlattice formation occurs in multiple stages.
Initially, the solvent front drags the nanoparticles, condensing them into an amorphous
agglomerate. Subsequently, local fluctuations drive the crystallization of the nanoparticles into an
ordered array. In situ liquid cell TEM also reveals the transformation behavior of individual
nanocrystals during superlattice phase transitions (Fig. 1.4b)**. PbSe nanocrystals exhibit
significant directional shape deformation when the spacing between two nanocrystals reached 2 to
4 nm. Remarkably, this deformation can either be fully recover when the nanocrystals move apart
or retain when they attach. Furthermore, 3D nanocrystal superlattices have been explicitly
analyzed during complex structural evolutions in the crystallization process (Fig. 1.4¢)*. In this
case, the system consists of anisotropic Au triangular nanoprisms coated with negatively charged
carboxylate ligands, providing electrostatic repulsion in water. As the ion concentration increases,
van der Waals attraction between the nanoprisms overcomes the electrostatic repulsion, driving
the prisms to stack face-to-face into cylindrical columns standing on the membrane. These columns
then interact laterally, assembling into a hexagonal columnar superlattice.

1.2.4 Dynamic motion
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Figure. 1.5: Tracking dynamic motion of nanoparticles by in situ liquid cell TEM. (a)
Trajectory of Au nanoparticles with different sizes. (b) The translocation of nanodroplet. (a)
Reprinted with permission from Reference 56. © 2009 American Chemical Society. (b) Reprinted
with permission from Reference 57. © 2012 National Academy of Sciences.

In situ liquid cell TEM allows researchers to track individual nanoparticles in real-time as
they diffuse, rotate and interact with other particles responding to external stimuli®®®’. For
example, researchers have directly resolved the complex motion of inorganic nanoparticles within
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a thin liquid film during solvent evaporation (Fig. 1.5a)>°. Additionally, the technique has enabled
the direct observation of stick-slip movements in water nanodroplets induced by the electron beam.
These insights lay the groundwork for future studies of correlated motion in more concentrated
nanoparticle solutions, as well as for investigations into particle diffusion during self-assembly to
create complex functional nanoparticle arrangements (Fig. 1.5b)"’.

1.3 Mechanism studies of functional materials using electrochemical liquid cell TEM

In situ/operando EC-TEM is a state-of-art technique designed to observe and analyze
electrochemical reactions in real-time at the nanoscale®”®**. By incorporating an electrochemical
setup within the liquid cell, this method allows researchers to directly visualize the structural and
compositional changes in materials during processes such as battery cycling®®%’,
electrocatalysis®®’?, and electrodeposition®**+%, This capability is critical for understanding
material behavior under working conditions, where reactions are driven by complex interactions
between ions, electrons, and surfaces in a liquid environment. /n situ/operando EC-TEM enables
simultaneous imaging and electrochemical measurements, offering insights into reaction
mechanisms, degradation pathways, and performance-related transformations. By providing
atomic-level observation of these processes, the technique plays a key role in advancing the design
of more efficient energy storage systems, catalysts, and other electrochemical technologies,
thereby driving innovation in sustainable energy and materials science.

1.3.1 Rechargeable batteries

Various electrochemical processes occur at the electrode-electrolyte interfaces during
battery charge and discharge, including Li intercalation®, solid-electrolyte interface (SEI)
formation®, and Li dendrite growth®. To unveil these dynamic phenomena, in situ EC-TEM has
been developed to replicate the operational conditions of battery materials under electrochemical
stimuli, which opens up the opportunity to resolve key questions about electrode-electrolyte
interactions in rechargeable batteries®*66-68:87.88,

For instance, a SiNx electrochemical liquid cell has been used to monitor Li metal behavior
in an ethylene carbonate (EC)/diethyl carbonate (DEC) liquid electrolyte. The in situ TEM imaging
results reveal the early stages of electrolyte decomposition®, and the subsequent growth and
dissolution of Li dendrites at high-resolution (Fig. 1.6a). A Li dendrite suppression strategy is
applied through nanoscale engineering under liquid cell TEM, uncovering correlations between Li
metal morphologies and the SEI by coupling it with high-resolution EDS®. For example, without
the polymer film applied to the electrodes, Li is irregularly plated on the electrode, promoting the
dendritic growth. The morphology of the dendritic grains varies, likely due to nanoscale
inhomogeneities in the local environment (Fig. 1.6b). Recently, the transformation of Li
polysulfide species has been studied by in situ EC-TEM for lithium-sulfur batteries®. It provides
a clear evidence of evolving Li polysulfide species during charge and discharge processes,
revealing two nucleation pathways for Li>S>. The time-series TEM images (Fig. 1.6¢) demonstrate
a two-step process: solid nano-nuclei formed at the electrode-electrolyte interface during initial
nucleation, followed by the rapid dissolution of smaller metastable particles. This leads to the



elongation of the initial particle along its longitudinal axis, ultimately forming a rod-like Li>S>
sulfide structure.
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Figure. 1.6: Investigation of battery structural evolution by in situ EC-TEM. Sequential TEM
images of (a) the growth and dissolution of Li-Au alloy, (b) Li dendritic growth, and (c) the
deposition and dissolution of Li>S in an electrochemical liquid cell. (a) Reprinted with permission
from Reference 66. © 2014 American Chemical Society. (b) Reprinted with permission from
Reference 68. © 2020 Royal Society of Chemistry. (¢) Reprinted with permission from Reference
69. © 2023 Springer Nature.

1.3.2 Electrocatalysis

In situ/operando EC-TEM can also be applied to a wide range of electrocatalytic reactions,
such as hydrogen evolution reaction (HER)®, oxygen evolution reaction (OER)”, oxygen
reduction reaction (ORR)’!, and CO,RR??. Recently, in situ/operando EC-TEM has been applied
for capturing morphological evolution and phase transformation of electrocatalysts’>**>. This
technique is capable for direct investigation of structural dynamics occurring on nanoparticles
within the electrolyte in real-time, which provides valuable information assisting the fundamental
understanding of underlying mechanisms and catalysts design.

For instance, the dissolution/redeposition mechanisms of Cu nanocatalysts during the early
stages of CO2RR have been revealed (Fig. 1.7a)"!. The formation of small, irregularly shaped
nanoparticles is observed, originating from Cu leached out of Cu2O nanocubes during 45 minutes
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of CO2RR using EC-TEM (Fig. 1.7b)’. They show that densely loaded cubes and a high density
of redeposited nanoparticles contribute to optimal multicarbon (Cz+) products selectivity and
stability, whereas the detachment of smaller catalyst particles and redeposited nanoparticles lead
to performance degradation.

Advanced electron microscopy techniques such as EDS, EELS, and four-dimensional
scanning TEM (4D-STEM)®?"*® can provide detailed structural and chemical information during
EC-TEM experiments. For OER, EELS can be used to track oxygen evolution under different
applied potentials’®. Correlated changes in the oxygen peak intensity in the EELS spectra and the
relative thickness of the liquid layer can be used to probe product formation under electrochemical
conditions. Fig. 1.7¢ shows the real-time analysis of the catalytic conversion of adsorbed
hydroxide ions into O; at the solid-liquid interface using EELS spectra. Additionally, 4D-STEM
can be employed to monitor morphological and compositional changes in catalysts during
reactions. For example, researchers observe the restructuring of Cu nanoparticles during CO2RR,
discovering that the nanoparticles reorganize into multi-domain granular structures composed of
metallic Cu nanograins under reaction conditions (Fig. 1.7d-f)”>.

Figure. 1.7: Investigation of electrocatalysts structural evolution by in situ EC-TEM. In situ
observation of (a) the dissolution/redeposition of Cu nanoparticles under CO2RR condition, (b)
the restructuring of Cu2O cubes over 45 min of CO2RR. Advanced techniques such as (¢) EELS
and (d-f) 4D-STEM can be utilized to provide structural and chemical information under EC-TEM.
(a) Reprinted with permission from Reference 71. © 2020 Wiley. (b) Reprinted with permission
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from Reference 96. © 2021 Springer Nature. (¢) Reprinted with permission from Reference 74. ©
2021 Springer Nature. (d-f) Reprinted with permission from Reference 72. © 2023 Springer Nature.

1.4 Motivation and organization of dissertation

Although the transformation dynamics of nanoparticles, such as nucleation and growth,
corrosion, and self-assembly, have been extensively studied using in situ liquid cell TEM,
understanding the structure-performance correlation in functional materials remains a significant
challenge. A major obstacle is the difficulty in directly monitoring the structural evolution of these
materials as well as the chemical bonding changes with both high spatial and temporal resolution
under operating conditions. This dissertation focuses on understanding the structural
transformation mechanisms of electrocatalysts and other nanomaterials (e.g., nanomotor) in
aqueous solutions via in situ/operando liquid cell TEM techniques.

In Chapter 2, I begin with a brief overview of typical liquid cell designs, followed by a
historical development of liquid cell TEM instrument. In this context, I show our development of
polymer membrane-based electrochemical liquid cells, which has enabled the study of dynamic
phenomena in electrocatalysts during electrocatalytic reactions at high-resolution with elemental
composition analysis capability. In Chapter 3, I apply this developed electrochemical liquid cell
platform to study electrocatalysis mechanisms. By combining operando EC-TEM with time-
resolved XAS, our multimodal operando techniques unveil the formation pathways of CuO-
derived Cu active sites from precatalysts through nanocracking. The nanocrack network help
increase the active sites for Co+ products. We suggest that nanocracking by tailoring grain
boundaries in CuO precatalysts could optimize active Cu nanostructures, and our advanced
operando approach provides new mechanistic insights for improving catalyst structure and
performance. In Chapter 4, I demonstrate the temperature-dependent structural diversity of Cu
nanoparticles formed by electrodeposition. This study deepens our understanding of nucleation in
nanostructures and sheds light on the key factors governing the electrodeposition of metal
nanoparticles and related nanoscale dynamic processes. In Chapter 5, I present CdCl-4H-0O
nanomotors exhibiting outstanding directional movement in an aqueous solution, driven by
electron beam illumination in in situ liquid cell TEM. The CdCl.-4H20 nanocrystals, with different
crystal facets, generate an asymmetric chemical concentration gradient due to facet reactivity
differences, driving the nanomotor via ionic self-diffusiophoresis. This study represents significant
advancements in designing, characterizing, and controlling nanomotors with directional
movement, opening future possibilities for chemically powered nanomachines. In Chapter 6, I
summarize the principal findings of this dissertation and suggest potential avenues for advancing
this body of research. In situ/operando liquid cell TEM provides a powerful platform for real-time
visualization of dynamic physical and chemical processes, creating new opportunities for
mechanistic studies of various functional materials, such as electrocatalysts and rechargeable
batteries. However, challenges remain in probing dynamic processes across diverse fields, and
further improvements will be necessary to push this research frontier forward.
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Chapter 2

Development of electrochemical liquid cells for high-resolution
imaging and chemical analysis

In situ/operando liquid cell TEM enables real-time visualization of dynamic physical and chemical
processes in liquid environments with nanoscale resolution, which has created great opportunities
for understanding material transformations relevant to a wide range of applications, such as nano-
synthesis, electrocatalysis, and rechargeable batteries. The success of this technique is primarily
attributed to the design and fabrication of liquid cells, microdevices with electron-transparent
imaging windows and sealed solutions. This chapter first introduces the development history of
liquid cells for in situ/operando TEM, focusing on two foundational design approaches that use
SiNx and 2D membranes as the window materials. We highlight the detailed fabrication procedures
of liquid cells, including modifications and innovations, along with functionalities such as flow,
heating, and biasing. Next, we report the development of the new generation polymer membrane-
based electrochemical liquid cells for in situ/operando TEM studies on electrocatalysis. This new
electrochemical liquid cell design benefits from a thin polymer membrane, enabling observation
of materials inside TEM at atomic resolution. It can also provide possibility for elemental
composition analysis, including EDS and EELS, which can meet all required conditions for
electrocatalytic reactions and is suitable for studying the dynamic phenomena of electrocatalysts.

This work is reproduced in this dissertation with permission from the collaborators. In this work,
Mr. Yi Chen, Dr. Diyi Cheng, Dr. Han Xue, and Dr. Ershuai Liu contributes to the liquid cell
fabrication and material characterization.
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2.1 An overview of liquid cell design for in situ/operando TEM

The structures of typical liquid cells are shown in Fig. 1.1. The key component of a TEM
liquid cell is its membrane, which encapsulates a thin layer of liquid, providing the electron-
transparent window through which imaging occurs. Common materials used for these membranes
involve SiNx and atomically thin 2D materials like graphene, which introduces the two design
categories: SiNx membrane-based liquid cell and 2D membrane-based liquid cell**1%3. SiNg
(x<4/3) membranes offer a good balance between mechanical strength and electron transparency.
However, thick liquid layers can lead to a lower resolution due to the increased scattering or
absorption of electrons and they can be expensive and difficult to fabricate’>. 2D membranes
provide superior atomic spatial resolution with minimal background signal, while they lack the
control over liquid thickness and amount?!.

SiNxmembrane based __— Electron beam —__ 2D membrane based
liquid cell | it liquid cell
Si -~
Spacer ——

SiNx

———— 2D membrane
‘/// ‘ = Cu grid
T Liquid 2
@®
NS

Flow Heat Bias

Figure 2.1: Schematic of typical structure of TEM liquid cells, including a SiNx and a 2D
membrane-based liquid cell. Multiple functions can be integrated into liquid cells, such as flow,
heating, and biasing.

The liquid cell design must strike a delicate balance between maximizing electron
transparency and preserving the natural behavior of the sample within the liquid. This is achieved
by controlling the thickness of the membrane and liquid layer, minimizing interaction between the
electron beam and the liquid, and ensuring the chemical and mechanical stability of the system
over time. Additionally, for applications, such as liquid flow3*3-61104105 " heating33:.106.107 - 4nq
electrochemical biasing®>3%3%:6470.108 "1iqyid cells are often integrated with specific components
(e.g., flow channel, microheater, and electrodes) to enable real-time measurements and analysis of
material properties during reactions.

2.2 Development history of liquid cells

The development of liquid cells is the foundation for the field growth of in situ/operando
liquid cell TEM. The basic concept of static liquid cell design can be attributed to a very early
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work in 1944 where liquid could be sealed between two 50 nm collodion membranes (Fig. 2.2a)**.
Advances and success of the modern liquid cell designs and fabrications benefit from the ability
to produce durable thin membranes as imaging window?!?>273438.70 tooether with multiple

capabilities, such as liquid flow?>3%6L104109 " gpecimen heating®!'%, and electrochemical

biasing?>-3%:3%:6470.108 ‘Thege capabilities allow probing chemical reactions triggered by the mixing

of multiple reactants, at room or elevated temperatures, and the nanoscale details of
110-112

electrochemical processes related to batteries and electrocatalysis
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Figure 2.2: Typical designs of liquid cells for in situ/operando TEM. (a) The first liquid cell
using collodion membrane. Reprinted with permission from Reference 1. © 2020 The Materials
Research Society. (b) A static SiNx electrochemical liquid cell. Reprinted with permission from
Reference 25. © 2003 Springer Nature Limited. (¢) A high-resolution static SiNx liquid cell. (d) A
flow SiNy liquid cell. Reprinted with permission from Reference 109. © 2022 Elsevier. (e) The
construct of a liquid cell that can fit into a commercial TEM heating holder. (f) A static SiNx
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electrochemical liquid cell. Reprinted with permission from Reference 64. © 2013 Springer Nature.
(g) A static SiNx electrochemical liquid cell. Reprinted with permission from Reference 108. ©
2013 American Chemical Society. (h) A flow SiNx electrochemical liquid cell. Reprinted with
permission from Reference 39. © 2014 American Chemical Society. (i) A flow heating SiNx liquid
cell. Reprinted with permission from Reference 33. © 2017 Springer Nature. (j) A static graphene
liquid cell. Reprinted with permission from Reference 22. © 2017 Wiley. (k) A microwell graphene
liquid cell. Reprinted with permission from Reference 110. © 2016 Wiley. (I) A carbon film liquid
cell. Reprinted with permission from Reference 1. © 2020 The Materials Research Society. (m) A
flow graphene liquid cell. Reprinted with permission from Reference 104. © 2020 American
Chemical Society. (n) A double graphene liquid cell. Reprinted with permission from Reference
111. © 2021 Wiley. (0) A polymer electrochemical liquid cell. Reprinted with permission from
Reference 38.

2.2.1 Evolution of SiNx membrane-based liquid cells

SiNx is made through wafer-scale micro/nanofabrication techniques (e.g., low-pressure
chemical vapor deposition (LPCVD))!!'3, which enables reliable mass-production of robust SiNy
membranes windows. In 2003, the first static SiNx electrochemical liquid cell with a two-electrode
system was fabricated (Fig. 2.2b)>>!!4, The thickness of the SiNx membranes is 100 nm, resulting
in a resolution of 5 nm, which allows for the observation of the electrochemical deposition process
of Cu clusters in real-time. Since then, researchers aimed to reduce the membrane thickness and
initiated a series of investigations. In 2009, a SiNx membrane window with a thickness of 25 nm
was achieved for a static liquid cell, which successfully improved the spatial resolution to the sub-
nanometer level (<1nm), allowing for tracking the dynamic growth of single Pt nanocrystals (Fig.
2.2¢)”’. It can also fit into a commercial TEM heating holder for observation of nanoparticle
growth at high temperatures (Fig. 2e)*’. Meanwhile, a flow SiNy liquid cell was created with a
resolution of 4 nm to visualize the single molecule in biological cells (Fig. 2.2d)®'. In this liquid
cell, the fresh liquid environment was maintained by the continuous exchange between the liquid
cell and outside. In 2013, a new generation of electrochemical liquid cell was developed using the
25 nm SiNx membrane (Fig. 2.2f)%. This design was equipped with a two-electrode system and
revealed the growth of Pb and Li dendrites®® at high-resolution. In the same year, a similar
microdevice was fabricated using a difference electrode design, introducing direct in situ
observation of lithiation/delithiation of Si nanowires (Fig. 2.2g)!%. In 2014, a flow SiNx
electrochemical liquid cell with a three-electrode system was employed to study the morphological
evolution and degradation of Pt-Fe catalysts during ORR (Fig. 2.2h)*. Besides the development
of electrochemical liquid cells, a flow SiNx heating liquid cell (Fig. 2.2i) for studying galvanic
replacement reactions of Ag cubes in the HAuCls solution was developed in 2017°3, which
contained a Mo thin film-based heating chip.

2.2.2 Evolution of 2D membrane-based liquid cells

Another type of membrane is based on graphene or other 2D materials (e.g., hBN, MoS»),
where small pockets of solutions are encapsulated in between through van de Waals force. These
ultrathin membranes can significantly reduce electron scattering and improve image contrast. In
2012, a static graphene liquid cell was created based on the entrapment of small droplets of liquid
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between two layers of graphene, realizing tracking colloidal nanocrystal growth with atomic
resolution (Fig. 2.2j)*'. In 2016, a microwell graphene liquid cell was developed (Fig.
2.2k)''°. The thin SiN, microwells act as the spacer and container, allowing for a leak-proof
confinement of liquids of precise volume while maintaining the benefits of graphene as a viewing
window. Similar strategies were also applied in another design!!>. In 2018, a carbon film liquid
cell was produced for investigating the ligand-controlled oriented attachment of Au nanoparticles
(Fig. 2.21)!''°. This type of liquid cell is easy to fabricate, and therefore drastically reduce the entry
barrier for researchers to use in situ/operando liquid cell TEM for their studies. In 2020, a flow
graphene liquid cell was fabricated, which combines the merits of a SiN,-based flow cell and a
graphene cell (Fig. 2.2m)'*. The nanofluidic channels were produced on the bottom chip, and the
hollow cavities acted as the viewing windows. Flow capability was also realized in a different
approach!%. In 2021, a double graphene liquid cell was created, consisting of two adjacent liquid
wells. The two liquids were separated by an atomically thin MoS, membrane that can be ruptured
via local electron beam irradiation, causing liquids to mix (Fig. 2.2n)!!'!. This design facilitates the
visualization of calcium carbonate precipitation as well as tracking single atom motion in liquid!'?.
According to the latest studies in 2024, a polymer electrochemical liquid cell was invented to study
the structural dynamics of nanomaterials during electrocatalytic processes (Fig. 2.20)**7°. This
new generation design of electrochemical liquid cell successfully improves the resolution and
provides more opportunities for future electron microscopy applications.

2.3 Fabrication and advances of liquid cells

In this section, we will discuss the specific construction and fabrication processes for both
categories of SiNx membrane and 2D membrane-based liquid cells from basic to advanced designs.
We will also highlight the integration of multi-field functionalities into liquid cell systems, such
as flow, heating, and biasing.

2.3.1 Fabrication of SiNx membrane-based liquid cells

SiNx membranes are widely used for liquid cells, which feature robust mechanical
properties and compatibility with the microfabrication for commercial production. Previously,
thick SiNx membranes (50~100 nm) were typically used®’, however, making ultrathin freestanding
membranes and controlling liquid thickness are some of the key contributions to recent
development. The schematic shows the structure of a high-resolution static SiNx liquid cell (Fig.
2.3a)?’. It contains a bottom chip with a 25 nm thin SiNx membrane and a top chip with the same
window and two liquid reservoirs. The optical image of the assembled liquid cells is shown in Fig.
2.3b!%. This basic design has been continuously used for more applications, such as the
electrochemical liquid cell (Fig. 2.3¢ and d)®*. An added step of electrode deposition is needed
compared with regular ones, which is able to connect with the biasing TEM holder and potentialstat
for electrochemical studies.
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Figure 2.3: Fabrication of SiNx membrane-based liquid cells. (a) Schematic of a static SiNx
liquid cell and (b) its optical image. (¢) Schematic of a static SiNx electrochemical liquid cell and
(d) its optical image. (e) The fabrication process of a regular/electrochemical liquid cell top and
(f) bottom chip. (g) The assembly of a regular liquid cell and an electrochemical liquid cell. (b)
and (d) are reprinted with permission from Reference 100. © 2021 Springer Nature. (c) Reprinted
with permission from Reference 64. © 2013 Springer Nature.

The step-by-step micro/nanofabrication processes of a regular static SiNy liquid cell and an
electrochemical liquid cell are shown in Fig. 2.3e and f. Both liquid cells share similar procedures
of separated top and bottom chips fabrication. First, the substrates of both the top and bottom chip
consist of a Si wafer (reduced thickness of 100-200 um for the cell mounting) with ultrathin 25
nm SiNx membrane grown on both sides. The fragile SiNx/Si/SiNx substrates are bonded with a
standard 500 um dummy wafer as protector for further fabrication process. Then, photolithography
is performed on the top and bottom chips using different masks, followed by reactive ion etching
(RIE) and KOH treatment to selectively remove the patterned SiNx membrane and Si underneath.
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An imaging window and two liquid reservoirs are supposed to be created for the top chip, whereas
only one imaging window is designed for the bottom chip. The membrane of the viewing windows
is kept intact and that of reservoirs can be physically destroyed for later liquid injection. After wet
etching, an In spacer (70-100 nm) is needed on the top (or bottom) chip to control liquid thickness,
while metal electrodes (Ti or Au) are incorporated onto the bottom chip only for the
electrochemical liquid cell. For this purpose, additional photolithography is performed to create
patterns for metal deposition through physical vapor deposition (PVD) (e.g., sputtering,
evaporation).

Finally, the top and bottom chips can be aligned and assembled into a whole (regular or
electrochemical) liquid cell (Fig. 2.3g). A heat treatment is needed for In spacer melting and re-
solidification to bind top and bottom chips together. Also, epoxy is evenly coated all around the
sides of the liquid cell to prevent liquid leakage.

2.3.2 Advances of SiNx membrane-based liquid cells

Although SiNx membrane has been widely used for liquid cells, several challenges remain
to be addressed. Most notably, the thickness of the SiNx membrane significantly limits resolution
and quantitative analysis. To overcome this issue, researchers have reduced the thickness of the
SiNx window from 100 nm to 10 nm. As illustrated in Fig. 2.4a, an ultrathin 10 nm SiNx membrane
was recently developed, where surrounded a Si frame to maintain its superior mechanical
integrity''°. In the fabrication process, Si substrate was selectivity etched into a honeycomb pattern
by employing a dopant-dependent method (Fig. 2.4b). Moreover, the small imaging window of
SiNx membrane-based liquid cells reduces experimental reproducibility. To address this problem,
an approach for expanding the imaging area was introduced, allowing people collect multiple
datasets from a single device. This liquid cell creates a 5x5 array of windows, 25 times larger than
conventional chips (Fig. 2.4c and d)'"” and its fabrication process is shown in Fig. 2.4e. Bulging
of SiNx membranes is another common problem for liquid cell TEM, which drastically reduces
resolution and limits the usable viewing area. To mitigate this issue, a bulge-free SiNx liquid cell
was developed. It was sealed with an internal O-ring that encapsulated the liquid and formed a
cavity around the central pillar, accommodating excess liquid upon closure (Fig. 2.4f and g)''®.
The thickness of pure water inside such liquid cell indicates minimal membrane bulging (Fig.
2.4h). Furthermore, a direct wafer bonding process has been used to replace assembly of top and
bottom chips, enabling the integration more complex liquid cell designs with reliable bonding
quality and the potential for mass production. For example, parylene was utilized as both the
bonding layer and nanofluidic channels (Fig. 2.4i)'"".

For real-time probing material dynamics under complex electrochemical reactions,
fabrication of electrochemical liquid cells for in situ/operando TEM has attracted great attention.
A flow SiNx electrochemical liquid cell was demonstrated with a patterned three-electrode
configuration, featuring a glassy carbon working electrode, along with Pt reference and counter
electrodes (Fig. 2.4j)'°. Meanwhile, various liquid cell designs with distinctive electrode
configurations have been made for studying a wide range of electrochemical systems (Fig. 2.4k
and 1)’#1217124 " particularly in the field of electrocatalysis, such as CO,RR3:70-72.96.125.126
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Lately, the combination of temperature control was realized within an electrochemical
liquid cell (Fig. 2.4m)'"!3 which is critical for studying electrochemical processes at certain
working conditions (e.g., batteries at extreme temperatures'**!3% industrial electrocatalysis>!3¢137),
In order to enhance the resolution of SiNx liquid cell for electrochemical quantification, multilayer
graphene has been exploded as promising electrode, offering a significantly low-contrast imaging
compared with traditional Pt and other metal electrodes (Fig. 2.4n)'*8. The exfoliated graphene
was transferred onto the existing Pt electrodes of liquid cell chips with enhanced cleanness through
a cellulose acetate butyrate (CAB)-assisted method (Fig. 2.40).
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Figure 2.4: Advances of SiNx membrane-based liquid cells. (a) Optical image of an ultrathin
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(d) Ilustration of available imaging area in the assembled liquid cell and (e) its fabrication process.
(f) Schematic of a bulge-free SiNx liquid cell and (g) its projected view after assembly. (h)
Quantification of the water layer thickness from the edge to the center of the viewing area. (i)
Fabrication process of wafer bonding. (j-1) SiNx electrochemical liquid cells with different
electrode configurations. (m) A heating SiNyx electrochemical liquid cell. (n) A SiNg
electrochemical liquid cell with a transferred graphene on Pt electrode and (o) its fabrication
process. (a-b) Reprinted with permission from Reference 116. © 2024 AAAS. (c-¢) Reprinted with
permission from Reference 117. © 2018 AAAS. (f-h) Reprinted with permission from Reference
118. © 2023 Royal Society of Chemistry. (i) Reprinted with permission from Reference 119. ©
2017 IOP Publishing Ltd. (j) Reprinted with permission from Reference 120. © 2014 Microscopy
Society of America. (k) Reprinted with permission from Reference 74. © 2021 Springer Nature.
(1) Reprinted with permission from Reference 121. © 2015 IEEE. (m) Reprinted with permission
from Reference 133. © 2020 Microscopy Society of America. (n-0) Reprinted with permission
from Reference 138. © 2021 Wiley.

2.3.3 Fabrication of 2D membrane-based liquid cells

Graphene is a representative material for 2D membrane-based liquid cell, which exhibits
high thermal and electrical conductivity, outstanding mechanical strength, and chemical
inertness'*>1*°. A monolayer or a few layers of a hexagonal carbon lattice can significantly reduce
electron scattering and contrast loss, making it suitable for in situ/operando TEM with atomic
resolution?!. For a static graphene liquid cell, the strong van der Waals interaction encapsulates
liquid pockets between two graphene sheets (Fig. 2.5a)*"?2. To prepare it, two TEM grids with
transferred graphene are first superimposed, and then a droplet of the solution is placed on the top.
After removing the extra solution, the remaining liquid is drawn into small pockets between the
graphene layers. Later, the top TEM grid is removed by chemical etching (Fig. 2.5b)!°!. Since
graphene transfer and liquid cell assembly requires careful operations, several approaches have
been developed to enhance the fabrication yields. For example, the liquid sample can be firstly
placed on a SiNx support film and coated with a graphene layer (Fig. 2.5¢)!*!. This graphene-SiN;
hybrid liquid cell increased the stability of supporting liquid and reduced the difficulty of handling
graphene films. In addition, a loop can be used to assist manipulating graphene sheets on a liquid
droplet (Fig. 2.5d)!**!%3, The confined geometry substantially reduces liquid convection and
facilitate the positioning of graphene onto the sample. Moreover, a sacrificial polymer layer, such
as poly (methyl methacrylate) (PMMA)'* or CAB (Fig. 2.40)'*® can be applied to reduce the
mechanical strain of graphene when transferring it onto the liquid surfaces. According to a recent
study, the graphene TEM grids can even be fabricated without a transfer process. A large-area and
continuous graphene was grown on a Cu foil followed by directly etching the backside into arrayed
grids through photolithography. After rinsing and drying, the graphene membranes were
suspended on the spaced holes with an ultraclean surface (Fig. 2.5¢)'*’.

Random formation of liquid pockets between membranes impedes control and prediction
of liquid volume, location, and thickness, which makes the system more complex and
heterogenous. A microwell graphene liquid cell has been fabricated, which intentionally confined
liquid inside artificial cavities''%!!> (Fig. 2.5f and g).In the fabrication procedure, spacers (hBN or
SiNx) patterned in microwells were first obtained through exfoliation, photolithography, and
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reactive ion etching. Then, the graphene sheets were transferred onto both side of the spacer, while
a liquid sample is introduced in between (Fig. 2.5h)!'>. Another approach to improve
controllability and repeatability of graphene liquid cell is producing nanofluidic channels for liquid
(Fig. 2.5i and j)!*!%. The flow graphene liquid cell combines the benefits of a flow SiNy liquid
cell and a static graphene liquid cell. One strategy is depositing a patterned Pt spacer serving as
the flow channel between graphene sheets (Fig. 2.5k)!% and another is making hollow cavities
across a single chip performing as both nanofluidic channels and imaging windows (Fig. 2.5i)!%.
Innovatively, a double graphene liquid cell was designed to encapsulate two different liquids
between stacked graphene and MoS: layers. A crack can be created throughout the middle MoS»
membrane under local electron beam irradiation, allowing mixing of the two liquids and capturing
the early stages of reaction in situ (Fig. 2.51)!'!. To fabricate the double graphene cell, a monolayer
MoS:; is first transferred onto a graphene-hBN stack, adding a droplet of the liquid in between.
Then, a second graphene-hBN stack is similarly transferred with hBN-side down onto the MoSa,
packaging another type of liquid (Fig. 2.5m)!!'!:!12,
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Figure 2.5: Fabrication of graphene-based liquid cells. (a) Schematic of a static graphene liquid
cell and (b) its fabrication process. (¢) Schematic of a graphene-SiNx hybrid liquid cell. (d) A loop-
assisted graphene transfer method for liquid cell assembly. (e) Fabrication process of large-scale
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graphene TEM grids. (f-g) Schematics of microwell graphene liquid cells using (f) hBN and (g)
SiNy as the spacer. (h) Fabrication process of a microwell graphene liquid cell. (i) Schematic of a
flow graphene liquid cell. (j) Schematic of a flow graphene liquid cell and (k) its fabrication
process. (I) Schematic of a double graphene liquid cell before and after liquid mixing and (m) its
fabrication process. (a) Reprinted with permission from Reference 22. © 2017 Wiley. (b) Reprinted
with permission from Reference 101. © 2023 American Chemical Society. (c¢) Reprinted with
permission from Reference 141. © 2017 American Chemical Society. (d) Reprinted with
permission from Reference 142. © 2013 IUCr. (e) Reprinted with permission from Reference 145.
© 2020 Springer Nature. (f) and (h) are reprinted with permission from Reference 115. © 2018
American Chemical Society. (g) Reprinted with permission from Reference 110. © 2016 Wiley. (i)
Reprinted with permission from Reference 104. © 2020 American Chemical Society. (j-k)
Reprinted with permission from Reference 105. © 2020 Wiley. (I-m) Reprinted with permission
from Reference 111. © 2021 Wiley.

2.3.4 Advances of 2D membrane-based liquid cells

Currently, diverse types of 2D membranes have been developed as the liquid cell window
materials. First, liquid cells can be assembled using commercial TEM grids with thin amorphous
carbon film, which largely simplified the fabrication processes and lowered the entry barrier for in
situ/operando liquid cell TEM studies. To prepare a carbon film liquid cell, a droplet of solution
is sandwiched by two TEM grids and then left under atmosphere until the extra liquid volatized
and later transferred into the TEM (Fig. 2.6a)**. Moreover, some other 2D materials can offer
unique advantages when they are used in a liquid cell. For example, MoS: can be served as a
functional substrate as well as the membrane window of liquid cell for the study of heterostructures
growth of nanoparticles (Fig. 2.6b)'*. A polymer-free MoS; transfer process was proposed,
including steps of MoS: preparation on SiO2/Si wafer through CVD, attachment of TEM grids
onto the MoS: sheets, and the selective etching of the SiO> layer using HF solution (Fig. 2.6¢). In
addition, hBN liquid cell provides the ability to study the vibrational spectroscopy of water with
high spatial resolution (Fig. 2.6d)'*’. The fabrication of hBN liquid cells can be achieved by simply
touching the lacey carbon-coated side of the grid to a floating piece of hBN.
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Figure 2.6: Advances of 2D membrane-based liquid cells. (a) The fabrication process of a
carbon film liquid cell. (b) Schematic of a MoS» liquid cell. (¢) The HF-assisted transferring
process of MoS> membrane. (d) Schematic of an hBN liquid cell. (a) Reprinted with permission
from Reference 34. © 2018 Springer Nature. (b-c) Reprinted with permission from Reference 146.
© 2019 American Chemical Society. (d) Reprinted with permission from Reference 147. © 2018
Wiley.

For control and observation of nanoscale reactions, nanoreactors can be introduced into a
liquid cell. Recently, gold-coated liposome nanocapsules were used as nanoreactors to study the
nanobubbles generation process through water radiolysis (Fig. 2.7a)'*%, allowing for in situ mixing
and precise control of reagent in volumes and concentrations. To construct nanocapsules inside
liquid cell, a thin layer of liposome sample was sandwiched between two TEM grids with
amorphous film. The grids were then treated with ultraviolet ozone cleaning, followed by adding
the liposome-containing sample. Most of the liquid is then wiped away, leaving a thin layer of the
liposome. A second TEM grid was finally placed on the top, creating a sandwiched structure that
encapsulated liquid sample (Fig. 2.7b).
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Figure 2.7: Nanoreactors inside liquid cells. (a) Schematic of Au-coated liposome nanocapsules
for liquid cell TEM and (b) the fabrication process. Reprinted with permission from Reference
148. © 2020 Royal Society of Chemistry.

2.4 Understanding liquid behaviors within liquid cells

Understanding the physical and chemical properties of liquid inside a liquid cell is
important not only for the experimental purpose, but also for the improvement of instrumental
design. Therefore, theoretical and experimental approaches have been developed for mapping
thickness, temperature, diffusion, and current distribution within liquid cells. For mapping and
controlling liquid layer thickness, a model SiNx liquid cell with a budging window has been studied
(Fig. 2.8a and b)'*. The liquid thickness can be determined through a mass-thickness contrast
(MTC) method (Fig. 2.8c) or using EELS for estimation (Fig. 2.8d). In addition, the temperature
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profile of a heating liquid cell with a Mo microheater (Fig. 8e)**!*" can be obtained by finite
element model (FEM) simulations (Fig. 2.8¢g) and luminescence intensity mapping of Er**/Yb**-
doped nanoparticles after applying corrections (Fig. 2.8f and h). Moreover, a contrast variation
method was used to track the liquid transportation velocity inside a flow cell (Fig. 2.8i)!>!. The
time-dependent concentration curves in Fig. 2.8j show the improved solution replacement with a
diffusion cell design based on the experimental results. As for electrochemical liquid cells, FEM
simulations were performed on two distinctive electrode geometries (Fig. 2.8k and 1)'*2. An
inhomogeneous current distribution was observed in the first design, while the second one
produced a more uniform current distribution, indicating the design and geometry of
electrochemical chips is essential for reliable measurements in liquid cells.
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Figure 2.8: Understanding the physical and chemical properties of liquids inside liquid cells.
Schematic of (a) a model SiNx liquid cell and (b) its bulging region. Liquid layer thickness map
obtained from (c¢) the mass-thickness contrast method and (d) EELS measurements. (e) Schematic
of a microheater SiNx chip. (f) Schematic of luminescence method for temperature detection. (g)
Simulated temperature profile and (h) the corrected temperature map obtained by the luminescence
results. (i) Liquid velocity mapping in a flow liquid cell. (j) Time-dependent concentration curves.
(k-1) Simulated current density of the electrolyte for electrochemical liquid cells. (a-d) Reprinted
with permission from Reference 149. © 2021 Wiley. (e-h) Reprinted with permission from
Reference 150. © 2021 American Chemical Society. (i-j) Reprinted with permission from
Reference 151. © 2024 Springer Nature. (k-1) Reprinted with permission from Reference 152. ©
2021 IOP.
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2.5 Development of polymer membrane-based electrochemical liquid cells for in
situ/operando TEM studies on electrocatalysis

With the growing world population and expanding industrialization, the over-reliance on
fossil fuels brings human crucial challenges of energy shortage, environmental pollution and
climate change'**. In the face of these threats, it is of global importance to develop sustainable,
fossil-free pathways to produce fuels and chemicals we use on daily basis. One prospective way
is to develop electrochemical conversion processes to convert molecules in the atmosphere into
higher-value products through electrocatalysis using abundant renewable electricity!®. The
electroreduction of carbon dioxide helps close the carbon cycle and supplies value-added
chemicals'>*. Additionally, the water splitting reaction generates hydrogen and oxygen which can
be used to produce clean electricity in fuel cells!*.

Electrocatalysts play a key role in electrocatalytic CO2RR as well as water splitting reaction.
Reactions take place at the active sites on the surface of electrocatalysts, and thus, catalyst structure
largely determines activity and selectivity of relevant chemical transformations'>®. Under the
influence of electrolyte and applied bias, electrocatalysts often undergo structural transformations,
including change of particle size, element distribution or morphology, which are reflected in their
evolving catalytic performance!>’!°. Therefore, a fundamental understanding of the dynamic
phenomena of electrocatalysts is vital for scientific design of better catalytic materials. One
promising way to track these dynamic behaviors is through in situ/operando characterization®. In
situ X-ray absorption spectroscopy (XAS)*16L162 iy giny XRD'®®) and in situ Raman
spectroscopy'®* have been employed to study dynamic processes of electrocatalysts. However,
spectroscopies reflect average information rather than specific situation of local positions,
incapable of probing spatial information of an identical nanocatalyst at the atomic level.

Recently, in situ/operando EC-TEM has been applied for capturing morphological
evolution and phase transformation of electrocatalysts’>**~°, This technique is capable for direct
investigation of structural dynamics occurring on nanoparticles within the electrolyte in real time,
which provides valuable information assisting the fundamental understanding of underlying
mechanisms and catalysts design. However, the current electrochemical liquid cell TEM
techniques have poor spatial resolution due to the thick membrane, limiting our understanding of
electrocatalysts dynamics under operation condition.

Here, we developed the high-resolution polymer membrane-based electrochemical liquid
cells to study the dynamic phenomena of electrocatalysts during electrocatalytic reactions at the
atomic level.

2.5.1 Fabrication of two-electrode polymer membrane-based electrochemical liquid cells

The polymer membrane-based electrochemical liquid cells are built with a bottom and a
top chip capsuling the multiple liquid pockets in between. The bottom and top chips are fabricated
based on the commercial Cu or Au TEM grids (200 square mesh, Electron Microscopy Sciences).
The grids are first coated with 250 nm of electrically insulating aluminum oxide (Al>O3) by sputter
deposition (AST-sputter, Berkeley Marvell NanoLab). Subsequently, a 10 nm-thick insulating
polymer (0.25% Formvar solution in 1,2-dichloroethane (>99.0%, Sigma-Aldrich)) film is
transferred onto the grids. Then, 10 nm-thick Pt interdigital electrodes are deposited onto the
bottom chips using the e-beam evaporation (Semicore-evaporator, Molecular Foundry, LBNL)
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through a specially designed shadow mask, enabling electrochemical reaction in the micro-
electrochemical system (Fig. 2.9).
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Figure 2.9: Fabrication process of the polymer membrane-based electrochemical liquid cells.

2.5.2 Characterization of polymer membrane-based electrochemical liquid cells

The electrode configuration design for a polymer membrane-based liquid cell is shown in
Fig. 2.10a with a two-electrode system. The interdigital electrodes enable electrochemical
reactions inside the liquid pockets. The different shape design of the working electrode (WE) and
counter electrode (CE) makes it possible to distinguish between them during in siu/operando TEM
imaging. The optical microscopy image of an electrochemical liquid cell bottom chip is shown in

Fig. 2.10b, indicating uniform covering of polymer membrane and well deposition of electrodes.
The grids are 3.05 mm in diameter.
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Figure 2.10: Characterization of two-electrode polymer membrane-based electrochemical

liquid cells. (a) Electrode configuration design for a polymer membrane-based liquid cell. (b)
Optical microscopy image of an electrochemical liquid cell bottom chip.
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Figure 2.11: Characterizations on the Pt electrodes for polymer membrane-based liquid cells.
(a) HRTEM image of 10 nm thick Pt electrodes. Scale bar, 5 nm. (b) Corresponding FFT pattern
of (a). Scale bar, 5 nm™. (¢) DP of the Pt electrodes and (d) corresponding radial RDF.

Characterizations on the Pt electrodes for polymer membrane-based liquid cells are shown
in Fig. 2.11. High-resolution TEM (HRTEM) image of thel0 nm thick Pt electrodes shows
polycrystalline Pt structure with good connectivity. Corresponding fast Fourier transform (FFT)
pattern of with marked spots correlated to the Pt (111) and Pt (220). Electron diffraction pattern
(DP) of the Pt electrodes and corresponding radial distribution function (RDF) match with the
polycrystalline Pt structure.

2.5.3 Operation of polymer membrane-based electrochemical liquid cells

When performing in situ/operando EC-TEM experiments, the catalysts are first drop-cast
onto the bottom chip of liquid cell. Then, 1 puL of electrolyte is added onto the bottom chip. Finally,
the bottom chip is covered by the top chip, completing the liquid cell assembly. Multiple liquid
pockets are able to form inside the liquid cell. The liquid cell is able to connect with the electrical
biasing TEM holder and potentiostat for further electrochemical measurements. As shown in the
illustration, the electrochemical liquid cell is mounted on a Hummingbird Scientific electrical
biasing holder (Fig. 2.12). The enlarged part shows the tip of the holder, where the electrochemical
liquid cell is connected with the holder with silver conducting paste on a home-made contact board.
The cell is fixed by a copper clamp.
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Figure 2.12: Illustration of the TEM holder and its connection between the liquid cell.

Figure 2.13: TEM image of a local area inside an electrochemical liquid cell during EC-TEM
experiments.

TEM image shows a local area inside an electrochemical liquid cell during EC-TEM
experiments (Fig. 2.13). Different regions with different contrasts are marked as TEM grid,
electrode, and membrane, respectively. This new design of electrochemical liquid cell provides a
large viewing window for the EC-TEM observations.
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Figure 2.14: CV profile of commercial Pt nanoparticles loaded in the EC-TEM liquid cell in
0.1 M HCIO4 electrolyte.

The cell potential is calibrated by the underpotential deposited hydrogen peak in 0.1 M
perchloric acid in the electrochemical liquid cell'®, indicating -0.28 V vs. Pt is correlated to 0 V
vs. standard hydrogen electrode (SHE) (Fig. 2.14). This new electrochemical liquid cell design
benefits from a thin polymer membrane, enabling observation of materials inside TEM at atomic
resolution. It can also provide possibility for elemental composition analysis, including EDS and
EELS. Therefore, this new polymer-membrane-based electrochemical liquid cell can meet all
required conditions for electrocatalytic reactions, which is suitable for studying the dynamic
phenomena of electrocatalysts.

2.5.4 Fabrication of three-electrode polymer membrane-based electrochemical liquid cells

The electrochemical liquid cell with two-electrode system enables the measurement of
electrocatalytic reactions, however, its counter-electrode potential may drift over the course of the
experiment, which limits the stability and reproducibility. The three-electrode system which
comprises a reference electrode (RE) allows for a specific reaction to be studied with confidence
and accuracy'®. RE acts as a reference in measuring and controlling the WE without passing any
current, which is commonly used in electrochemical experimentation'®’.

Ag/AgCl is commonly used as the reference electrode material in the bulk electrochemical
system because of its stable and reproducible potential, non-polarizability, corrosion resistance in
chloride environments, and cost-effectiveness. However, when operating at the nano/microscale,
the fabrication process becomes challenging. Therefore, Cu, Pt, and Au are usually chosen as the
nano/microscale pseudo reference electrodes. Nevertheless, several limitations exist for their
application during electrochemical process. Frist, these electrodes are lack of the thermodynamic
equilibrium; therefore, one cannot calculate their potential. Second, because these are not ideally
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nonpolarizable electrodes, there is a shift of their potential during the measurements, which
depends on the current density applied. Third, most pseudo-reference electrodes work over a
limited range of conditions such as pH or temperature; outside of this range the electrodes’
behavior becomes unpredictable.

Hence, we design and fabricated the polymer membrane-based electrochemical liquid cell
with three-electrode system using Ag/AgCl as the reference electrode. Similar as the two-electrode
electrochemical liquid cell design, the three-electrode one contains bottom and top chips, both of
which involves the deposition of insulating layer and polymer membrane transfer process (Fig.
2.15a and b). Differently, a multi-step deposition method was employed for the three-electrode
pattern fabrication. Ag was deposited onto the bottom chip as the first layer of RE and Pt was then
deposited as both WE and CE through two specially designed shadow masks. Finally, the Ag/AgCl
electrode was obtained by chemical oxidation chlorination of Ag using FeCls solution (Fig. 2.15b).

a Top chip
Insulation =772 777 , Polymer ¢
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S e ' 8 ~ A > £ y by
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=g ¢ | deposition ;
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Figure 2.15: Fabrication process of three-electrode polymer membrane-based
electrochemical liquid cells. (a) A top chip workflow and (b) a bottom chip workflow.
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Figure 2.16: Optimization and characterization of Ag/AgCl reference electrode. (a-c)
Optimization of the parameters of Ag deposition. Scanning electron microscopy (SEM) images
scale bar, 5 pm. (d-f) Optimization of the parameters of FeCls etching to form AgCl. SEM images
scale bar, 5 pm. (g-i) Characterization of Ag/AgCl electrode using HRTEM, HAADF-STEM, and
EDS mapping. (g) HRTEM image of AgCl on Ag. Scale bar, 5 nm. (h) HAADF-STEM of AgCl
on Ag. Scale bar, 2.5 pm. (i) EDS mapping of corresponding Ag and Cl. Scale bar, 2.5 pm.

To fabricate a suitable Ag/AgCl electrode, several parameters were optimized. First, both
Cr and Ti were investigated as the adhesion layer for Ag deposition, as Ag alone would produce a
discontinuous pattern under evaporation (Fig. 2.16a). Compared with Cr, Ti helped produce a more
uniform and continuous Ag film (Fig. 2.16b and c¢). Second, the concentration of FeCl; solution
during etching process was studied. While using 1 mM FeCl3 solution generated a small portion
of AgCl particles on Ag film (Fig. 2.16d) and using 5 mM FeClj; solution produced discontinuous
Ag/AgCl islands (Fig. 2.16f), 3 mM FeCls solution etching formed a well-distributed highly
concentrated AgCl particles on Ag film (Fig. 2.16e), and therefore the parameters were chosen as
the standard recipe for Ag/AgCl electrode fabrication. HRTEM image of Ag/AgCl electrodes
shows polycrystalline AgCl particles formed on polycrystalline Ag film (Fig. 2.16g) and high-
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angle annular dark-field scanning TEM (HAADF-STEM) image with EDS mapping result
demonstrates the existence of both Ag and Cl elements at a larger scale (Fig. 2.16h and i), which
proves the successful fabrication of Ag/AgCl nano-electrode.

The design of three-electrode configuration is shown in Fig. 2.17a. The interdigital
electrodes enable electrochemical reactions inside the liquid pockets. The WE has many
rectangular grids in the middle, which helps distinguish the electrodes during in siu/operando TEM
imaging. In addition, the optical microscopy image shows the uniform covering of polymer
membrane and well deposition of electrodes.

RE WE CE

Figure 2.17: Characterization of three-electrode polymer membrane-based electrochemical
liquid cells. (a) Electrode configuration design for a three-electrode polymer membrane-based
liquid cell. (b) Optical microscopy image of a three-electrode electrochemical liquid cell bottom
chip.

2.6 Conclusions

In conclusion, as the key component of in situ/operando liquid cell TEM techniques, liquid
cells have made significant advancements over their 80-year history. By modifying membrane
materials and developing new liquid cell structures, researchers can now explore more complex
dynamic problems in physics, chemistry, and biology with high spatiotemporal resolution.

Here, we developed two-electrode and three-electrode polymer membrane-based
electrochemical liquid cells, which enable the study of dynamic phenomena in electrocatalysts
during electrocatalytic reactions at the atomic level. The new design provides a large viewing
window for the EC-TEM observations and the possibility for elemental composition analysis,
including EDS and EELS. We also integrated flexible electrode configurations and materials into
the nano/microdevices for better versatility. The three-electrode system provides an advanced
platform to investigate a specific reaction with more confidence and accuracy. We hope it can
provide valuable insights for future development of in situ/operando TEM.
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Chapter 3

Operando probing of nanocracking in CuO-derived Cu during COz
electroreduction

Identifying and controlling active sites in electrocatalysis remains a grand challenge due to
restructuring of catalysts in the complex chemical environments during operation'¢®!7°, Inactive
precatalysts can transform into active catalysts under reaction conditions, such as oxide-derived
Cu (OD-Cu) for CO; electroreduction displaying improved production of multicarbon (Cs+)
chemicals'’'"!73. Revealing the mechanism of active site origin in OD-Cu catalysts requires in
situ/operando characterizations of structure, morphology, and valence state evolution with high
spatial and temporal resolution!’*!7>. Applying newly developed EC-TEM combined with XAS,
our multimodal operando techniques unveil the formation pathways of OD-Cu active sites from
CuO bicrystal nanowire precatalysts. Rapid reduction of CuO directly to Cu within 60 seconds
generates a nanocrack network throughout the nanowire, via formation of “boundary nanocracks”
along the twin boundary and “transverse nanocracks” propagating from the surface to the center
of the nanowire. The nanocrack network further reconstructs, leading to a highly porous structure
rich in Cu nanograins, with a boosted specific surface area and density of active sites for Ca+
products. These findings suggest a means to optimize active OD-Cu nanostructures through
nanocracking by tailoring grain boundaries in CuO precatalysts. More generally, our advanced
operando approach opens new opportunities for mechanistic insights to enable improved control
of catalyst structure and performance.

This chapter is adopted from Jiawei Wan et al ’s work entitled “Operando probing of
nanocracking in CuO-derived Cu during CO; electroreduction” from reference 38, with permission
to reproduce it in this dissertation from the co-authors. In this work, the XAS characterization was
performed by Dr. Ershuai Liu and Dr. Walter S. Drisdell. The performance testing was performed
by Dr. Woong Choi, Dr. Keon-Han Kim and Prof. Alexis T. Bell. DFT calculation was performed
by Dr. Buyu Zhang and Prof. Mark Asta. Electron tomography was performed by Dr. Meng Zhang
and Dr. Han Xue.
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3.1 Introduction

Cu is the only metallic catalyst for the CO,RR that produces significant C»+ chemicals'’®-

178 Among various Cu-based materials, the OD-Cu exhibits enhanced electrocatalytic activity and
it is easy to prepare at low cost for potential practical applications!”'"1">, Although diverse types
of grain boundaries' %% and residual Cu* species!’>!®! from precatalyst reconstruction have been
reported as the active sites, the formation mechanisms and design principles for OD-Cu catalysts
remain lacking. A major hurdle is the inability to directly monitor the structural evolution of OD-
Cu catalysts under operating conditions'’* due to the fast, complex dynamic transformation
behavior of precatalyst activation during CO.RR!"*132 Although advancements have been made
recently in in situ/operando microscopy and spectroscopy studies of Cu-based catalysts during
electrocatalytic reactions’! /2961251837185 tracking both morphological and compositional
evolutions with high spatiotemporal resolution is needed to resolve the origin and evolution of
OD-Cu active sites.

Here we report operando studies of OD-Cu catalysts evolution from CuO bicrystal
nanowires during CO2RR using a multimodal platform coupling the newly developed high-
resolution EC-TEM with time-resolved and high energy resolution fluorescence detected
(HERFD-) XAS. We discover the formation pathways of catalytically active sites through
nanocracking of CuO bicrystal nanowire precatalysts during rapid reduction to metallic Cu (Fig.
3.1a). Electrocatalytic performance testing in reactors of different scales (EC-TEM liquid cell, H-
type cell, and membrane electrode assembly (MEA)), coupled with complementary ex situ
structural characterizations, suggest the nanocracking behavior is general across all relevant
operating conditions and is critical for enhanced C»+ activity.

3.2 Experimental setup and characterization
3.2.1 Preparation of CuO nanowire precatalysts

CuO nanowires were synthesized through a typical thermal oxidation method'®® with an
optimized procedure. First, Cu substrates (0.1 mm Cu foils, >99.9%, Thermo Scientific Chemicals)
were cleaned with an aqueous 1.0 M HCI solution (Sigma-Aldrich) for 60 minutes, followed by
rinsing with deionized water and dried with N> gas. Then, the Cu substrates were immediately put
into a box furnace (Thermo Scientific Lindberg/Blue M) maintained at 450 °C for 90 minutes at
ambient pressure, giving rise to the CuO nanowire growth on the substrate. Next, CuO nanowires
were separated from the substrates by sonication in ethanol for 120 minutes and supernatants were
collected after centrifuging (Eppendorf) at 3000 rpm for 10 minutes. Finally, purified CuO
nanowires were collected by centrifuging at 9500 rpm for 10 minutes and dried in vacuum for
further use.

3.2.2 Fabrication of electrochemical liquid cells

The electrochemical liquid cells for quasi-operando EC-TEM were built with a bottom and
a top chip capsuling multiple liquid pocket in between. The bottom and top chips were fabricated
based on the commercial Cu or Au TEM grids (200 square mesh, Electron Microscopy Sciences).
The grids are first coated with 250 nm of electrically insulating aluminum oxide (Al2O3) by sputter
deposition (AST-sputter, Berkeley Marvell NanoLab). Subsequently, a 10 nm-thick insulating
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polymer (0.25% Formvar solution in 1,2-dichloroethane (>99.0%, Sigma-Aldrich)) film was
transferred onto the grids. Then, 10 nm-thick Pt interdigital electrodes were deposited onto the
bottom chips using the e-beam evaporation (Semicore-evaporator, Molecular Foundry, LBNL)
through a specially designed shadow mask, enabling electrochemical reaction in the micro-
electrochemical system.

3.2.3 Quasi-operando EC-TEM measurements

Quasi-operando EC-TEM measurements were performed in CO»-saturated 0.1 M KHCO3
electrolyte (99.95%, Sigma Aldrich) within the self-fabricated electrochemical liquid cells using a
FEI ThemlIS aberration-corrected TEM at 300 keV (NCEM, LBNL). To assemble a liquid cell,
CuO bicrystal nanowire precatalysts were drop-cast onto the electrodes (bottom chip), followed
by adding 1 pL electrolyte and covered with the top chip. An electrical biasing holder
(Hummingbird Scientific) coupled with a home-made contact board and a potentiostat (Biologic
SP-200) were used for connecting liquid cells and providing electrochemical measurements in EC-
TEM. Quasi-operando EC-TEM videos were acquired at a speed of 500 ms per frame (2,048 x
2,048 pixels) at a beam dose rate of about 400 e~ A2 s™!, which ensured the absence of beam-
induced damage on the precatalyst materials. A beam dose control experiment was performed
before the EC-TEM video experiments. Amount of electrolyte and CO> reactant was also
discussed. Based on the multiple experimental results and analysis from different aspects, the EC-
TEM measurements apply catalytically relevant potentials and environments. We are not able to
directly detect the catalytic products during EC-TEM experiments, due to the limitation of
equipment configuration, therefore, we consider the measurements as quasi-operando. HAADF-
STEM images and EDS were performed for chemical identification.

3.2.4 Precatalyst electrodes preparation

The CuO nanowire precatalyst inks for both H-type cell and MEA testing were prepared
by bath sonicating a mixture of 50 mg of as-synthesized CuO nanowire and 50 mg of Nafion
solution (5 wt%, lon power, D521) in 25 mL of isopropyl alcohol (HPLC-grade, Aldrich) for 1 h.
For the H-type cell experiments, the CuO nanowire precatalyst electrodes were fabricated by hand
spray coating of the as-prepared ink on the gas diffusion layer (Sigracet 39BB) using an airbrush
gun (RichPen GP-1). The precatalyst loading amount was controlled by the sprayed ink amount
from 0.05 mg cm™? to 1.0 mg cm™ and measured by X-ray fluorescence spectroscopy (XRF,
Bruker). The active areas of the electrodes were confined to 1 cm? and the rest of the electrode
area was masked on both sides using insulating tape. The same CuO nanowire precatalyst ink and
gas diffusion layer were employed for MEA cell testing. However, the Sono-Tek spray coater was
used at 120 kHz sonication with 0.2 mL min™! of ink injection rate for coating CuO nanowire on
the 5 cm? of gas diffusion layer (Sigracet 39BB).

3.2.5 Operando XAS measurements

The electrode inks for the XAS electrodes were composed of 18.2 MQ purity deionized
water (Millipore), isopropyl alcohol (HPLC-grade, Aldrich), 5 wt% EW1100 Nafion solution
(Aldrich), and the synthesized CuO precatalyst powder. The ink was hand-sprayed onto a Sigracet
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39BB carbon paper. The final precatalyst loading was measured by XRF. The operando XAS
experiments were conducted at room temperature in a home-made spectro-electrochemical H-type
cell made from PEEK, with 0.1 M KHCOj3 electrolyte (99.95%, Sigma Aldrich) purged with Ar or
COs. Potentiostat control was maintained with BioLogic SP-300 potentiostat. Before each
measurement, the cell was held for 2-3 minutes to reach a pseudo-steady current density. Data
collection was then performed at the chosen potentials. Time-resolved experiments started at the
same time the potentials were applied. All of the data were collected at Cu K-edge under
fluorescence mode. The corresponding reference foils to aid in energy alignment and
normalization were collected simultaneously for ex sifu measurements. For operando experiments,
reference foil data were collected before and after operando measurements. HERFD-XAS data
were collected at Cu K-edge, with the spectrometer calibrated at the Cu-Kq1 emission line (8047.8
eV) using a Si (444) crystal. The data were processed and fit using the IFEFFIT-based Athena'®’
and Artemis'®® programs. Scans were calibrated, aligned, normalized, and background corrected,
using the IFEFFIT suite!®®. The y(R) were modeled using single scattering paths calculated by
FEFF6'".

3.2.6 Electrochemical CO2RR measurements in H-type cells

Electrochemical CO2RR testing in H-type cells was performed by a custom-made three-
electrode H-type cell system. A Pt plate and Ag/AgCl (3 M KCI) were used as the counter and the
reference electrodes, respectively. Cathode and anode chambers were separated with anion-
exchange membrane (Selemion AMV-N, Asahi Glass) and filled with 1.8 mL of CO;-saturated 0.1
M KHCO3 (99.95%, Sigma Aldrich) solution. During the CO2RR testing, the cathode chamber
was continuously sparged with CO2 gas (99.999%, Airgas) with a 5 cc min™! flow rate, controlled
by a mass flow controller (Alicat). The out-line gas from the cathode chamber was directly
connected to gas chromatography (SRI Instruments) for gas product analysis.

The CO2RR was carried out by applying step-wised potential from -1.5 V to -2.5 V (vs.
Ag/AgCl) with a 0.5 V interval for 30 minutes. After CO2RR at each potential, 0.2 mL of catholyte
and anolyte was collected and mixed with 0.1 mL of D20 (99.9 atom% D, Sigma Aldrich),
containing 10 mM of dimethyl sulfoxide (DMSO) as an internal standard for quantification of
liquid products by proton nuclear magnetic resonance ('H-NMR, Bruker Ascend 500 MHz
instrument).

The cell resistance was measured by electrochemical impedance spectroscopy (EIS) at
open circuit potential. The applied potentials were converted to the reversible hydrogen electrode
(RHE) using the following equation.

E (vs.RHE) = E (vs.Ag/AgCl) + 0.224V + 0.0591 X pH — iR
Where i and R represent current and cell resistance from EIS measurement.

Faradaic efficiency (FE) of each product was calculated using the following equation.

n XF XN
product % 100

FEproduct = ;
ltot
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Where i is current, 1,,o4c¢ 1S the moles of product generated per second quantified by
gas chromatography or "TH NMR, F is Faraday constant, and N is a number of electrons to generate
products from COx.

3.2.7 Electrochemical CO2RR measurements in MEA

The anode catalyst ink was prepared by bath sonicating a mixture of 150 mg of [rO> powder
(Alfa Aesar) and 600 mg of PiperlON A ionomer solution (5 wt%, Versogen) in 1 mL deionized
water and 9 mL n-propanol for 1 h. The anode was fabricated by hand spray of as-prepared IrO;
catalyst ink on a laser-cut 5 cm? platinized Ti porous transport layer (Mott Corp.) using an airbrush
gun. IrO; loading amount was 1.3 mg cm™, which was measured by the electronic balance. The
anion exchange membrane (PiperlON A, 40 um thickness, Versogen) was pre-activated in 1 M
KOH solution at least 24 hours before use.

A single MEA electrolyzer system (Fuel Cell Technology, FCT) with a single serpentine
channel graphite flow field on the cathode and a single serpentine channel Pt-coated Ti flow field
on the anode was used for CO2RR measurements. The cell was assembled by stacking the as-
prepared anode, membrane, and cathode, and subsequently compressed to 40 in-lbs in 10 in-1bs
increments to form an MEA configuration. 20% and 0% compression of the cathode gas diffusion
layer (GDL) and anode porous transport layers (PTL) was achieved by controlling the ethylene
tetrafluoroethylene (ETFE) gasket thickness.

During the CO2RR testing, humidified CO> gas (99.999%, Airgas) at room temperature
was continuously passed through the cathode flow field at 200 cc min™!, and 0.1 M KHCO;
electrolyte was circulated with a rate of 20 mL min™!' using a peristaltic pump. The gas outlet was
connected to gas chromatography (SRI Company) through a water trap containing 20 mL of
deionized water. Anolyte volume was confined to 20 mL. The CO;RR was carried out by applying
step-wise cell potentials from 3 V to 4 V in 0.5 V increments. Gas chromatography data were
collected after 5 minutes and 20 minutes of applying each potential. After 30 minutes of each
potential application, 0.2 mL of sample from the water trap and anolyte was collected and liquid
products were quantified by 'H nuclear magnetic resonance (NMR) similar to the H-type cell
experiments. FE of each product was calculated using the equation noted above.

3.2.8 Electrochemical active surface area measurements

The electrochemical active surface area (ECSA) of CuO nanowires on the cathode was
measured by the underpotential deposition (UPD) of Pb. Cyclic voltammetry (CV) of each cathode,
after different reaction times for CO2RR, was recorded from -0.15 V to 0 V (vs. RHE) with a scan
rate of 10 mV s in 0.1 M HC1O4/ 0.05 M KC1/ 0.5 mM PbCl, aqueous solution as an electrolyte.
The ECSA was obtained by integrating the Pb UPD peaks in the range of -0.15 V to 0 V in the CV
and dividing by the Cu surface conversion factor of 310 uC cm™. The roughness factor was
calculated by dividing the ECSA of the cathode at each condition by the ECSA of the pristine
cathode.

3.2.9 Cryo-ET measurements
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The cryogenic transmission electron tomography (cryo-ET) images of CuO nanowire-
derived Cu samples were collected via a Krios microscope at the Cal-Cryo facility, Berkeley QB3
Institute. This setup achieved a magnification of approximately 50,000, translating to 1.67 A per
micrograph pixel, in super-resolution and correlated double sampling mode. Tilt series were
recorded from -51° to +51° at 3° increments, with an automated manual operation for data
collection, maintaining a ~2.0 um defocus, and accumulating a total dose ranging from ~120-180
e- A2 across 8 frames per angle, each with a 0.25 s exposure. Following acquisition, the tilt series
underwent preprocessing using MotionCor2 to correct beam-induced motion. The 3D
reconstruction was achieved using a patch tracking function implemented in IMOD. The cross-
section photograph was analyzed through Chimeral UCSF.

3.2.10 Oxygen vacancy calculations

Density functional theory (DFT) calculations were performed using Vienna ab initio
simulation package (VASP) to calculate the diffusion barrier between different vacancy sites. All
the calculations were performed spin-polarized, employing the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) to describe the electron exchange and correlation
interactions!*!!2, The DFT+U method was employed with U = 7 eV and J = 0 eV'**!** The
optimized structural parameters using the bulk CuO model are a = 0.449 nm, b = 0.367 nm, ¢ =
0.512 nm, B = 96.1°3, respectively. Monkhorst-Pack k-point grids for the Brillouin-zone
integration were applied with linear k-point density higher than 29 per A along each periodic
direction!®®. The cut-off energy for the plane wave basis was 400 eV. The bicrystal grain boundary
structure is a low-index and symmetrical (002)/(002) tilt boundary. Along z axis, there are 8 Cu
layers and 7 O layers, plus 12 A vacuum. O vacancies are created by deleting the O atoms and the
system is relaxed to get the energy. Diffusion barriers between different O vacancies are calculated
using the Nudged Elastic Band (NEB)!*7!*® method in VASP with 4 additional images apart from
initial and final sites. Convergence of the spatial dependence of the oxygen vacancy formation
energy is also verified using a larger supercell.

3.3 Characterization of CuO bicrystal nanowire precatalyst

CuO nanowires are prepared using a thermal oxidation method!®®, with an optimized
purification procedure. (Fig. 3.2). TEM measurements show the typical morphology of a CuO
nanowire with the growth direction of [110] and bicrystal structure with the (002) twin plane in
the middle (Fig. 3.1b, 3.3 and 3.4)!%*?°. HRTEM image confirms its monoclinic crystalline
structure with the (111) and (111) lattice (d spacing ~2.51 A) mirror reflected along the (002)
twin plane (d spacing ~2.52 A) (Fig. 3.1¢). X-ray absorption near-edge structure (XANES) of Cu
K-edge of the as-prepared CuO nanowires and corresponding references demonstrate dominant
CuO phase in the precatalysts (Fig. 3.1d). The Fourier transform of extended X-ray absorption
fine structure (FT-EXAFS) reveals the characteristic peaks at 1.5 A and 2.4 A, which correspond
to the Cu-O and Cu-Cu scattering paths in CuO, similar to the CuO standard spectra (Fig. 3.1e).
Assisted by multifarious techniques (Fig. 3.5 and 3.6), we conclude that CuO bicrystal nanowires
are obtained as precatalysts for CO2RR.
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Figure 3.1: The operando electrocatalytic platform used to study structural dynamics of
nanocatalysts for CO2RR and characterizations of CuO bicrystal nanowire precatalysts. (a)
Schematic illustration of the operando electrocatalytic platform employed in this study to track the
dynamic behaviors of CuO precatalysts under CO2RR conditions. Quasi-operando EC-TEM
uncovers the morphological and local structural changes of individual working catalysts (TEM
setup limits direct detection of catalytic products), while operando XAS unveils the valence state
evolution of the ensemble catalysts. (b) TEM image shows the typical morphology of an as-
prepared CuO bicrystal nanowire, which is divided by the twin boundary parallel to the nanowire’s
growth direction. Scale bar, 100 nm. (¢) HRTEM image of the local area on a CuO bicrystal
nanowire, showing the atomic twinned structure. Scale bar, 2 nm. (d) XANES and (e), FT-EXAFS
spectra of Cu K-edge for the as-prepared CuO nanowire (NW) precatalysts and the corresponding
references (CuO, Cu,0, and Cu), revealing characteristic structure of CuO phase.
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Figure 3.2: Synthesis of CuO bicrystal nanowire. Optical images of a Cu foil substrate (a) before
and (b) after thermal. Scale bar, 1 cm. (¢) SEM image of CuO nanowires prepared by heating the
copper foils in (b). The nanowires grew vertically on the substrate. Scale bar, 1 um. (d) llustration
of purification process of exfoliation CuO nanowires from Cu substrates. First, substrates after
thermal oxidation were sonicated in ethanol and the CuO nanowires would disperse into the
solution. Then, the solution was centrifuged at 3000 rpm for 10 minutes and the liquid supernatant
was collected for further centrifugation at 9500 rpm for 10 minutes. Next, the CuO nanowires were
collected in sediment and stored in ethanol for further use.
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Figure. 3.3: TEM characterization of CuQO bicrystal nanowire. (a) TEM image of CuO
nanowire precatalysts after exfoliation and purification processes from Cu substrates in Fig. 3.2d.
The morphology of CuO represented nanowire shape with different length. Scale bar, 1 pm. (b)
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Diameter distribution histogram of 100 CuO nanowires, showing an average width of ~60 nm in
diameter.
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Figure 3.4: SEM and AFM characterization of CuO bicrystal nanowire. (a) SEM image
showing the morphology of an individual CuO nanowire with raised ridge and polygonal cross
section. Scale bar, 100 nm. (b) Atomic force microscopy (AFM) image showing the ridge in the
middle. Scale bar, 100 nm. These results confirm the bicrystal structure with a boundary plane in
the middle.
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Figure 3.5: EDS and EELS characterization of CuO bicrystal nanowire. (a) HAADF-STEM
image of an as-synthesized CuO nanowire. Corresponding EDS elemental maps of Cu (b) and O
(¢), showing the uniform distribution of Cu and O elements. Scale bar, 100 nm. (d) EDS spectra
showing corresponding peaks of Cu and O. (e) EELS spectra measured on an individual CuO
nanowire and corresponding CuO reference spectra. Cu-L3 and L, edges are marked in the figure.
The nanowire spectrum matches well with the CuO standard spectra, indicating successful

synthesis of the CuO phase.
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Figure 3.6: X-ray Diffraction (XRD) characterization of CuQO bicrystal nanowire. (a) XRD
result of the Cu substrate after thermal oxidation at 450 °C for 90 minutes, showing compositions
of Cu, Cu20, and CuO. The majority CuzO and Cu phases show high intensity signal, while the
CuO phase is trace amount. (b) XRD result of the CuO nanowire precatalysts after purification
procedure in Fig. 3.2d. It shows the successful collection of CuO bicrystal nanowire precatalysts
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with dominant phase of CuO and the coexistence of CuxO traces. (¢) Standard XRD of Cu, Cu,0,
and CuO.

3.4 Visualizing nanocracking in catalyst restructuring by quasi-operando EC-TEM

We track the CuO nanowire precatalyst evolution under CO2RR conditions by quasi-
operando EC-TEM measurements using our newly developed high-resolution electrochemical
liquid cell”. Both top and bottom chips of the liquid cell are insulated and covered with electron
transparent polymer membranes, while the interdigital Pt electrodes are deposited onto the bottom
chip as the WE and CE (Fig. 3.7a, and Fig. 2.9-2.11). The as-synthesized CuO nanowires are drop-
cast onto the Pt electrodes, followed by loading liquid electrolyte (COz-saturated 0.1 M KHCO3)
and liquid cell assembly. It can form multiple thin (<100 nm) liquid pockets encapsulated by the
thin polymer membranes (Fig. 3.7a, Fig. 3.8, Fig. 2.12, and 2.13), which allows imaging of
electrocatalyst evolution with unprecedented structural and compositional details with
atomic/nanoscale resolution’”!%. The cell potential is calibrated by the underpotential deposited
hydrogen peak in 0.1 M perchloric acid in the electrochemical liquid cell'®, indicating -0.28 V vs.
Pt is correlated to 0 V vs. SHE (Fig. 2.13). A cell potential of -2.0 V vs. Pt (-1.32 V vs. RHE) is
applied on the CuO nanowires in quasi-operando conditions that we simulate the CO2RR
electrocatalytic reactions without directly measuring the reaction products.

The CuO bicrystal nanowire dramatically changes its structure and generates nanocracks
while being reduced to Cu in 30 seconds under the operating conditions, which is observed from
EC-TEM (Fig. 3.9). The formation and propagation of nanocracks within the CuO nanowire
precatalysts under CO2RR conditions follow two different pathways: “boundary nanocracking”
along the twin plane, and “transverse nanocracking” perpendicular to the surface/twin plane, as
illustrated in Fig. 3.7b. Sequential images from the EC-TEM video show structural dynamics of
an individual CuO nanowire on the Pt WE at the edge-on position with high spatiotemporal
resolution (Fig. 3.9, Fig. 3.7¢). Nanocracks are highlighted using a ridge detection method?’! and
overlaid on the false-colored images of the nanowire, which clearly show the evolution and
distribution of both boundary and transverse nanocracks.

Distinct characteristics of the nanocracking dynamics during CuO precatalyst
electroreduction are observed, as shown in Fig. 3.7¢. First, both boundary and transverse
nanocracks are initiated immediately after applying potential, manifesting as nanocavities (0 s).
Then, the transverse nanocracks propagate from the surface to the interior of the nanowire (8.5 and
10.0 s), while the boundary nanocracks emerge and expand as nanocavities continuously
coalescing on the twin plane (26.0 s), as depicted in Fig. 3.7b. Finally, the transverse nanocracks
encounter the larger/wider boundary nanocracks at the middle of the nanowire (30.0 s) as CuO is
fully reduced, introducing an OD-Cu structure with a nanocrack network. Continuously, evolution
of the nanocracks involves rich dynamic fluctuations of expansion and contraction (e.g. The
boundary nanocrack dramatically opens at 50.0 s and partially heals at 60.0 s in Fig. 3.9), which
occur constantly via an intricate process of OD-Cu catalysts self-reconstructions’!:7>6:183,
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Figure. 3.7: Real-time probing of nanocracking in CuO bicrystal nanowire precatalysts
under CO:RR conditions using quasi-operando EC-TEM. (a) Schematic of fabrication and
assembly processes of an EC-TEM liquid cell with the capability of enabling electrochemical
measurements and simultaneously tracking the structural changes at nanoscale resolution. (b)
Schematic illustration of nanocracking within a CuO nanowire during electroreduction, boundary
(blue box) and transverse (red box) nanocracks grow and propagate on a projected plane consisted
with EC-TEM. (¢) Selected quasi-operando EC-TEM video frames of the morphological evolution
of a CuO bicrystal nanowire at -2.0 V vs. Pt (-1.32 V vs. RHE) under CO2RR conditions, and
corresponding distribution of nanocracks (highlighted in yellow) on false-color images of CuO
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nanowire (derived Cu). Transverse (red arrow) and boundary nanocracks (blue arrow), and
CuO/Cu phase propagation (white dash line) are observed. Scale bar, 20 nm. (d) Nanocrack density
evolution in the first 30 s under CO2RR conditions. Systemic error may be introduced from
detection under different contrast thresholds. (e) /n situ elemental analysis of CuO nanowire-
derived Cu in c after restructuring. HAADF image, Cu, and O maps, and corresponding intensity
profiles of Cu K-edge and O K-edge show existence of metallic Cu and nanocracks. (f) In situ
HRTEM image of cracked Cu after EC-TEM measurements. Scale bar, 10 nm. Nanocracks are
highlighted in yellow dash line. FFT rings match with Cu (111), (200), and (220) facets, indicating
dominated Cu phase. Scale bar, 5 nm™'. Enlarged areas represent single crystalline (SC, red box)
and polycrystalline (PC, blue box) Cu nanograins. Scale bar, 1 nm.
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Figure. 3.8: Experimental setup of the quasi-operando EC-TEM measurements for
electrocatalytic studies. The CuO nanowire precatalysts were first drop-cast onto the bottom chip
of liquid cell. Then, 1 pL of electrolyte (CO2-saturated 0.1 M KHCOs3) was added onto the bottom
chip. Finally, the bottom chip was covered by the top chip, completing the liquid cell assembly.
Multiple liquid pockets were able to form inside the liquid cell. The liquid cell was able to connect
with the electrical biasing TEM holder and potentiostat for further electrochemical measurements.

As the electroreduction reaction proceeds, a rapid increase in nanocrack density (estimated
by the measured total area of nanocracks divided by the area of the nanowire at a given reaction
time) is observed, starting from 0.04 to 0.08 within 10 seconds, and reaching a relatively stable
stage of 0.10 in 30 seconds (Fig. 3.7d). It is worth noting that the propagation of the CuO/Cu phase
boundary (from surface to the center) (Fig. 3.7¢) and the shrinking volume (~30%) from CuO to
Cu shown in the EC-TEM results (Fig. 3.10) indicates the phase transition during the
electroreduction of CuO. The formation of gas bubbles at catalyst surface is also observed via EC-
TEM (Fig. 3.9 and Fig. 3.7¢), which can be attributed to the formation of gas phase species like
carbon monoxide and hydrogen under the applied potential, indicating the on-going
electrocatalytic reactions!’®!77
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Figure. 3.9: Quasi-operando EC-TEM monitoring electroreduction of an individual CuO
bicrystal nanowire and the reconstruction of OD-Cu. Selected quasi-operando EC-TEM video
frames show (a) morphological evolution and phase transformation of a CuO bicrystal nanowire
at -2.0 V vs. Pt (-1.32 V vs. RHE) under CO2RR conditions. A nanocrack network is generated
while CuO being reduced to OD-Cu within 30.0 s. (b) The OD-Cu continuously reconstructs and
the nanocracks involve rich dynamic fluctuations. The boundary nanocracks dramatically expand
and open at 50.0 s while they partially heal at 60.0 s (red arrows). The reconstructed Cu
nanoparticles are also found (90.0 s). Scale bar, 50 nm.
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Figure. 3.10: Volume evolution of CuO nanowire-derived Cu catalysts. Selected quasi-
operando EC-TEM video frames in Fig. 2c at 0 s and 30 s showing the shrunken volume of an
individual CuO nanowire at -2.0 V vs. Pt (-1.32 vs. RHE) in COz-saturated 0.1 M KHCOs. Scale
bar, 20 nm. Cu has a smaller volume compared with CuO. Based on the density difference between
CuO (6.31 g cm™) and Cu (8.96 g cm™), the volume would decrease ~40 % theoretically after
electroreduction. Based on the contrast difference in intensity profiles, the dimeter of the nanowire
decreased ~10 % from 0 s to 30 s. We estimate the decreased volume of OD-Cu by supposing CuO
shrinks uniformly in three dimensions (~10 %), which would result in a volume decrease of ~30 %.
The difference between estimation and theoretical value is originated from the porous nanocracks
inside the OD-Cu structure.

In situ EDS and HRTEM measurements are performed on the CuO nanowire-derived Cu
catalysts inside liquid cell after the EC-TEM imaging without introducing artifact from sample
transfer, providing complementary information on the real active species. HAADF image and
integral Cu and O elemental intensity profiles from corresponding EDS mapping reveal the
boundary nanocrack within OD-Cu nanostructure, with no detectable signal of oxides (CuO and
Cu20) (Fig. 3.7e and Fig. 3.11). The HRTEM image and corresponding FFT pattern also confirm
the dominant metallic Cu phase that is fully reduced from CuO precatalyst (See standard
diffractions in Fig. 3.6). The atomic structures show diverse Cu nanograins (single/poly-crystal)
separated by the porous nanocrack network (Fig. 3.7f).

The restructuring mechanisms of CuO precatalyst during reduction (Fig. 3.7b) are further
studied with DFT and NEB method, showing preferential O removal on the boundary plane,
leading to boundary nanocracks formation (Fig. 3.12). Among the different diffusion pathways in
CuO, it is energetically favorable for O to be removed perpendicular to the (002) twin boundary
plane, which creates the transverse nanocracks. The reconstructed OD-Cu consists of edges,
corners, and grain boundaries (Fig. 3.7f), all of which may improve the CO2RR performance!”*-1¥°,
The connection between the wide center boundary nanocrack and the numerous smaller transverse
nanocracks that compose the nanocrack network results in a highly porous structure with increased
specific surface area and exposure of catalytic active sites, as well as providing efficient channels
for reactant/product transport>*?. It may also improve activity through confinement effects?%3-2%4,
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Figure. 3.11: In situ EDS measurements of CuO nanowire-derived Cu catalysts. (a) In situ
HAADF-STEM image and EDS mapping of (b) Pt, (¢) Cu, and (d) O of an individual CuO
nanowire-derived Cu nanoparticle after quasi-operando EC-TEM experiments inside an
electrochemical liquid cell. The Pt signal is due to the catalyst materials being seated on the Pt
electrode and the oxygen signal is from background or electrolyte. The yellow box marked in (a)
represents the area for line scan analysis of EDS intensity in Fig. 2e. Scale bar, 50 nm. (e) EDS
spectra from the whole region of (a).
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Figure. 3.12: Theoretical calculations of O vacancy diffusion in CuO reduction. DFT
calculation results show energy of different O vacancy sites: (a) on the twin boundary (TB), (b)
one atom away, (¢) two atoms away perpendicular to twin boundary, and (d) on the surface. O
vacancy prefer the sites at twin boundary and near surface, with relatively lower energy. This
implies that O vacancies prefer to segregate at the boundary and will lead to the cracks along the
twin boundary. NEB calculations further evaluate the energy barrier of different diffusion paths.
We compare two paths: one is O vacancy diffuses perpendicular to the twin boundary (b)-(c) and
the other one is O vacancy diffuses parallel to the twin boundary (b)-(e). The O vacancy diffusion
barrier of (b)-(c) (1.3 eV) is smaller than that of (b)-(e) (2.2 eV), indicating O vacancy prefer to
diffuse perpendicular to the twin boundary/surface, which can lead to formation of transverse
cracks. Blue, red, and white balls represent Cu, O, and O vacancy, respectively.

3.5 Tracking ensemble valence state evolution by operando time-resolved XAS

Since the nanocracking process is induced by reduction of the CuO bicrystal nanowire
precatalysts into metallic Cu, we employ operando time-resolved XAS to comprehensively study
the reduction kinetics and valence state evolution across a range of electrochemical conditions
including CO2RR. These measurements are highly sensitive to the ensemble average oxidation
state, and are conducted in an H-type cell similar to those typically used for catalytic testing®®’
(Fig. 3.13). First, time-resolved XANES/EXAFS is applied for CuO nanowires at selected
potentials based on the linear sweep voltammetry (LSV) (Fig. 3.14). All the potentials are
converted to the RHE scale with iR correction unless noted otherwise. At -0.65 V (CO2RR onset
potential), initial reduction of CuO to Cu is observed within 30 s and is more dramatic after 60 s,
indicated by the evolution of characteristic XANES features (pre-edge and white line intensity)
(Fig. 3.15a and b) as well as diminishment of the Cu-O scattering path at 1.5 A and emergence of
Cu-Cu path of metallic Cu phase at 2.2 A in FT-EXAFS (Fig. 3.15¢). Around 120 s, the ensemble
valence state stabilizes, closely matching the spectra at 1 h. It is noteworthy that the FT-EXAFS
peak at 4.0 A, representing the second shell of Cu-Cu scattering in metallic Cu, also increases in
intensity with time, indicating that metallic Cu is becoming the dominant species after 120 s. At -
1.0 V (Ca+ production potential), the complete reduction of CuO occurs within 60 s (Fig. 3.15d
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and e). The FT-EXAFS spectrum at 90 s under -1.0 V shows a negligible signal of Cu-O scattering
peak at 1.5 A, unlike the prominent shoulder peak observed at 90 s under -0.65 V, indicating a
more thorough metallic phase formation (Fig. 3.15f). At all catalytically relevant potentials, the
reduction of CuO occurs within 120 s, and the dominant species afterwards is metallic Cu (Fig.
3.16). We also find more negatively below the thermodynamic CuO electroreduction potential can
lead to a faster reduction (Fig. 3.15g). This fast reduction kinetics is consistent with quasi-
operando EC-TEM measurements under -1.32 V on an individual nanowire, showing
nanocracking and OD-Cu phase propagation, implying the CuO is fully reduced to Cu within 30 s
(Fig. 3.7¢). This suggests that the nanocracking behavior observed with EC-TEM also occurs at
all catalytically relevant potentials in an H-type cell.

Figure 3.13: Configuration of the home-made H-type cell used for operando time-resolved
and HERFD-XAS experiments. This cell is similar to those typically used for the CO2RR testing.
It was modified by introducing a transparent window for the synchrotron X-ray detection.
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Figure 3.14: LSV profile of CuO nanowires in the electrolyte of 0.1 M KHCO3 sparged with
CO:s: inside the operando XAS cell. The points mark out regions under different potentials: (a)
thermodynamic CuO electroreduction potential (0.45 V vs. RHE), (b) an intermediate CuO
electroreduction potential (-0.1 V vs. RHE), (¢) CO2RR onset potential (-0.65 V vs. RHE), and (d)
optimized potential for CO2RR towards Cz+ products (-1.0 V vs. RHE).

Next, we investigate whether the CuO nanowire ensemble reduces directly to metallic Cu,
or whether the reduction pathway includes intermediate oxides (e.g. Cu20). For this we employ
operando HERFD-XAS, which has increased energy resolution that increases sensitivity to small
changes in XANES pre-edge features?°® (Fig. 3.17 and 3.18). Sequential potentials between 0.45
V and -1.0 V are applied, with HERFD-XAS collected after current density stabilized at each
potential (2-3 minutes) (Fig. 3.15h). Above 0.25 V, the CuO nanowire ensemble shows stable
XANES features that match the CuO standard spectra (Fig. 3.18), indicating that reduction is not
yet triggered. At 0.15 V, the decrease in the major white line peak (8997 eV) and growth of the
pre-edge peak (8980 eV) indicates the phase transformation to metallic Cu (Fig. 3.19 and 3.20).
The observed transition to metallic Cu is consistent with the formation of Cu nanograins observed
with EC-TEM (Fig. 3.7f). Significant evolution of the edge feature at 0.05 V (Fig. 3.15h inset)
indicates significant metallic Cu contributions. The 1% derivative XANES also shows an
unambiguous major peak shift from 8984 eV (0.15 V) to 8979 eV (0.05 V) (Fig. 3.15i)'%,
indicating the direct reduction of CuO into metallic Cu, which occur before the onset potential of
CO2RR catalysis. As the applied potential enters the CO2RR regime (down to -1.0 V), more
complete reduction is shown on the timescale of the HERFD-XAS measurement (Fig. 3.15h and
i). It is noteworthy that small Cu" signal is also found (8980.5 V) in the 1*' derivative XANES at
open-circuit voltage (OCV) (Fig. 3.15i), which could be ascribed to the residual CuzO in the as-
prepared CuO precatalysts'®® (Fig. 3.6). However, this signal does not increase, suggesting that
Cu0 is not formed as an intermediate from CuO, and disappears below 0.05 V through full
reduction towards metallic Cu.
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Fig. 3.15: Operando time-resolved (HERFD-) XAS studies of ensemble CuO bicrystal
nanowire precatalysts under CO2RR conditions. (a) Operando time-resolved conventional
XANES spectra, (b) corresponding 1% derivative spectra, and (¢) FT-EXAFS spectra of CuO
nanowire precatalysts at -0.65 V vs. RHE under CO2RR conditions. (d) Operando time-resolved
conventional XANES spectra, (e) corresponding 1% derivative spectra, and (f) FT-EXAFS spectra
of CuO nanowire precatalysts at -1.0 V vs. RHE under CO2RR conditions. (g) Ensemble valence
state evolution at different potentials. (h) Potential dependence of operando Cu K-edge HERFD-
XANES spectra of the CuO nanowire precatalysts under CO2RR in 0.1 M COz-saturated KHCO3
using chronoamperometry (CA) for 2-3 minutes and (i) the corresponding 1*' derivative spectra.
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Figure 3.16: Operando XAS measurements of CuO nanowire at different potential. Operando
(a) XANES spectra and FT-EXAFS spectra in (b) R space and (¢) K space of the CuO nanowire-
derived Cu catalysts under -0.8 V, -1.0 V and -1.2 V vs. RHE. All spectra were collected in the
COs-saturated 0.1 M KHCO:s electrolyte.
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Figure 3.17: Comparison of HERFD-XAS and conventional XAS of the CuO nanowire
precatalysts in the XANES region. The HERFD-XAS provides a higher resolution at the pre-
edge peaks (8979 eV and 8985 eV, inset) and the major peak (8995 eV). Data was collected at Cu
K-edge in the Na-purged 0.1 M KHCO3 electrolyte under open-circuit potential.
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Figure 3.18: Comparison of standard samples of CuO, Cu20 and Cu foil in the HERFD-XAS
mode. (a) HERFD-XANES spectra of aforementioned Cu standards (Due to the high density of
the Cu foil, self-adsorption was inevitable.) (b) The first derivative of normalized HERFD-
XANES spectra of (a). The feature peaks of Cu’, Cu" and Cu?" locate at 8979 eV, 8980.5 eV and
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Figure 3.19: CuO nanowire precatalysts and the derived Cu catalysts under different
potentials collected in the HERFD-XAS mode, in (a) N> and (b) CO;-purged 0.1 M KHCO3
electrolyte. In general, the spectra collected in N> are similar to that in CO; except at 0.45 V vs.
RHE. The difference between N> and CO; could be ascribed to the pH value of CO;-saturated 0.1
M KHCO3 (~6.8) is lower than that in N»-saturated electrolyte (~8.3).
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Figure 3.20: The comparison between the first scan and the tenth scan of the CuO nanowire-
derived Cu catalysts under different potentials, collected in the HERFD-XAS mode, at (a)
0.25V, (b) 0.15 V and (¢) 0.05 V vs. RHE. At 0.25 V, there was no clear change, but the spectral
evolution was clear for 0.15 V and prominent at 0.05 V. These results suggest that the oxide
reduction was triggered at 0.15 V, and accelerated at more reductive potentials.
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Figure 3.21: Operando XAS measurements of CuO nanowire at 0.45V. Operando time-
resolved (a) XANES spectra and (b) FT-EXAFS spectra in R space of the CuO nanowire-derived
Cu catalysts under 0.45 V vs. RHE from 0 minutes to 45 minutes. All spectra were collected in the
COs-saturated 0.1 M KHCO; electrolyte. 0.45 V vs. RHE is the thermodynamic CuO
electroreduction potential. Compared with the applied potential of -0.1 V, -0.65V, and -1 V in Fig.
3.15g, CuO exhibited a considerable slow reduction kinetic under 0.45 V vs. RHE.
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Figure 3.22: Operando time-resolved XANES spectra of the CuO nanowire-derived Cu
catalysts after chronoamperometry at 0.45 V vs. RHE from 45 minutes. The black arrows
indicate the changes at pre-edge, white line intensity and post edge of the spectra. Although all
spectra were collected at open-circuit potential in CO»-saturated 0.1 M KHCOs electrolyte, the
OD-Cu catalysts still gradually oxidized to Cu2O with average of +0.9 oxidation state after 9
minutes.

There is currently some debate in the field regarding the active sites for oxide-derived Cu
catalysts for CO,RR, with some studies claiming that such catalysts are fully reduced to metallic
Cu during operation!#%27-2%8 "and others positing that Cu” species are stabilized in the catalyst and
serve as active sites for Ca+ product formation'’>!8!, The specific behavior may depend on the
precise state of the precatalysts in question. We propose that the reduction of CuO precatalysts is
easier than that of CuyO, with a lower apparent activation energy, and it reduces directly to metallic
Cu without formation of an intermediate or suboxide because the system can reach metastable
states instead of forming Cu,O?***!°. The boundary of the bicrystal CuO nanowire provides
additional oxygen diffusion pathways, which also boosts the reduction kinetics (Fig. 3.12). This is
consistent with our conclusion that the active sites in the CuO nanowire-derived Cu catalyst are
metallic Cu sites formed from the nanocracking process induced by the pristine oxide reduction
(Fig. 3.7 and 3.15). We also note that signatures of oxide reappear quickly after the potential is
released (Fig. 3.21 and 3.22), emphasizing the need for operando studies to identify the valence
state during operation.
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3.6 Structure-performance correlation in CO2RR

To establish the correlation between our observed catalysts structural dynamics and
CO2RR performance, we conduct electrolysis of the CuO nanowire precatalysts in CO»-satuated
0.1 M KHCOjs aqueous electrolyte in the same H-type cell design®® used for XAS measurements
(Fig. 3.23). Different precatalyst loadings (0.05 to 1 mg cm™) are evaluated under ambient
conditions. The stepwise chronoamperometry measurements reveal that the optimal potential for
C2+ chemical production is -1.0 V for low loading samples of 0.05 and 0.1 mg cm™ (Fig. 3.24).
The maximum Faradaic efficiency for the Co+ production (FEc2+) and C2+/Ci product ratios are
recorded as ~43% and 1.8 for a catalyst loading of 0.1 mg cm™ (Fig. 3.25a). However, both FEca+
and C»+/C; ratios decrease significantly for loadings above 0.2 mg cm™ (Fig. 3.25b and Fig. 3.26).
The decrease in Ca+ product selectivity at higher precatalyst loadings can be explained by the
mitigation of CuO reduction due to thicker and less conductive layers, as demonstrated in the post-
mortem TEM measurements (Fig. 3.27). The precatalyst loading effect implies that the
electroreduction of pristine oxide is indispensable for activating OD-Cu for C»+ selectivity by
creating electrocatalytic active sites!’>173180211 " To evaluate the initial process of catalyst
activation and its effects on CO2RR performance, the ECSA and roughness factor of the CuO
nanowire-derived Cu catalysts are measured over time for 0.1 mg cm™ loading at -1.0 V (Fig.
3.25c¢). Both the ECSA and roughness factor of the OD-Cu catalysts gradually increase to double
their starting values in 30 minutes of operation, concomitant with an improvement of CO,RR/HER
FE ratio. This indicates that, following the initial nanocrack network formation within 30 seconds
(Fig. 3.7¢), the OD-Cu continues to restructure on a longer timescale, which is consistent with the
frequently reported Cu restructuring during CO,RR717296:183 A5 3 control experiment, we test pure
Cu nanowire catalysts performance in the same H-type cell under 0.1 mg cm™ catalyst loading,
and find the FE for Cs+ products (9.4%) significantly lower than that of the OD-Cu (43%) (Fig.
3.28).

Figure 3.23: Configuration of the H-type cell used for CO2RR performance testing.
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Figure 3.24: Faradaic efficiency and total current density for all CO2RR products obtained
from CuO nanowire-derived Cu catalysts at -0.8 V, -1 V, and -1.2 V vs. RHE with different
precatalyst loadings of (a) 0.05 mg cm™, (b) 0.2 mg cm™, (¢) 0.3 mg cm™, and (d) 1.0 mg cm™ in
an H-type cell.

The 3D morphology of the CuO nanowire-derived Cu catalysts after H-type cell
measurements, obtained by cryo-ET, shows a nanowire with highly roughened surface (Fig. 3.25e).
Segmentation from the 3D structure in Fig. 3.25e displays the interior nanocrack network
morphology (Fig. 3.25f). The nanocracks appear to be larger than EC-TEM results in Fig. 3.7,
suggesting that propagation of nanocracks and nanocavities has occurred during Cu restructuring.
Nevertheless, both boundary and transverse nanocracks are still maintained and observed in the
final structure. Additional TEM and EDS confirm the existence of nanocracks (Fig. 3.29 and 3.30).
By contrast, pure Cu nanowires display less surface roughening after operation, and no nanocracks
(Fig. 3.31). This suggests that the initial nanocrack formation from reduction of CuO precatalysts
provides an important framework for further OD-Cu restructuring that yields more active sites for
CO2RR towards Co+ products.

We note that Cuz0O is frequently found from our ex situ TEM experiments (Fig. 3.30), but
is not detected in the operando EC-TEM (Fig. 3.7f and g) or XAS (Fig. 3.15) at catalytically
relevant potentials. This can be attributed to the inevitable re-oxidation of Cu catalysts as soon as
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they are out of operating condition. Indeed, we observe the formation of Cu® by operando XAS
after releasing the cathodic potential (Fig. 3.22), similar to our previous studies!'®>. This
underscores the importance of in situ/operando studies for accurate identification of the catalyst
active sites.
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Figure 3.25: Electrochemical CO:RR performance and structural characterizations of CuO
nanowire-derived Cu catalysts. (a) FEs for all CO2RR products and total current density obtained
from ensemble of CuO nanowire-derived Cu catalysts with precatalyst loading of 0.1 mg cm™ as
a function of the applied electrode potential in an H-type cell. (b) FEs for all CO2RR products
grouped as Cz+ products, C1 products and H» obtained from ensemble catalysts as a function of the
precatalyst loading at -1.0 V vs. RHE in an H-type cell. (¢) Ratio of CO2.RR and HER, ECSA, and
roughness factor of as a function of reaction of time with catalyst loading of 0.1 mg cm™ at -1.0 V
vs. RHE in an H-type cell. (d) FEs for all CO2RR products and total current density obtained from
ensemble catalysts as a function of the applied cell potential in an MEA electrolyzer. (e) Cryo-ET
reconstruction of an individual CuO nanowire-derived Cu nanoparticle obtained after CO2RR
performance testing in an H-type cell. Scale bar, 100 nm. (f) Segmentation of an enlarged area in
e showing the porous interior structure with both boundary (blue arrow) and transverse (red arrow)
nanocracks. Scale bar, 50 nm.
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Figure 3.26: Faradaic efficiency and total current density for all CO:2RR products obtained
from CuO nanowire-derived Cu catalysts at -1 V vs. RHE with different loading of 0.05 mg cm’
2,0.1 mg cm?, 0.2 mg cm?, 0.3 mg cm™, and 1.0 mg cm™ in an H-type cell.

Figure 3.27: Ex situ characterization of CuO nanowire-derived Cu catalysts with high
loading. (a) Post-mortem TEM measurements of CuO nanowire-derived Cu catalysts with a
loading of 1.0 mg cm™ tested in an H-type cell. Scale bar, 20 nm. (b) HRTEM image of selected
area in (a), showing atomic structure of CuO phase. Scale bar, 2 nm. (¢) Corresponding FFT patten
of (b). Scale bar, 10 nm™'. These results show inadequate reduction of CuO nanowires under a high
catalyst loading condition.
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Figure 3.28: Faradaic efficiency and total current density for all CO2RR products obtained
from the Cu nanowire catalysts at -0.8 V, -1 V, and -1.2 V vs. RHE with loading of 0.1 mg cm™
in an H-type cell. Cu nanowires were synthesized using an established method*'.
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Figure 3.29: EDS measurements of CuO the nanowire-derived Cu catalysts in H-type cell.
(a) Post-mortem HAADF-STEM image and EDS mapping of (b) Cu and (c¢) O of CuO the
nanowire-derived Cu catalysts with a loading of 0.1 mg cm™ tested in an H-type cell. Scale bar,
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50 nm. (d) Corresponding EDS spectra collected from (a). These results show the reduction of
CuO nanowire, generating nanocracks with formation of Cu nanograins.

Figure 3.30: Post-mortem HRTEM images of CuO nanowire-derived Cu catalysts with a
loading of 0.1 mg cm? tested in an H-type cell. Scale bar, 5 nm. The morphology of nanocracks
is similar to that in the EC-TEM results (Fig. 2f). The metallic Cu nanograins contain different
types of facets, including (100), (111), and high index facets (HIF). Additionally, Cu,O was also
detected, which resulted from the inevitable re-oxidation of the OD-Cu catalysts after CO2RR.
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Figure 3.31: EDS measurements of Cu nanowire catalysts. Post-mortem (a) HRTEM image,
scale bar 10 nm, (b) HAADF-STEM image and EDS mapping of Cu and O, scale bar, 50 nm, and
(c) corresponding spectra of Cu nanowire catalysts with a loading of 0.1 mg cm™ tested in an H-
type cell. The Cu nanowires display less surface roughening after CO2RR operation, with no
nanocracks.

To further evaluate the application potential of CuO nanowire-derived Cu catalysts for
industrial CO2RR, we measure their catalytic performance in a 5 cm? MEA electrolyzer, which is
the next generation electrolysis system (Fig. 3.32). The CuO nanowire-derived Cu exhibits ~70%
FEc2- selectivity at the optimal current density of ~300 mA cm™ at 4 V (total cell voltage) in the
MEA (Fig. 3.25d). Such C- selectivity improvement compared to H-type cells can be ascribed to
the working environment that facilitates thorough reduction and activation of CuO inside MEA?"3.
The superb performance of CuO nanowires in the MEA with low cost and easy preparation
highlights their potential towards CO>RR in industrial applications. Post-mortem TEM
measurements of OD-Cu (Fig. 3.33) suggest the nanocracking behavior is general across all
catalytically relevant conditions and reactors, including the EC-TEM liquid cell, H-type cell, and
MEA.

Figure 3.32: Configuration of the MEA electrolyzer used for CO2RR performance testing.
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Figure 3.33: EDS measurements of CuO the nanowire-derived Cu catalysts in MEA. Post-
mortem (a) HAADF-STEM image, EDS mapping of (b) Cu and (c¢) O, scale bar, 100 nm, and (d)
corresponding spectra of CuO nanowire-derived Cu catalysts with a loading of 0.3 mg cm™ tested
in an MEA electrolyzer. The nanocracks were still maintained, suggesting the nanocracking
behavior is general across all catalytically relevant potentials and reactors.

3.7 Conclusions

In summary, this study systematically uncovers the dynamic structural reconstruction of
CuO nanowire-derived Cu, from individual nanowires to ensemble catalysts, through advanced
multimodal operando techniques under CO2RR working conditions. The OD-Cu structures are rich
in nanocracks that dictate further dynamic restructuring, generating active sites for C,+ products.
The formation of nanocrack network during reduction of CuO bicrystal nanowire suggests a means
to control catalyst structure. For example, polycrystalline CuO rich in diverse types of grain
boundaries can be used as starting materials to generate an intricate architecture of predictable
enriched boundary and transverse nanocracks during CO;RR, boosting the performance by
increasing the catalytic active sites. Similar strategies could also apply to other catalytic systems,
such as sulfide/halide-derived Cu or others. This work demonstrates an innovative solution
towards spatiotemporally resolving the complex and dynamic nature of precatalysts in
electrochemical systems, and emphasizes the crucial relevance of applying complementary
operando methods such as electron microscopy and X-ray spectroscopy for understanding
structure-performance correlations.

64



Chapter 4

Influence of sub-zero temperature on nucleation and growth of Cu
nanoparticles in electrochemical reactions

Cu metal nanostructures have attracted wide interest of study as catalysts for CO reduction
reaction and other applications. Controlling the structure and morphology of the nanostructures
during synthesis is crucial for achieving the desired properties. Here, we study the temperature
effects on the electrochemical deposition of Cu nanoparticles. We found that the size, morphology,
nucleation density, and crystallinity of Cu nanoparticles are strongly influenced by the low
temperature process. The electrodeposition at low temperature (-20 °C) results in clusters of
assembled small Cu nanoparticles, which is distinctly different from the large individual highly
crystalline Cu nanoparticles (~16 nm) obtained from the room temperature process. The
differences in Cu nanoparticle morphology and crystallinity are attributed to the variations in
reduction reaction rate and surface diffusion. At the low temperature, the reduced reaction rate
promotes the formation of multiple nuclei, and low surface diffusion induces poor crystallinity.
This study deepens our understanding of low-temperature effects on electrochemical processes
assisting the design of diverse hierarchical catalytic materials.

This chapter is adopted from Qiubo Zhang, Jiawei Wan et al ’s work entitled “Influence of
sub-zero temperature on nucleation and growth of copper nanoparticles in electrochemical
reactions” from reference 65, with permission to reproduce it in this dissertation from the co-
authors.

65



4.1 Introduction

Cu-based materials have emerged as exciting catalysts for electrochemical CO2RR, which
converts CO; into renewable fuels and feedstocks!'7’-12214216 A variety of C,+ products can be
achieved during CO2RR, such as ethylene, ethanol and propanol?!”. The efficiency and selectivity
of these catalysts are dependent on the structure and morphology of the Cu catalysts, e.g., the
nanoparticle sizes*'®2!° configurations®?, crystallinity’?! and oxidation states??>. Therefore,
understanding and controlling of Cu nanomaterials formation during synthesis is essential in order
to optimize their catalytic performance.

Compared to many other methods, electrodeposition avoids the high-temperature synthetic
procedures, thus it has been considered as an ideal way for the preparation of hierarchically
structured catalysts?*»??*, In electrodeposition, there are many factors that may affect the
nucleation and growth of nanocrystals and result in diverse structure and morphology of the final
products?®. For example, the current density can affect the nucleation density, size and shape of
the deposited nanocrystals??®, while the pH value affects the structure and properties of the metal
deposits. Additives in the solution can inhibit the formation of lithium dendrites during battery
operation®®. Although there have been reports on temperature impacts on electrodeposition®?”-22%,
it is not well understood how low temperature affects the nucleation and growth of Cu
nanoparticles. This may arise from two main reasons. First, it is difficult for general electrolytes
to maintain a liquid state and good electrical conductivity at low temperatures. Second, it is
challenging to characterize the products since they may change after being removed from the low
temperature environment.

Here, we synthesize hierarchical Cu nanostructures with Cu nanoparticles attached to the
Cu nanowires at both sub-zero temperature (-20 °C) and room temperature (20 °C). The Cu
nanostructures are characterized using TEM with different techniques, including liquid cell
electron microscopy, cryo-EM, etc. We found that sub-zero temperature impacts the crystallinity
and morphology of the Cu nanoparticles. The different growth modes of Cu nanoparticles at the
low temperature, such as nucleation and assembly of multiple small Cu nanoparticles to form Cu
nanoclusters, are attributed to the reduced reaction rate. The low surface diffusion rate of adsorbed
atoms at the low temperature is considered as the main factor responsible for the poor crystallinity.

4.2 Experimental setup and characterization
4.2.1 Chemicals

Copper (II) chloride (CuClz, 99.999%), D-(+)-glucose (>99.5%), hexadecylamine (98%),
ethanol (>99.0%), hexane (95%) and commercial electrolyte (1 M lithium hexafluorophosphate
(LiPF¢) in ethylene carbonate (EC) and dimethyl carbonate (DEC) solution (volume ratio 1:1))
were all purchased from Sigma-Aldrich. All the chemicals were used without purification. An
ultrapure purification system (Milli-Q advantage A10) produced the deionized water (18.2 MQ cm)
used to make the solutions.

4.2.2 Preparation of Cu nanowires
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In a standard synthesis of the Cu nanowires, 17 mg of CuCl,, 50 mg of D-(+)-glucose and
180 mg of hexadecylamine were mixed with 10 ml of deionized water in a glass vial. The final
solution was sonicated for 30 min at room temperature. The vial was then transferred into an oil
bath and heated at 100 °C for 6 h under magnetic stirring. The synthesized Cu nanowires were
washed five times with hexane/ethanol (1:1 volume) and collected by centrifuge at 9500 rpm for
5 min.

4.2.3 TEM imaging

The TEM experiments were performed on a FEI ThemlIS aberration-corrected TEM at the
Molecular Foundry (MF), Lawrence Berkeley National Laboratory (LBNL). The microscope was
operated at 300 keV with a Super-X energy dispersive EDS detector, allowing for rapid chemical
identification. The cryo-EM imaging was performed by using a Gatan 915 cryo-transfer holder.

4.3 Electrodeposition performed at room and sub-zero temperature

We conducted the experiments with a well-designed device to realize electrochemical and
sub-zero temperature control. The schematic illustration of the experimental setup is shown in Fig.
4.1a. First, Cu nanowires were prepared in advance and loaded onto a carbon film-supported TEM
copper grid. Then, the copper grid was connected to the platinum anode, and the cathode was made
with copper. The two electrodes were connected to an electrochemical workstation and immersed
into a 5 mL commercial electrolyte of 1.0 M LiPF¢ in ethylene carbonate/diethyl carbonate
(EC/DEC=50/50 (v/v)). We choose EC/DEC mixed solution as the electrolyte because of its lower
freezing point compared to aqueous solution?”®, which helps to maintain a liquid state and good
electrical conductivity even at sub-zero temperature. After that, we sealed the electrolyte in a
ceramic container surrounded by an insulating device made of polystyrene to control the
temperature. Liquid nitrogen was used to cool down the insulation device to a desired sub-zero
temperature, at which can be maintained for a few minutes because of the low thermal conductivity
of polystyrene (0.033 W/(m-K)).

In the experiments, we use constant voltage operations at 2 V for 90 seconds for
experiments at room temperature (20 °C) and sub-zero temperature (-20 °C). The temperature was
measured in real time with an electric thermal detector. As shown in Fig. 4.1b, the current is stable
at 0.007 mA at 20 °C and 0.002 mA at -20 °C. Current density is lower at the low temperature
because ion migration slows down in the electrolyte.

To further find out the differences in electrolyte structure at different temperatures, we used
liquid cell TEM combined with cryo-EM techniques to image electrolytes at 20 °C and -20 °C.
TEM images and selected area electron diffraction (SAED) patterns of the electrolyte at 20°C and
-20 °C are shown in Fig. 4.1c and d. We loaded a droplet of electrolyte (1.0 M LiPFs in
EC/DEC=50/50 (v/v)) on one carbon film and it was sandwiched by another carbon film to form
thin liquid cell. At room temperature, no diffraction spot is found in the diffraction pattern which
suggests the electrolyte presents a homogeneous liquid structure. To achieve the low temperature
for liquid cell TEM imaging, we used the cryo-EM sample stage that can be cooled down and
stabilized at -20 °C. The TEM image shows phase separation of the electrolyte at -20 °C, which
consists of both liquid and solid phases. The corresponding diffraction spots match the {111} and
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{022} crystal facets of solid EC. At low temperatures, solid EC precipitates out of the liquid phase
electrolyte and the electric conductivity of the electrolyte decreases.
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Figure 4.1: Experimental setup and characterization of electrolyte at room temperature (20
°C) and sub-zero temperature (-20 °C). (a) A schematic diagram of experimental setup. (b)
Current vs. time plots of the electrodeposition processes at different temperatures. (¢) TEM and
electron diffraction images of the electrolyte in a carbon film liquid cell at 20 °C. (d) TEM and
electron diffraction images of the electrolyte in a carbon film liquid cell at -20 °C. Solid
precipitations are found in the electrolyte.

4.4 Structural characterization of as-prepared Cu nanowires

We characterized the as-prepared Cu nanowires to facilitate the comparison of samples
before the electrodeposition (Fig. 4.2). The synthesized Cu nanowires typically display a fivefold
twin with the <110> axial direction and {100} side facets*'>?*°, A low magnification TEM image
demonstrates its one-dimensional wire structure with an average diameter of about 30 nm (Fig.
4.2a and Fig. 4.3). The length of the Cu nanowires ranges from hundreds of nanometers to several
micrometers. Fig. 4.2b is the HRTEM image of the Cu nanowires. The atomic resolution image
(Fig. 4.2¢) is enlarged from the inset box in Fig. 4.2b. It shows the lattice spacing of Cu {111},
{002} and {200}, which is consistent with the <110> axial-growth direction of the Cu nanowires.
Also, FFT pattern of the yellow square area showing Cu single crystalline structure (Fig. 4.4).
HAADF-STEM image and EDS mapping (Fig. 4.2d) also confirms the successful synthesis of Cu
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nanowires. We focus on chemical mapping of the distribution of copper (Cu), carbon (C), and
oxygen (O), which shows nanowires of pure copper without noticeable oxidation.

Figure 4.2: Structural characterization of the as-prepared Cu nanowires. (a) Low
magnification TEM image of the Cu nanowires. (b) HRTEM image of one Cu nanowire. (¢) The
zoom-in image of the yellow box area in (b) showing the crystal orientation of the nanowire. The
zone axis is [110]. (d) STEM and EDS elemental mapping of Cu nanowire: HAADF image, Cu
map, C map and O map.

Figure 4.3: Low resolution TEM image of the Cu nanowires.
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Figure 4.4: Characterization of Cu nanowire. (a) HRTEM image of one nanowire. (b) FFT
pattern of as prepared Cu nanowire from the yellow square area showing single crystalline
structure.

4.5 Electrodeposition of Cu nanoparticle on Cu nanowire at room temperature

After electrodeposition, we obtained two kinds of hierarchical structures depending on the
temperature and named them Cu hierarchical nanoparticle/nanowire (NP/NW) structure and
nanocluster/nanowire (NC/NW) structure. Electrodeposition at room temperature (20 °C)
produces individual nanoparticles attached to the nanowire, forming NP/NW hierarchical structure,
as shown in Fig. 4.5a. Although the sizes of these nanoparticles are not uniform spanning from 10
nm to 22 nm, the average diameters are about 16 nm (Fig. 4.6). The HRTEM images show that
these nanoparticles have good crystallinity. According to their crystal structures, they can be
divided into five-fold twin crystals and single crystals (Fig. 4.5b & e). The HRTEM image and the
corresponding FFT pattern of the five-fold twin show that the twin boundaries belong to (111)
crystal facets (Fig. 4.5¢). An enlarged image of the interface between nanoparticles and nanowires
(Fig. 4.5d) shows that there is that there is no obvious dislocation or lattice distortion at the
interface. Strain located at the twin boundary of the five-fold twin can be found, which might be
due to the slight changes in lattice orientation.

The single-crystal particles are almost spherical. The corresponding FFT pattern shows that
there is only one set of diffraction spots, and the crystal structures of nanoparticle and nanowire
substrate perfectly match (Fig. 4.5f). The enlarged image (Fig. 4.5g) of the interface further
confirms that the nanoparticles and nanowires are integrated, with no detectable differences in the
lattice structures. The EDS spectrum verified that the particles only contain copper element and
the appearance of the C peak is caused by the carbon film support (Fig. 4.7). Fig. 4.5h shows the
distribution of the elements. Copper is evenly distributed in the material.
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Figure 4.5: Structure characterization of the hierarchical Cu nanoparticle/nanowire
nanostructure formed at room temperature. (a) Low magnification TEM image of the
hierarchical Cu nanoparticle/nanowire nanostructure. (b) The zoom-in image of the pink box in (a)
shows that the nanoparticle with a five-fold twin structure. (¢) The corresponding FFT pattern of
(b). (d) The zoom-in image of the white box area in (b) showing the interface between nanoparticle
and nanowire. The pink dotted line marks out the interface. (e) The zoom-in image of the green
box in (a) shows that the nanoparticle with a single crystal structure. (f) The corresponding FFT
pattern of (e). (g) The zoom-in image of the white box area in (e) showing the interface between
single crystal nanoparticle and nanowire. The green dotted line marks out the interface. (h) STEM
and EDS elemental mapping of hierarchical Cu nanoparticle/nanowire nanostructure: HAADF
image, Cu map, C map and O map.
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Figure 4.6: Low resolution TEM image of the hierarchical Cu nanoparticle-nanowire
nanostructure.
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Figure 4.7: EDS spectra of Cu nanostructures formed at room temperature with large
crystalline Cu nanoparticles attached to the Cu nanowires.

4.6 Electrodeposition of Cu nanoparticle on Cu nanowire at sub-zero temperature

In contrast, at -20 °C, the morphology of Cu deposits are completely different and Cu
clusters are found. Because copper is an active metal under electron beam irradiation®*!, to avoid
potential alteration by electron beam irradiation during imaging, cryogenic TEM imaging was
adopted. As shown in Fig. 4.8a, we find that the deposited Cu tends to form nanoclusters rather
than individual nanoparticles. These nanoclusters are the assembly of smaller nanoparticles and
they connect with the nanowire forming hierarchical Cu NC/NW nanostructure. Compared with
nanoparticles formed at room temperature, the nanoclusters are smaller in diameter (about 9 nm),
and the nucleation density of nanoclusters is greater with the assembled smaller Cu nanoparticles.
HRTEM image and the corresponding FFT pattern reveal the poor crystallinity of the nanoclusters
(Fig. 4.8b and Fig. 4.9). Within a cluster, both crystalline regions and disordered regions are found.
The crystalline part of the cluster is highlighted by performing the inverse Fourier transform of the
diffraction spots in the FFT. Subsequently, the image showing the crystalline regions was dyed
with orange color. As shown in Fig. 4.8¢, the aggregation of nanoparticles within a nanocluster
has no preferred orientation. FFT pattern of Cu nanoclusters obtained from Fig. 4.8b also shows
randomly oriented polycrystalline Cu clusters (Fig. 4.9). We can also find that the neck between
the nanoclusters and the nanowires is narrower. Combining with the observed disordered structure,
it implies that the interfacial bonding is weak. The EDS mapping in Fig. 4.8d shows that only Cu
exists in the sample. In summary, compared with the NP/NW structure formed at room temperature,
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the Cu NC/NW nanostructure formed at low temperature show smaller sizes, the clusters of
assembled small Cu nanoparticle, reduced crystallinity and weakened connection to the Cu
nanowire.

Figure 4.8: Structure characterization of the hierarchical Cu nanocluster/nanowire
nanostructure formed at -20 °C. (a) Low magnification TEM image of the hierarchical Cu
nanocluster/nanowire nanostructure. (b) HRTEM image of several gathered Cu nanoclusters
shows the crystallinity of the clusters is not perfect. (¢) The inverse FFT of the HRTEM image
highlight the crystal part. The yellow dotted line marks the edge of the cluster. (d) STEM and EDS
elemental mapping of the hierarchical Cu nanocluster-nanowire nanostructure: HAADF image, Cu
map, C map, and O map.
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Figure 4.9: Characterization of hierarchical Cu nanocluster-nanowire nanostructure. (a)
TEM image of the hierarchical Cu nanocluster-nanowire nanostructure. (b) FFT pattern of Cu
nanoclusters obtained from the yellow square area at low temperature (-20 °C). It shows random
oriented polycrystalline Cu clusters.

4.7 Growth mechanism of Cu nanoparticle at different temperatures

Regarding the size of Cu nanoparticles, previous studies have shown that both temperature
and current density impact the size of the deposited particles in electrochemical processes by
changing the overpotential®?®**2, Classical nucleation equations can be used to understand the
dependence of Cu particle sizes on the overpotential. Assuming isotropic surface energy, the
critical radius (7cr) of nucleation can be described as it follows?26232;

Terit = 2YVin /F (1| (1)

Where F is Faraday’s constant, Y is the surface energy of the Cu-electrolyte interface, 1,
is the molar volume of Cu, and 1 is the electrochemical overpotential. This equation is also
applicable to express the critical nuclei size in heterogeneous nucleation’>?33, Obviously, the
nuclei size is inversely proportional to the electrochemical overpotential. It has been demonstrated
in previous studies that the nucleation overpotential increases at lower temperatures®*® , resulting
in smaller metal nuclei. Furthermore, as predicted by the Butler—Volmer electrode kinetics
relationship between the current density and electrode potential, the current density decreases as
the nucleation overpotential decreases**?. Thus, under low current density conditions at the low
temperature, the nuclei sizes are expected to be larger. However, in our experiment, the nucleation
size is smaller corresponding to a low current density at -20 °C. (Fig. 4.10 and 4.11). Therefore,
we conclude that the effect of temperature on the nucleation overpotential is larger than the
influence of the current density.

74



30 3000
[ INuclei size r
[ ] Nucleation density
422504~
’g 20 | \EE
£ 2
8 | 2
v | 1%
<9 =
[&) o
2 3
Z 10} T 3
Il 1750 S
=z
7
1l
0 0
20 -20

Temperature ('C)

Figure 4.10: Nuclei size and nucleation density of Cu nanoparticles at 20 °C and -20 °C.
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Figure 4.11: Histograms of Cu nanoparticles sizes at (a) 20 °C and (b) -20 °C.

To understand the differences in particle aggregation, interfacial bonding and crystallinity,
we analyzed the entire process. The metal electrodeposition process usually includes three steps.
For the first step, previous studies have proved that low temperature can reduce the ion diffusion
coefficient. Similarly, nucleation overpotential increases with the decreasing temperature, the
electroreduction reaction at the solid-liquid interface is more difficult to take place. Regarding to
the third step, according to the surface diffusion theory, the diffusion coefficient D is given by:

~“Eqiff
D= (ve KpT >a2/z ()
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Where v is the attempt frequency, T is the absolute temperature, Kp is Boltzmann constant,
Eqifr 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, Cu electrodeposition is limited by the diffusion of ions in the solution.
As shown in Fig. 4.12a, the Cu ions in the solution diffuse to the electrolyte/electrode interface
under the electric bias, then reduced to adsorbed Cu atoms. The newly-born adsorbed metal atoms
diffuse along the nanowire surface and aggregate with other newly-born atoms to form
nanocrystals. Because the surface diffusion of Cu atoms is relatively fast at room temperature, they
can find the lowest surface energy sites, resulting in the epitaxial formation of independent single
crystal nanoparticles on the nanowires.

At low temperatures (Fig. 4.12b), although the rate of all three steps will decrease, the
decrease of the reaction rate is more serious than the diffusion rate. Therefore, the whole process
becomes limited by the reaction rate. The Cu ions diffuse to the liquid/solid interface and are
reduced to adsorbed atoms. The first formed adsorbed atoms cannot diffuse rapidly result in small
contact area between nanoclusters and nanowires. The following ions cannot be reduced in time
due to the restriction of the reaction, so they will gather near the surface of the nanoclusters and
nucleate again to form a new cluster after the concentration reach to a critical value. Due to the
surface diffusion limitation of the adsorbed atoms, the newborn surface atoms can’t reach the
lowest energy positions and are randomly fixed at the reaction sites, resulting in poor crystallinity.
This qualitatively explain the observed Cu nanoclusters formation at the sub-zero temperature.

=== Rapid == == Slow ions diffuse in the solution mp Rapid == ==» Slow reduction reaction at solid liquid interface
sl Rapid == ==» Slow diffusion of atoms on the surface of crystal
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Figure 4.12: Schematic illustrations of two Kkinds of electrochemical growth mechanisms of
copper metal. (a) The growth of individual large crystalline Cu nanocrystals is limited by the
diffusion of ions in the solution at room temperature. (b) The growth of Cu nanoclusters with
smaller and weaker interfaces is limited by the reduction reaction at the electrolyte/metal interface
at -20 °C.

4.8 Conclusions

In conclusion, we have demonstrated the temperature-dependent structure diversity of
copper nanoparticles from electrodeposition. The electrodeposition at sub-zero temperature leads
to the growth of Cu clusters with smaller Cu nanoparticles. The particle size, morphology,
crystallinity and connection to the substrate (Cu nanowire) are distinctly different from those
obtained at the room temperature. The reduced reaction rate results in multi-nuclei and weak
bonding at the interfaces. The decreased surface diffusion rate at the low temperatures may also
induce poor crystallinity of Cu clusters. This study deepens our understanding of nucleation in
nanostructures and sheds light on the governing factors in the electrodeposition of metal
nanoparticles and nanoscale dynamic processes.
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Chapter 5

Visualization of nanomotor’s directional movement by in situ liquid
cell TEM

Nanomotors are miniaturized devices capable of converting energy into movement with
many applications (i.e., drug delivery, chemical sensing, environmental remediation, etc.).
Chemical reaction is widely used to create the motion of synthetic nanomotors via bubble
propulsion, self-electrophoresis, and self-diffusiophoresis. The reaction can be spontaneous or
triggered by external stimulus (i.e., light, electrical field, etc.). In this work, we report cadmium
chloride tetrahydrate (CdCl2:4H>0O) nanomotors with remarkable directional movement under
electron beam irradiation via self-diffusiophoresis using in situ liquid cell TEM. Unlike prior work
where asymmetric coverage of active materials were applied to the structural design, surface
crystal facets asymmetry was introduced into single CdClz-4H>O material with the differences in
chemical reactivity. When exposed to the electron beam, the nanomotors show directional
movement in an aqueous solution. As the nanomotor morphology changes, the speed of movement
also changes. We explore the origin of the directional motion of nanoparticles by carefully
examining the dynamic movement, the asymmetric configuration with different crystal facets, and
the chemical reactions. Finite element simulation of the electric field and fluid velocity distribution
around the nanomotor assists our understanding of ionic self-diffusiophoresis as a driving force
for the nanomotor movement. CdCl>-4H>O decompose under electron beam irradiation and release
CI' ions. The nanomotor generates its own local ion concentration gradient due to different
chemical reactivities on different facets. An electric field pointing toward the particle is
spontaneously formed. This local and self-generated electric field then moves the charged particle
in a way as self-diffusiophoresis, which opens future opportunities in exploring the applications of
chemically powered nanomachines.

This chapter is adopted from Jiawei Wan ef al ’s work entitled “Facets Asymmetry Induced
Directional Movement of Cadmium Chloride Nanomotor” from reference 59, with permission to
reproduce it in this dissertation from the co-authors. In this work, the FEM simulation was
performed by Dr. Jiayun Liang and Prof. Zakaria Y. Al Balushi.
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5.1 Introduction

Nanomotors have attracted great attention because of their diverse applications ranging
from drug delivery to chemical sensing, environmental remediation, and self-assembly?342%°,
Since the introduction of nanomotors using catalytic bimetallic nanorods**°, numerous nanomotors
have been developed with various designs and driving mechanisms?*'*. Among different
strategies, chemical reactions are widely used to create the motion of nanomotors via bubble
propulsion®*2%7 self-diffusiophoresis?*”"*** 2% or self-electrophoresis?>****!. The chemical
reaction can be a spontaneous process>*%?4’_ or it can be triggered by an external stimulus, such as
light or electrical field>>?>-2°°. For example, effort has been made on using light to control the speed
and direction of a nanomotor’s movement by changing the light intensity, polarization or
wavelength®>%2%7, In addition, rates of the chemical reactions may vary on different crystal
facets®>®. Since high-index facets consist of a high density of low-coordinated atoms and dangling
bonds, they offer more active sites for chemical reactions®*?%°, Recently, the enhanced
performance of nanomotors has been achieved by ensuring high crystallinity and distinct activity
of the exposed crystal facets®$!. However, it is hard to correlate the morphology changes of a
nanomotor with the variations in moving direction and speed due to the lack of direct observation
with high spatial resolution. Further understanding and controlling of the propulsion mechanisms
of nanomotors utilizing different crystal facets are needed. Furthermore, despite the advances in
controlling the motion of nanomotors, many nanomotors display Brownian motion with ineffective
movements. Dependable and precise control of the directional motion of nanomotors is still a
challenge?*!.

Here, we present directional movement of CdCl>-4H20 nanomotors with distinct facets
powered by electron beam illumination induced chemical reactions. Using in situ liquid cell TEM,
we can track their movement and morphological evolution with remarkable precision. In recent
years, in situ liquid cell TEM has become a powerful tool for studying liquid phase reactions and
the dynamic phenomena at solid-liquid interfaces?*-®*2_ It has also been demonstrated that the
electron beam can be used as the source to trigger pseudo-photochemical reactions?*>2%, in which
the inelastic scattering of the electron beam initiates photocatalytic reactions similar to those
induced by UV light?°6-2%  In this study, the electron beam is the energy source for powering the
nanomotor as well as for imaging with high spatial resolution. While it may not be practical to use
an electron beam for most real-world applications, the chemical reactions for motion of
nanomotors with asymmetric geometry in this work can be initiated by alternative triggers.

The CdCl2-4H>O nanoparticles, which have an orthorhombic structure with water in
between the layers, are formed in an aqueous solution inside a liquid cell. When exposed to the
electron beam, the CdCl>-4H>0O nanomotors show directional movement in an aqueous solution.
We explore the origin of the directional motion of nanoparticles by carefully examining the
dynamic movement, the asymmetric configuration with different crystal facets, and the chemical
reactions. Finite element simulation of the electric field and fluid velocity distribution around the
nanomotor assists our understanding of ionic self-diffusiophoresis as a driving force for the
nanomotor movement.

5.2 Experimental setup and characterization
5.2.1 In situ liquid cell TEM
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TEM experiments were performed on a FEI ThemlIS aberration-corrected TEM at the
National Center for Electron Microscopy (NCEM) of the Molecular Foundry (MF), Lawrence
Berkeley National Laboratory (LBNL). The microscope was operated at 300 keV with a Super-X
EDS detector, allowing for rapid chemical identification.

5.2.2 Finite element simulation setting

To further substantiate our theory regarding the movement of nanomotor arising from ionic
self-diffusiophoresis, which stems from the reactivity differences between the different crystal
facets, we employed the FEM based on COMSOL Multiphysics platform (version 6.1) to simulate
the distribution of electric potential (V) and the fluid field () surrounding the moving CdCl,-4H>O
nanocrystal within the aqueous solution. To guarantee the accuracy of the simulation result, an
extremely fine 2D axisymmetric mesh, which contained 31477 triangle elements and 63438
degrees of freedoms, was built to avoid any possible impacts introduced by the asymmetric mesh.

In our experiment, most of the charge, especially at the surface of CdCl> nanomotor, come
from the radiolysis related redox reaction of CdCl2-4H>O:

2CdCl, - 4H,0 & 2Cd + 4H* + 4Cl™ + 2H,0,

Given the fact that H* (Du+ =9.31 x 10 m? s ') has a higher diffusivity constant than that
of CI™(Dci- = 2.03 x 107° m? s7!), the surface of nanomotor is negatively charged because of the
surface adsorption of Cl™ ion. The surface charge density pg hereby depends on the ion flux, J,
generated on CdCl; surface. To quantify the ion flux, based on the model developed by Zhou et
al**’, we have:

] = kncacy,

where k is the rate constant of the radiolysis related redox reaction of CdCl>-4H>0, and
Ncac, 18 the surface concentration of CdCl,. Assuming that all the surface species participate in

the reaction, n¢q¢,can be calculated with the following equation:
hAp

Mcaci,

Ncact, =

where h and A are thickness and surface area of CdCl,, respectively. p and M¢q¢, are

Ps,h
p

sl

density and molar mass of CdCl,. Therefore, the surface charge density ratio (—) between high

index and low index facet is:

Psh _ knAn  Ap
=1,—

Ps,1 B kA, Ay

where subscript “h” and “I” represent high index facet and low index facet, respectively.
Here the thickness (dimension parallel to the electron beam direction) of different facets is
approximated to be the same and the surface area is estimated based on the length of crystal facet
in TEM images.

Additionally, the distribution of fluid field surrounding the moving CdCl;-4H>O
nanocrystal follows the governing equations:
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V-v=0
Vp = nV%u

Here, p denotes the pressure and 7 represents the dynamic viscosity of water, respectively.
At the CdCly-water interface, the electroosmotic flow (v,,) is given by:

(e

[Peg| = - F'
eo T’

where ¢ corresponds to the zeta potential of either the high index or low index crystal facet,
and E' represents the tangential component of the electric field. Considering the axial symmetry
of the simulation model in both r-axis and phi-axis, the velocity of the nanomotor is determined as

the average of the z-direction velocity component of electroosmotic flow surrounding the
nanomotor.

5.3 Directional motion of a CdCl2-4H20 nanomotor
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Figure 5.1: Directional motion of CdCl:'4H20 nanomotor in an aqueous solution under
electron beam illumination. (a) Schematic representation of liquid cell and typical motion of a
CdCl,-4H>0 nanomotor. (b) Sequential TEM images from a movie showing directional motion of
the CdCl2-4H>0 nanomotor under electron beam illumination. (¢) Representative trajectory of the
CdCl,-4H>0 nanomotor in a period of 18.0s. (d) Sequential TEM images showing the CdCl,-4H>O
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nanomotor with no movement without electron beam illumination. (e) The evolution of speed with
time for the corresponding nanomotor shown in (b).

The schematic in Fig. 5.1a shows the preparation of a carbon film liquid cell and in situ
liquid cell TEM imaging of the nanomotor’s dynamic movement. The carbon film liquid cell is
made with two carbon film-coated TEM grids encapsulating a liquid thin film. A droplet (1 pL) of
the CdCl, dilute aqueous solution (0.1 mol L) is dropped onto one carbon film grid and then
covered by the second carbon film grid. Subsequent evaporation of some of the water results in
sealing of the two films by van der Waals forces to form pockets of solution trapped inside. The
thickness of liquid film in the pocket ranges from tens to hundreds of nanometers, measured using
EELS’"*%*, During in situ TEM observation, CdCl>-4H>O nanoparticles of different shape nucleate
and grow in the liquid cell resulting from evaporation of the aqueous solution. (more detailed
crystal structure identification will be discussed in a later section). EDS elemental mapping is
performed showing uniform distribution of Cd, Cl, and O in the nanoparticle (Fig. 5.2). The
CdCl2'4H20 nanocrystal in Fig. 5.1 is about 200 nm in diameter and 500 nm long with an
asymmetric shape; one end is flat and the other end is a pointed-tip. Under electron beam
irradiation (180 e"A2s™), the nanocrystals move in a straight line towards the direction of the flat
end. As illustrated in Fig. 5.1b, the CdCl>-4H20 nanoparticle presents continuous self-propelled
movement. We track the trajectories of the nanomotor movement and find the motion to be very
linear as shown in Fig. 5.1¢. The contour and particle size evolutions (Fig. 5.1c and Fig. 5.3) reveal
minor changes in its morphology. The nanomotor moves at a relatively constant speed in the
solution of about 40 nm s! (Fig. 5.1e).
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Figure 5.2: EDS mapping and spectrum of a CdClz nanoparticle. (a) HAADF image, Cd map,
Cl map, and O map. (b) EDS spectrum shows the presence of Cd, Cl, and O in the nanoparticle.
The Cu peak comes from the Cu grid and the Si peak comes from the tip of the TEM holder.
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Figure 5.3: Evolution of projected area of nanomotor in Figure 5.1.

When the electron beam is shut off, the nanoparticle becomes stationary in the aqueous
solution. Fig. 5.1d shows two captured photos inside the liquid cell, the first one is acquired just
before the beam is shut off and the other is acquired after the beam has been off for 60 seconds.
The nanomotor isn’t propelled forward during the time when there’s no electron beam irradiation.
When the beam is turned on again, the nanomotor resumes the state of motion. Therefore, we can
conclude that the electron beam serves as the external source propelling the nanomotor (Fig. 5.1a).
Similar to the light-powered nanomotors, the electron beam can be used as a strategy for powering
nanomotors where a CdCl2-4H>0O nanomotor can be manipulated through the “on/off” switching
of the electron beam illumination. Controllable launch and stop of synthetic nanomotors are of
special importance for practical applications.

5.4 Deformation of a CdCl2-4H20 nanomotor

We investigate the nanomotor’s dynamics under a higher electron dose rate (450 e’/A2s™)
on the CdCl,-4H>O nanomotors. The CdCl>-4H,0O nanomotor under higher electron dose rate
shows obvious surface deformation and concurrent speed changes during the course of movement
as shown in Fig. 5.4; this behavior is different from the nanomotor in Fig. 5.1 under lower electron
dose rate exhibiting uniform velocity without distinguishable shape change. Video snapshots of
the motion are shown in Fig. 5.4a, where the yellow arrows represent the moving direction of the
nanomotor. The trajectory and outline of the nanomotor from the aligned movie (Fig. 5.4b)
provides a distinct view of the motion. Similarly, the nanomotor shows excellent performance of
directional motion pointing to the flat end. It also shows an obvious shape change of the
nanoparticle that is not present in Fig. 5.1a. Comparing the shape of the nanomotor at 0 second
with that at 30 seconds, it is found that the tip is elongated and the corner of flat end becomes
sharper.
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Figure 5.4: A CdCl2:'4H20 nanomotor shows deformation during movement. (a) Sequential
TEM images showing the deformation of a CdCl,'4H>O nanomotor during its directional
movement. (b) Representative trajectory of the CdCl2-4H20 nanomotor in a period of 30.0s. (¢)-
(e) Evolution of the crystal facets, speed of movement, and projected area of the nanomotor shown
in (b).
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The characteristics of motion, including the evolution of facets, speed, and particle size of
the nanomotor are analyzed. Fig. 5.4c shows the evolution of the facets’ lengths on one side of the
nanocrystal. We find that the tip facet (marked with yellow color in Fig. 5.4a) is elongated while
the side facet (marked with blue color in Fig. 5.4a) is shortened during the motion of the
nanomotor. As for the size and speed of the nanomotor, it shows three phases: first, from 0 to 11
seconds, the size and speed increase. Then, from 12 to 21 seconds, the size and speed suddenly
decrease. Finally, from 22 to 30 seconds, the size and speed increase to a steady state (Fig. 5.4d
and e). Overall, we can see that the speed has a relationship with the size of crystal facets. When
the tip facet becomes longer, the speed of the nanomotor increases.

It is an interesting observation that during the second phase shown in Fig. 5.4a, the
abnormal size and speed evolution of the nanomotor is instigated by other nanoparticles in the
liquid (dotted box marked with green color). When moving close to these obstacles, the nanomotor
and obstacles show repulsive interaction between each other likely due to the surface changes. The
nanomotor can change its shape by shrinking on the surface in order to avoid the obstacles. The
unique function of spontaneously avoiding obstacles in the fluids without changing the direction
of the movement is fascinating. This observation demonstrates that nanomotors can deal with
obstacles in complex tasks, which is of significant importance in the field of micro- and
nanomotors.

5.5 Structural characterization of a CdCl2-4H20 nanomotor

HRTEM images are acquired to elucidate the atomic structure of the nanoparticles. Fig.
5.5a shows the TEM image of a CdCl>-4H>O nanocrystal inside the liquid cell and the enlarged
yellow box shows the HRTEM image from a small area of the nanoparticles. A FFT pattern of the
TEM image shows a set of spots corresponding to the orthorhombic crystal structure of cadmium
chloride tetrahydrate (CdCl,-4H>0) {002} (~0.75 nm) and {240} lattice planes (~0.24 nm) (Fig.
5.5b) and the crystal structure information of a standardized unit cell is shown in Table 5.1. Higher
order spots are also shown in the FFT pattern which also match the structure of CdCl,-4H,0*%,
The crystal structure of CdCl2-4H20 is shown in Fig.5.5¢. It is reasonable for the material to be
hydrated with water molecules between CdCl, layers that precipitate from aqueous solution
without drying.

Table 5.1: Crystal structure information of CdCl>-4H>O.

Space Crystal . R .
group system a(A) b(A) c(A) a®C)  PCECO) v (O
P212:12; Orthorhombic 7.281 12.889  15.010 90 90 90
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Figure 5.5: TEM characterization of the CdCl2-4H20 nanocrystals showing different crystal
facets. (a) TEM image of CdCl2-4H20 nanocrystal. (b) FFT pattern corresponding to HRTEM
image in (a) showing orthorhombic crystal structure (P 212121). (¢) Crystal structure model of
CdCL>-4H20. (d) TEM image of side portion of CdCl,-4H>O nanocrystal. (e) FFT pattern
corresponding to HRTEM image in (d). (f) Crystal structure showing (002) facets of CdCl>-4HO.
(g) TEM image of tip portion of CdCl>-4H>O nanocrystal. (h) FFT pattern corresponding to
HRTEM image in (g). (i) Crystal structure showing (136) facets of CdCl»-4H>O.

Since the material is sensitive to the high energy electron beam and its structure is easily
damaged, we are unable to acquire a HRTEM image of the CdCl>-4H20 nanomotor during
movement with the high dose-rate. However, we find a similar shape nanoparticle with a pointed-
tip and a flat side, and acquire its HRTEM image with a short time of exposure. TEM images show
both the side part and pointed-tip part of one CdCl>-4H>O nanoparticle in Fig. 5.5d and g.
Additional HRTEM images from other areas on the nanoparticle are shown in Fig. 5.6 with single
crystal structure. From the FFT pattern (Fig. 5.5e and h) of each image, we can get the information
about the facets: {002} facets on the side and {136} facets at the tip of the nanoparticle are exposed
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to the solution. Fig. 5.5f and i show the crystal models for {002} and {136} facet. Higher index
facets {136} at the tip have higher density of low-coordinated atoms and dangling bonds. After
long time electron beam exposure, the nanoparticle is partially damaged. The TEM images show
the left nanocrystal maintains CdCl>-4H>O structure (Fig. 5.7).

Figure 5.6: TEM characterization of a CdCl2'4H20 nanocrystal. (a) TEM image of a
CdCl>-4H>0 nanocrystal. (b)-(¢) HRTEM image and corresponding FFT pattern of area 1 in (a).
(d)-(e) HRTEM image and corresponding FFT pattern of area 2 in (a).

Figure 5.7: TEM characterization of the CClz-4HzO nanocrystals after high energy electron
beam exposure. (a) TEM image of damaged CdCl>-4H,0O nanocrystal. (b) HRTEM image of
enlarged area from (a). (¢) FFT pattern corresponding to HRTEM image in (b).

5.6 Mechanism study on nanomotor directional movement
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Based on the observations that the nanomotor moves exclusively when electron beam is
on, we conclude that the electron beam serves as the external energy source propelling the
nanomotor. It’s well known that the electron beam can influence a sample in different ways (e.g.,
heating, charging, photochemical reactions, etc.)?’>?’!. According to the previous studies, the
electron beam can act as a reducing agent that reduces CdCl, to metallic Cd in a liquid cell?’%.
Also, the mass loss of the nanomotor is detected from particle size decrease (Fig. 5.3), indicating
the existence of such decomposition reactions. We hypothesize that electron beam can induce a
radiolysis-related redox reaction of CdCl;'4H>O similar to the photodecomposition of AgCl

nanomotors>%°:

2CdCly'4H0 «» 2Cd + 4H" + 4CI" + 2H,0;

Given the fact that the produced H" (Dn+ = 9.31x10°m?s™!) diffuses much faster than CI-
(Dci- = 2.03x10°m?s™!) in the forward reaction, a ClI" rich inside/H rich outside ionic gradient
could form?*”-***273 Then, CI" ions™ can be adsorbed on the surface of CdCl, nanocrystals due to
the strong Cd**-CI" affinity in the first Helmholtz layer, and the surface will be further screened by
outer layer ions.

The motion of self-propelled nanomotors is usually driven by asymmetric surface chemical
reactions. Here, we propose that the motion of the CdCl>-4H>O nanomotor is caused by the
differences in chemical reactivity on the different crystal facets of a single nanocrystal under the
mechanism of ionic self-diffusiophoresis, as shown in Fig. 5.8a. According to the HRTEM results
showing in Fig. 5.5, the tip facets are high index facets compared with other parts of the
nanocrystal. The chemical reactions prefer taking place on these facets; it has been well established
that high index crystal facets are more reactive chemically than low index crystal facets. Therefore,
the tip is more reactive in the liquid cell under electron beam irradiation, which generates a higher
concentration of CI” near the tip compared with the flat end. The asymmetric ionic concentration
gradients around the nanomotor, resulting from different crystal facet reactivity, induce local
electric field pointing toward the tip, which produces movement originating from ionic self-
diffusiophoresis.

During the movement, chemical reaction induced mass loss leads to slight shrinking of
particle size (Fig. 5.3). However, non-uniform surface charges and surface tension can contribute
to an interparticle atomic reconstruction process resulting in shape changes as well, which is
observed from the reshaping of AgCl nanocrystals in liquid phase TEM?%. Under high electron
beam intensity (Fig. 5.4), the electrostatic force surpasses surface tension, leading to
reconstruction (e.g., sharpened corner, elongated tail) and an increased projected area of the
CdCl>'4H,0O nanomotor. The particle becomes thinner during the reconstruction process.
Compared with the results of the nanomotor in Fig. 5.1 under a low electron dose rate, the high
electron dose rate induces a highly elongated shape, which has a higher reactive surface area. In
ionic self-diffusiophoresis process, the velocity of particles is in proportional to the gradient of the
ion concentration. Larger high index crystal facets lead to more reaction products, which generates
a larger gradient. Therefore, when the tip of the nanomotor is elongated during the high dose-rate
motion, the speed also increases.
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CdCl,-4H,0
Nanomotor

Figure 5.8: Mechanisms and finite element simulation of CdCl2-4H20 nanomotor system. (a)
Schematic of ionic self-diffusiophoresis mechanism for the directional movement of CdCl>-4H>O
nanomotor. (b-¢) The distribution of electric potential (color code) and the fluid field (black arrows)
surrounding CdCl>-4H>O nanocrystal during the deformation process of the nanomotor in (b)
shape 1, and shape 2. (d-e) Corresponding average speed of the moving nanomotor in: (d) shape
1 and (e) shape 2 with various combinations of 7, and A(.

We employed the FEM to simulate the distribution of electric potential (V') and fluid field
(¥) surrounding a CdCl»+4H,0 nanocrystal within an aqueous solution (Fig. 5.8a) to understand
the nanomotor movement arising from ionic self-diffusiophoresis caused by asymmetric crystal
facets. Here, the electric potential distribution was simulated with the following equations:

E=-VV
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V'(SE) = Py

where E is electric field, € is medium electrical permittivity, and p,, is space charge density. At the
CdClL-water interface, the boundary condition for electric potential distribution was defined as:

- (elff - EZE;) = Ps

For a crystal facet, surface charge density (p) is proportional to the product of its area (4) and

reaction constant (k). And ratio of the surface charge densities of high index to low index one (?)
sl

can be determined using the following equation®*” (more details in Supporting Information):
Psh _ knAp — ﬂ
psy k4 ‘A

where subscript “h” and “I” represent high and low index facets, respectively. And 7, is the ratio
of reaction constant of high index to low index one. At CdCl>-water interface, the electroosmotic

flow (V) is given by:
'€

[Veo| = —E'

where { corresponds the zeta potential of either the high index or low index crystal facet, and E’
represents the tangential component of the electric field.

Electric field intensity and zeta potential at the CdCl,-water interface are two important
factors that dominate the direction and speed of the electroosmotic flow. The high index facet-
water interface possesses a higher surface charge density with a greater concentration of Cl” ions,
accompanied by a more positive zeta potential value. Fig. 5.8b and ¢ show the distribution of
electric potential (color code) and the resulted fluid field (black arrows) surrounding CdCl,-4H>O
nanocrystal with two different shapes. The shape 1 and 2 are the shape of CdCl>-4H20 nanocrystal
at 12 s and 30 s in Fig. 5.4¢c, respectively. In the case of the negative surface charges, the electric
potential gradient from the flat end to the tip induces an electroosmotic fluid flow in the same
direction, independent of the shape of nanomotor. In the simulation model, the nanomotor is set as
the reference frame, while in aforementioned experimental results, liquid is set as the reference
frame. Building upon this premise, our simulation results well align with the experimental
evidence in Fig. 5.4 with ionic self-diffusiophoresis mechanism.

Additionally, electric field intensity is contingent upon the surface charge density, and
therefore the reaction constant of the corresponding crystal facet. However, due to the lack of
research on reaction constants for different crystal facets in CdClz-4H>0, quantifying 7, and the
zeta potential differences A{, which is defined as the difference between {;, and {;, between facets
proves challenging. Instead, a series of parameter-sweeping simulations are performed by
sweeping 7, (ranging from 2 to 6) and A{ (ranging from 10 to 50mV), aiming to qualitatively
analyze the impact of 7. and A{ on the speed of the electroosmotic flow. The resulting speed of the
moving nanomotor in two different shapes with various combinations of 7, and A{ is presented in
Fig. 5.8d and e, respectively. The results suggest that a larger difference in reaction constant (i.e.,
greater 7;) and/or zeta potential between the low index and the high index facets (i.e., higher A{)
will lead to the faster movement of nanomotor. Furthermore, the shape of the nanomotor,
specifically the ratio of exposed high index to the low index facets, modulates the speed of moving
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nanomotor as well. With fixed r, and A{, compared to shape 1 (Fig. 5.8d and Table 5.2), the
nanomotor with shape 2 (Fig. 5.8e and Table 5.3) moves faster. This difference arises from the
elongated high index facets, which results in the release of more ions, thereby enhancing the
electric field intensity around the surface of nanomotor. This simulation elucidates three tuning
knobs (reaction constant ratio, zeta potential difference, and the shape of the nanomotors) for
controlling the directional movement of nanomotors, and therefore enables the design of
nanomotors with diverse structures and compositions to cater to a wide range of applications.

Table 5.2: Average velocity of CdCl>-4H>O nanomotor with shape 1 under various combinations
of 1, and A{.

Average velocity of Zeta potential difference A (mV)
nanomotor (Lm/s) | 1o 20 30 40 50
2 0.003 0.062 0.121 0.180 0.239
3 0.006 0.124 0.242 0.360 0.478
. |4 0.009 0.186 0.363 0.540 0.718
5 0.011 0.248 0.484 0.721 0.957
6 0.014 0.310 0.605 0.901 1.196

Table 5.3: Average velocity of CdCl2-4H>O nanomotor with shape 2 under various combinations
of 7, and A{.

Average velocity of Zeta potential difference A (mV)
nanomotor (um/s) | 20 30 40 50
2 0.035 0.105 0.176 0.246 0.317
3 0.069 0.211 0.352 0.493 0.634
. |4 0.104 0.316 0.527 0.739 0.951
5 0.139 0.421 0.703 0.985 1.268
6 0.174 0.526 0.879 1.232 1.584

5.7 Conclusions

In conclusion, we have demonstrated CdCl2'4H20 nanomotors with outstanding
directional movement in an aqueous solution driven by electron beam illumination using in situ
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liquid phase TEM. The CdCl,-4H>O nanocrystals with different crystal facets can generate an
asymmetric chemical concentration gradient due to differences in facet reactivity. The ionic self-
diffusiophoresis drives the nanomotor movement. Using finite element simulation, we have been
able to further understand this mechanism for fine-control of the directional movement of
nanomotors through three tunning knobs (reaction constant, zeta potential, and the shape of the
nanomotors). Our study represents advances in designing, characterizing, and controlling
nanomotors with directional movement. It opens future opportunities in exploring the future
applications of chemically powered nanomachines.
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Chapter 6

Conclusions and outlooks

This chapter captures the principal findings of this dissertation and suggests potential avenues for
advancing the research frontier of the body of work presented. The in situ/operando liquid cell
TEM provides an advanced platform for real-time visualization of dynamic physical and chemical
processes, which has created great opportunities for studying the mechanisms behind a wide range
of dynamic processes of functional materials, such as electrocatalyst, and rechargeable batteries.
To further probe the dynamic processes among different cutting-edge fields, challenges remain to
be solved, and further improvements are always necessary.
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6.1 Conclusions

This dissertation focuses on understanding the structural transformation mechanisms of
electrocatalysts and other functional materials in aqueous solutions via in situ/operando TEM
techniques. In Chapter 2, I introduce the two-electrode and three-electrode polymer membrane-
based electrochemical liquid cells, which enable the breakthroughs in study of dynamic
phenomena of electrocatalysts during electrocatalytic reactions at the atomic level and with the
capability of elemental composition analysis.

In Chapter 3, I combined in-situ EC-TEM with operando XAS to unveil the formation
pathways of OD-Cu active sites from CuO bicrystal nanowire precatalysts. These findings suggest
a means to optimize active OD-Cu nanostructures through nanocracking by tailoring grain
boundaries in CuO precatalysts. Our advanced operando approach opens new opportunities for
mechanistic insights onto the improved control of catalyst structure and performance. This work
also demonstrates an innovative solution towards spatiotemporally resolving the complex and
dynamic nature of precatalysts in electrochemical systems, and emphasizes the crucial relevance
of applying complementary operando methods such as electron microscopy and X-ray
spectroscopy for understanding structure-performance correlations.

In Chapter 4, I have demonstrated the temperature-dependent structure diversity of Cu
nanoparticles from electrodeposition. The particle size, morphology, crystallinity of Cu
nanoparticles obtained from sub-zero temperature are distinctly different from those obtained at
the room temperature. This study deepens our understanding of nucleation of nanostructures and
sheds light on the governing factors in electrodeposition of metal nanoparticles and nanoscale
dynamic processes.

In Chapter 5, I have described the study of CdCl2-4H>O nanomotors with outstanding
directional movement in an aqueous solution driven by electron beam illumination using in situ
liquid cell TEM. The CdCl2-4H>O nanocrystals with different crystal facets can generate an
asymmetric chemical concentration gradient due to differences in facet reactivity. The ionic self-
diffusiophoresis drives the nanomotor movement. Our study represents advances in designing,
characterizing, and controlling nanomotors with directional movement. It opens future
opportunities in exploring the future applications of chemically powered nanomachines.

6.2 Outlooks

The future of in situ/operando liquid cell TEM holds exciting potential for advancing our
understanding of dynamic processes in physics, chemistry, biology, and materials science. As
researchers continue to push the boundaries of spatial and temporal resolution, innovations in the
liquid cell design will enable more precise real-time imaging of nanoscale phenomena. The
integration of multimodal functionalities, such as simultaneous electrical biasing, heating, and
liquid flow control, will allow for more sophisticated experimental setups, providing deeper
insights into complex systems. Additionally, advancements in data acquisition and machine
learning algorithms will enhance the ability to process large datasets, facilitating more accurate
analysis of temporal changes in materials at the atomic level. As these technologies evolve, in
situloperando liquid cell TEM will become an even more powerful tool for probing dynamic
processes, accelerating breakthroughs in energy storage, catalysis, and other cutting-edge fields.
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6.2.1 Improvement of spatial and temporal resolution

First, there is still room for optimizing the balance among spatial resolution, liquid
controllability, and experimental repeatability. Although 2D membrane-based liquid cells can
achieve atomic resolution imaging, the randomly formed thin liquid pockets limit control over the
amount and properties of the liquid. In contrast, SiNx membrane-based liquid cells provide well-
defined liquid layer thickness with flow capabilities, but the thicker liquid layer hinders high-
resolution imaging. Additionally, their complex preparation process can impede broader
application. Addressing these challenges may require an optimized liquid cell design and improved
membrane composition.

Secondly, technical advancements, such as the development of sensitive and fast detectors
and the integration of pump-probe techniques, have elevated in sitzu TEM to enable time-resolved
studies across a broad range of timescales while preserving atomic-scale spatial resolution.
Achieving this requires a sophisticated combination of laser and electron gun technologies, energy
filters, apertures, detectors, and advanced data acquisition and processing schemes. More
systematic experimental and theoretical investigations into the effects of these technologies on
beam properties are essential to harness their full potential.

6.2.2 Integration of multimodal characterizations

The integration of multimodal characterization capabilities into in situ/operando liquid
cell TEM has revolutionized the study of dynamic processes allowing for simultaneous control
and monitoring of various stimuli. By combining capabilities such as electrical biasing, heating,
chemical flow, within the liquid cell, researchers can now replicate real-world conditions more
accurately while observing structural and chemical transformations in real-time at the nanoscale.
Electrical biasing facilitates the study of electrochemical reactions, making it invaluable for
investigating processes like battery cycling or electrocatalysis, while heating allows for the
observation of thermally driven phenomena such as phase transitions and crystallization. Flow
control introduces reactants in a continuous manner, making it possible to study reactions in
operando conditions. This convergence of multiple stimuli within a single experiment offers
unprecedented insights into complex material behaviors and has opened new avenues for
applications ranging from energy storage to nanomedicine. With continued advancements,
multimodal in situ/operando liquid cell TEM will play a key role in decoding the intricate interplay
between structure and function in dynamic systems.

Advancements in liquid cell fabrication also open up vast opportunities for integrating
advanced electron microscopy techniques, such as EDS, EELS, 4D-TEM, electron tomography,
and cryo-EM. Combining (S)TEM imaging with these complementary techniques would offer
more comprehensive data for solving scientific problems.

6.2.3 Innovation from in situ to operando liquid cell TEM

The transition from in situ to operando liquid cell TEM marks a significant innovation in
the ability to study dynamic processes in real-time under realistic conditions. While in situ TEM
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allows for the visualization of processes in controlled environments, operando liquid cell TEM
takes this a step further by enabling simultaneous imaging and functional measurements of
materials property and reaction products during reactions. This advancement is particularly
transformative for multiple fields of research, such as electrocatalysis, and batteries, where
unveiling the materials behavior under working conditions and correlating the structure and
function are essential for uncovering true mechanisms. By enabling the monitoring of chemical,
structural, as well as functional evolution of materials in the liquid cell under electrical biasing,
thermal heating, or other stimuli, operando TEM enables direct correlation between structural
changes and material performance. This capability leap will provide more accurate insights into
the dynamics of reaction mechanisms and degradation pathways, accelerating the development of
more efficient catalysts, energy storage devices, and advanced materials. The shift from in situ to
operando studies thus represents a critical step toward bridging the gap between laboratory
observations and real-world applications, unlocking new frontiers in material science and
nanotechnology.
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