
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Phase controlled synthesis and characterization
of noble metal nanomaterials

Fan, Zhanxi

2015

Fan, Z. (2015). Phase controlled synthesis and characterization of noble metal
nanomaterials. Doctoral thesis, Nanyang Technological University, Singapore.

https://hdl.handle.net/10356/65655

https://doi.org/10.32657/10356/65655

Downloaded on 20 Mar 2024 17:43:20 SGT



 

 

 

 

 

 

 

PHASE CONTROLLED SYNTHESIS AND 

CHARACTERIZATION OF NOBLE METAL 

NANOMATERIALS 

 

 

 

FAN ZHANXI 

SCHOOL OF MATERIALS SCIENCE AND ENGINEERING 

2015 

 

P
H

A
S

E
 C

O
N

T
R

O
L

L
E

D
 S

Y
N

T
H

E
S

IS
 A

N
D

 

C
H

A
R

A
C

T
E

R
IZ

A
T

IO
N

 O
F

 N
O

B
L

E
 M

E
T

A
L

 N
A

N
O

M
A

T
E

R
IA

L
S

 F
A

N
 Z

H
A

N
X

I 
2
0
1
5
 



 

 

 

PHASE CONTROLLED SYNTHESIS AND 

CHARACTERIZATION OF NOBLE METAL 

NANOMATERIALS 

 

 

FAN ZHANXI 

 

 

SCHOOL OF MATERIALS SCIENCE AND ENGINEERING 

 

A thesis submitted to the Nanyang Technological University in 

partial fulfillment of the requirement for the degree of  

Doctor of Philosophy 

 

 

2015



Acknowledgement 

 

I 

 

ACKNOWLEDGEMENT 

 

First and foremost, I would like to express my heartfelt appreciation and thanks 

to my supervisor, Prof. Zhang Hua, for his brilliant guidance, insightful advices, 

great encouragement and continuous support during the past four years of my PhD 

study. 

I also want to deeply thank Dr. Huang Xiao, Dr. Bosman Michel, Prof. Yang 

Peidong, Assoc. Prof. Han Yu, Asst. Prof. Li Shuzhou, Assoc. Prof. Gan Chee Lip, 

Dr. Liu Qing, Dr. Zhu Yihan, Dr. Shi Wenxiong, Dr. Wu Lin, Dr. Yu Yi, Dr. Zeng 

Zhiyuan, Dr. Qi Xiaoying, Dr. Hong Xun, Dr. Li Bing, Mr. Huang Ding and Mr. 

Wang Qingxiao for their self-giving help and meaningful suggestions on my 

research. 

I would like to thank all my group members and friends: Dr. Yin Zongyou, Dr. 

Lu Gang, Dr. Li Hai, Dr. Wu Xuejun, Dr. He Qiyuan, Dr. Du Yaping, Dr. Liu 

Juqing, Dr. Luo Zhimin, Dr. Cao Xiehong, Dr. Zheng Bing, Ms. Wu Jumiati, Mr. 

Tan Chaoliang, Mr. Chen Junze, Mr. Liu Zhengdong, Mr. Li Yang, Mr. Zhang 

Xiao, Mr. Chen Bo, Mr. Yang Jian, Ms. Huang Ying, Mr. Ma Qinglang, Mr. Lai 

Zhuangchai. 

Last but not the least, I am especially grateful to my devoted wife, Ms. Wang 

Lingling, for her selfless love, continuous support and encouragement. 

This thesis is dedicated to my parents, Mr. Fan Baozhu and Ms. Cui Zhi, for 

giving me life and raising me up. 

 



Table of Contents 

 

II 

 

TABLE OF CONTENTS 

 

ACKNOWLEDGEMENT ...................................................................................... I 

TABLE OF CONTENTS ...................................................................................... II 

ABSTRACT ......................................................................................................... VII 

LIST OF FIGURES ............................................................................................... X 

LIST OF ABBREVIATIONS ......................................................................... XXV 

CHAPTER 1 INTRODUCTION ........................................................................... 1 

1.1 BACKGROUND .................................................................................................. 1 

1.2 LITERATURE REVIEW ....................................................................................... 3 

1.2.1 Introduction to Noble Metal Nanomaterials ............................................ 3 

1.2.2 Phase Controlled Synthesis of Noble Metal Nanomaterials .................... 9 

1.2.3 The Influence of Crystal Phase on Noble Metal Nanomaterials............ 17 

1.2.5 Short Summary ...................................................................................... 23 

CHAPTER 2 AIMS AND MOTIVATION ......................................................... 24 

2.1 OBJECTIVES AND SCOPE ................................................................................. 24 

2.2 HYPOTHESIS ................................................................................................... 25 

CHAPTER 3 EXPERIMENTAL DETAILS ...................................................... 27 

3.1 CHEMICALS AND MATERIALS......................................................................... 27 

3.2 LIGAND EXCHANGE MEDIATED SYNTHESIS OF FACE-CENTERED CUBIC AU 

SQUARE SHEETS .................................................................................................. 28 

3.2.1 Synthesis of Graphene Oxide ................................................................ 28 



Table of Contents 

 

III 

 

3.2.2 Synthesis of Hexagonal Close-Packed Au Square Sheets on GO Sheets

 ........................................................................................................................ 28 

3.2.3 Ligand Exchange on Hexagonal Close-Packed Au Square Sheets ........ 29 

3.2.4 Fabrication of Cross-Section Samples of Face-Centered Cubic Au 

Square Sheets .................................................................................................. 29 

3.2.5 Localized Surface Plasmon Resonance Study of Individual Face-

Centered Cubic Au Square Sheets .................................................................. 30 

3.3 METAL COATING ASSISTED SYNTHESIS OF NOVEL BIMETALLIC NANOSHEETS

 ............................................................................................................................ 31 

3.3.1 Synthesis of Face-Centered Cubic Au@Ag Square Sheets ................... 31 

3.3.2 Synthesis of Hexagonal Close-Packed/Face-Centered Cubic Au@Ag 

Square Sheets .................................................................................................. 31 

3.3.3 Synthesis of Face-Centered Cubic Au@Pt Nanosheets ......................... 32 

3.3.4 Synthesis of Face-Centered Cubic Au@Pd Nanosheets ........................ 32 

3.3.5 Fabrication of Cross-Section Samples of Face-Centered Cubic Au@Ag 

Square Sheets .................................................................................................. 33 

3.3.6 Fabrication of Cross-Section Samples of Hexagonal Close-Packed/Face-

Centered Cubic Au@Ag Square Sheets ......................................................... 33 

3.3.7 Fabrication of Cross-Section Samples of Face-Centered Cubic Au@Pt 

Rhombic Nanosheets ...................................................................................... 34 

3.3.8 Localized Surface Plasmon Resonance Study of Individual Face-

Centered Cubic Au@Ag Square Sheets ......................................................... 34 

3.4 COLLOIDAL SYNTHESIS OF 4H HEXAGONAL AU NANORIBBONS .................... 35 

3.4.1 Synthesis of 4H Au Nanoribbons .......................................................... 35 

3.4.2 Ligand Exchange on 4H Au Nanoribbons ............................................. 35 



Table of Contents 

 

IV 

 

3.4.3 Synthesis of Polytypic 4H/Face-Centered Cubic Au@Ag Nanoribbons

 ........................................................................................................................ 36 

3.4.4 Synthesis of Polytypic 4H/Face-Centered Cubic Au@Pd Nanoribbons36 

3.4.5 Synthesis of Polytypic 4H/Face-Centered Cubic Au@Pt Nanoribbons 37 

3.4.6 Localized Surface Plasmon Resonance Study of Individual 4H Au 

Nanoribbons .................................................................................................... 37 

3.4.7 Density Functional Theory Computational Details ............................... 38 

3.4.8 Finite-Element-Method Simulation ....................................................... 38 

3.5 CHARACTERIZATIONS .................................................................................... 39 

3.5.1 Transmission Electron Microscopy ....................................................... 39 

3.5.2 Aberration-Corrected Transmission Electron Microscopy .................... 40 

3.5.3 X-Ray Diffraction .................................................................................. 40 

3.5.4 Atomic Force Microscopy ..................................................................... 41 

3.5.5 X-ray Photoelectron Spectroscopy ........................................................ 41 

CHAPTER 4 RESULTS AND DISCUSSIONS ................................................. 42 

4.1 LIGAND EXCHANGE MEDIATED SYNTHESIS OF FACE-CENTERED CUBIC AU 

SQUARE SHEETS .................................................................................................. 42 

4.1.1 Introduction ............................................................................................ 42 

4.1.2 Synthesis and Characterization of Face-Centered Cubic Au Square 

Sheets .............................................................................................................. 44 

4.1.3 Effect of Ligand Concentration ............................................................. 51 

4.1.4 Effect of Various Kinds of Thiol Molecules.......................................... 53 

4.1.5 Monochromated Electron Energy Loss Spectroscopy Measurement of 

Individual Face-Centered Cubic Au Square Sheets ........................................ 55 

4.1.6 Short Summary ...................................................................................... 57 



Table of Contents 

 

V 

 

4.2 METAL COATING ASSISTED SYNTHESIS OF NOVEL BIMETALLIC NANOSHEETS

 ............................................................................................................................ 58 

4.2.1 Introduction ............................................................................................ 58 

4.2.2 Synthesis and Characterization of Face-Centered Cubic Au@Ag Square 

Sheets .............................................................................................................. 60 

4.2.3 Synthesis and Characterization of Polytypic Hexagonal Close-

Packed/Face-Centered Cubic Au@Ag Square Sheets .................................... 67 

4.2.4 Role of Surfactant in the Synthesis of Au@Ag Square Sheets ............. 73 

4.2.5 Synthesis and Characterization of Face-Centered Cubic Au@Pt 

Nanosheets ...................................................................................................... 76 

4.2.6 Synthesis and Characterization of Face-Centered Cubic Au@Pd 

Nanosheets ...................................................................................................... 87 

4.1.7 Monochromated Electron Energy Loss Spectroscopy Measurement of 

Individual Face-Centered Cubic Au@Ag Square Sheets ............................... 91 

4.2.8 Short Summary ...................................................................................... 92 

4.3 COLLOIDAL SYNTHESIS OF 4H HEXAGONAL AU NANORIBBONS .................... 94 

4.3.1 Introduction ............................................................................................ 94 

4.3.2 Synthesis and Characterization of 4H Au Nanoribbons ........................ 96 

4.3.3 Ligand Exchange Induced Phase Transformation of 4H Au Nanoribbons

 ...................................................................................................................... 106 

4.3.4 Monochromated Electron Energy Loss Spectroscopy Measurement of 

Individual 4H Au Nanoribbons ..................................................................... 109 

4.3.5 Synthesis of Polytypic 4H/Face-Centered Cubic Bimetallic Nanoribbons

 ...................................................................................................................... 112 

4.3.6 Short Summary .................................................................................... 118 



Table of Contents 

 

VI 

 

CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS .................... 119 

5.1 CONCLUSIONS .............................................................................................. 119 

5.2 RECOMMENDATIONS FOR FUTURE WORK .................................................... 121 

REFERENCES .................................................................................................... 124 

LIST OF PUBLICATIONS ............................................................................... 141 

 

 



Abstract 

 

VII 

 

ABSTRACT 

 

Noble metal nanomaterials have received extensive research interest owing to 

their unique physical and chemical properties, and various important applications 

like energy conversion and storage, surface enhanced Raman scattering (SERS), 

electronics, bioimaging and biosensing, information storage, photo- and electro-

catalysis. Recently, it was found that the physical and chemical properties of noble 

metal nanomaterials can be greatly influenced by their crystal structures. Therefore, 

it is of paramount importance to develop new method/strategy for the efficient and 

facile synthesis of new noble metal nanomaterials with controlled crystal phase. To 

realize this objective, the following researches have been conducted. 

    Firstly, a ligand exchange method has been established for the shape and phase 

controlled synthesis of novel Au nanomaterials. By simply mixing the freshly 

prepared octadecanethiol (ODT) solutions with hexagonal close-packed (hcp) Au 

square sheet (AuSS), a unique hcp-to-face-centered cubic (fcc) phase transition is 

observed under ambient conditions, leading the formation of (100)f-oriented fcc 

AuSSs. It is worthy to point out that the phase change of inorganic nanomaterials 

is usually realized at extreme conditions, such as high pressure and high 

temperature. Importantly, during the process of ligand exchange mediated 

synthesis, the crystallinity degree of the as-prepared fcc AuSSs can be well 

modulated by changing the concentration of ODT molecules. Besides ODT, many 

other kinds of thiol molecules can also result in the formation of fcc AuSSs from 

the hcp AuSSs. Remarkably, monochromated electron energy loss spectroscopy 

(EELS) of individual fcc AuSSs reveals a strong localized surface plasmon 

resonance (LSPR) absorption in the infrared range.  
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Secondly, the metal coating approach has been used for the synthesis of ultrathin 

noble bimetallic nanosheets (thickness < 5 nm) with controlled shape, structure 

and composition. Via the solution deposition of Ag onto hcp AuSSs in the absence 

of oleylamine, (100)f oriented fcc Au@Ag square sheet has been prepared. In 

contrast, polytypic hcp/fcc Au@Ag square sheet with an orientation of 

(110)h/(101)f is synthesized via the epitaxial growth Ag on hcp AuSSs in the 

presence of oleylamine. Besides, the synthesis of ultrathin fcc Au@Pt rhombic 

nanosheets has been realized via the epitaxial seeded growth of Pt on the hcp 

AuSSs at ambient conditions. Importantly, the as-prepared fcc Au@Pt rhombic 

nanosheets show an unusual orientation of (101)f. Significantly, by changing Pt to 

Pd, (101)f oriented fcc Au@Pd rhombic nanosheets can also be obtained from the 

hcp AuSSs. Interestingly, a tiny amount of (100)f oriented fcc Au@Pd and Au@Pt 

square nanosheets are found to be coexisting with the as-prepared Au@Pd and 

Au@Pt rhombic nanosheets, respectively. Moreover, monochromated EELS of 

individual fcc Au@Ag square sheets reveals a strong LSPR absorption in the 

infrared range.  

Thirdly, the high-yield colloidal synthesis of Au nanoribbons (NRBs) with the 

4H hexagonal crystal structure, a novel polytype of Au, has been demonstrated. 

Note that Au usually crystallizes in the common fcc phase. The as-prepared Au 

NRBs have a thickness of 2.0–6.0 nm, width of 15.0–61.0 nm and length of 0.5–

6.0 μm. Interestingly, the Au NRB undergoes a phase change from the initial 4H to 

fcc structures after ligand exchange under ambient conditions. Monochromated 

EELS of individual 4H Au NRBs reveals a strong LSPR absorption in a wide 

range of infrared region. Importantly, the epitaxial growth of other noble metals, 

e.g. Ag, Pt and Pd, on 4H Au NRBs can induce the structure transformation of Au 
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NRBs from 4H to polytypic 4H/fcc structures, resulting in the production of noble 

bimetallic 4H/fcc Au@Ag, Au@Pd and Au@Pt core-shell nanostructures, 

respectively. The unprecedented synthesis of 4H Au NRBs and their derivative 

nanostructures will provide new opportunities for the phase-controlled synthesis of 

new advanced nanomaterials which may have a wide range of promising 

applications.       
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CHAPTER 1 INTRODUCTION 

 

1.1 Background 

Noble metal nanomaterials have attracted great attention due to their unique 

physical and chemical properties, and various important applications in surface 

enhanced Raman scattering (SERS), electrocatalysis, clean energy, infrared (IR) 

photothermal therapy, bioimaging and biosensing, etc
1-8

. It has been widely 

recognized that the size, shape, composition, architecture and crystal structure of 

noble metal nanomaterials can greatly affect their functional properties
2,9,10

. To 

date, noble metal nanomaterials with a well-defined size, shape, composition and 

architecture have been achieved
2,11,12

. However, the crystal structure modulation of 

noble metal nanomaterials is still a big challenge.  

In addition, almost all of the previously reported noble metal nanomaterials, 

especially those made of Au, Ag, Pd or Pt, crystallize in the common face-centered 

cubic (fcc) phase. The controlled synthesis of noble metal nanomaterials with new 

crystal structures remains great underdevelopment. As the functional properties of 

noble metal nanomaterials are closely related to their crystal structures
13,14

, it is 

also of high importance to synthesize new crystal structures that may bring about 

improved/novel properties.  

Many synthetic methods have been established to realize the phase control of 

noble metal nanomaterials so far. Examples include the thermal annealing method
9
, 

compression method
15

, direct current (DC) magnetron sputtering method
16

, porous 

anodized aluminum oxide (AAO) templated electrochemical deposition method
17

, 

polyol method
18

 and graphene oxide (GO) templated synthesis
19

. Among the 
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aforementioned methods, the thermal annealing and AAO templated 

electrochemical deposition methods have been mostly developed to achieve the 

phase controlled synthesis of noble metal nanomaterials. For instance, face-

centered tetragonal (fct) FePt nanoparticles (NPs) could be obtained by annealing 

the preformed fcc FePt NPs at a temperature of 600 °C for 30 min
9
. By using 

porous anodized aluminum oxide (AAO) as a template, 4H Ag nanowires with a 

diameter of about 30 nm could be obtained with electrochemical deposition
17

. 

However, the thermal annealing method requires high temperature, and the AAO 

templated electrochemical deposition method involves multiple steps.  

All in all, owing to the limitations of the existing synthetic methods, it is urgent 

and important to develop facile and low-cost wet chemical methods for the phase 

controlled synthesis of noble metal nanomaterials under mild conditions in order to 

further explore their valuable properties and applications, especially for the 

ultrathin noble metal nanomaterials.  

Besides, for the optical property investigation of individual noble metal 

nanomaterials, the conventional optical spectroscopy cannot be used because of 

their low spatial resolution. Recently, monochromated electron energy loss 

spectroscopy (EELS) with both high spatial and high spectrum resolutions has 

been developed
20-22

, which makes it possible to study the localized surface 

plasmon resonance (LSPR) absorption of individual noble metal nanomaterials. 
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1.2 Literature Review 

1.2.1 Introduction to Noble Metal Nanomaterials 

     

Figure 1-1. Transmission electron microscopy (TEM) images of the Au nanorods 

with an aspect ratio of (a) 2 ± 1 (average size, 37 × 19 nm), (b) 4.2 ± 1 (average 

size, 50 × 12 nm) and (c) 6 ± 2 (average size, 50 × 8 nm)
25

. (d) The corresponding 

normalized extinction spectra, from left to right, of the Au nanorods shown in (a-c), 

respectively
25

. Copyright 2009, Nature Publishing Group. 

Nanomaterials, with at least one dimension between 1 nm and 100 nm, have 

received tremendous research interest during the past two decades
2,23

. These 

nanoscale materials demonstrate quite different physical and chemical properties 

compared to their bulk counterparts, which is mainly caused by the well-known 

size-dependent effects
24

. On the one hand, the surface area-to-volume ratio 

becomes very large when the size of a material is down to the nanometer scale, i.e. 

the scalable effect. On the other hand, by decreasing of the size of a material to the 
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nanometer range, the shell in systems with delocalized electrons is completed, 

resulting in a discontinuous behavior of quantum effect.  

    Among different kinds of nanomaterials, noble metal nanomaterials, including 

gold (Au), silver (Ag), palladium (Pd), platinum (Pt), rhodium (Rh), iridium (Ir), 

osmium (Os) and ruthenium (Ru), have been widely investigated and used for a 

range of important applications, such as surface enhanced Raman scattering 

(SERS), infrared (IR) photothermal therapy, biosensing,  bioimaging and 

catalysis
2,5,8,26

. The chemical and physical properties of noble metal nanomaterials 

are mostly controlled by their sizes, shapes, compositions, architectures and crystal 

structures
2,24

. For instance, the light absorption of Au nanorods can be largely 

tuned from the visible region to the near-infrared (NIR) region by simply adjusting 

their aspect ratio of length to width (Figure 1-1)
25

.  

The light absorption of noble metal nanomaterials is derived from the coherent 

oscillation of surface conduction electrons excited by the electromagnetic radiation, 

which is well known as the localized surface plasmon resonance (LSPR)
27

. Metals, 

especially noble metals, that own a small positive imaginary and negative real 

dielectric constant can support a surface plasmon resonance (SPR), in which the 

plasmons propagate in both x and y directions along the metal-dielectric interface, 

and decay quickly in the z direction (Figure 1-2a)
27

. When the size of noble metals 

is reduced to the nanoscale that is smaller than the incident light wavelength, the 

plasmon will locally oscillate around the noble metal NPs with a frequency known 

as the LSPR (Figure 1-2b)
27

. Theoretical and experimental studies have revealed 

that the LSPR of noble metal nanomaterials can be greatly affected by their size, 

shape, composition, inter-NP coupling, crystal structure as well as the local 

dielectric environment
28

. 
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Figure 1-2. Schematic illustration for the (a) surface plasmon polariton and (b) 

localized surface plasmon resonance
27

. Copyright 2007, Annual Reviews. 

The unique optical properties of noble metal nanomaterials have enabled a wide 

range of important applications
8,29-31

. For instance, Au and Ag NP arrays, in which 

the strong plasmonic coupling between adjacent NPs can result in the formation of 

Raman “hot spot”, have been used as efficient SERS substrates for the detection of 

small molecules
4
. Noble metal nanoplates with sharp edges and corners that show 

particularly strong electromagnetic field could also be applied as the SERS 

substrates
32-34

. Due to the extremely strong LSPR absorption of noble metal 

nanomaterials (e.g. Au nanocages, Au and Pd nanosheets) in the IR region, they 

can effectively increase the temperature of the local environments under IR light 

illumination
6,35-37

. Therefore, these kinds of noble metal nanomaterials have been 



Introduction 

 

6 

 

involved in the photothermal therapy to kill cancer cells. Besides, as the LSPR 

absorption of noble metal nanomaterials is extremely sensitive to the dielectric 

constant variation of local environments
38

, the noble metal nanomaterials, 

especially those possess a strong plasmonic absorption in the long wavelength 

region (such as the NIR region), could be used in the biosensing
3,39,40

. Take Au 

nanoplates as a typical example, it has been reported that the LSPR absorption of 

Au nanoplates demonstrated an obvious red shift upon binding of the human anti-

lgG to their surfaces
39

. 

In addition to the aforementioned unique optical properties and the related 

applications, the noble metal nanomaterials are also catalytically active and thus 

have been used in many kinds of catalytic applications
41-47

. Previous investigations 

suggest that the catalytic activity of noble metal nanomaterials can be significantly 

affected by their sizes
48,49

. By decreasing the size of noble metals, the proportion 

of low-coordination atomic sites will increase and thus give rise to an improved 

catalytic performance
2,50

. For instance, although bulk Au is not catalytically active, 

the Au NPs with a size of 3-4 nm demonstrate a quite high catalytic activity for the 

low-temperature CO oxidation
48,51,52

. A recent study showed that the Faradaic 

efficiency for electrocatalytic reduction of CO2 at -0.89 V can be dramatically 

improved from 5.8% to 91.2% by simply reducing the size of Pd NPs from 10.3 

nm to 3.7 nm
49

.  

Besides the size effect, the shape-dependent catalysis of noble metal 

nanomaterials has also been well documented
53-55

. The catalytic activity of noble 

metal nanomaterials can be improved by tuning their shapes
2,50,54

. For example, it 

was reported that the catalytic activity of Pt@Pd cubes was almost five times of 

that of the Pt@Pd octahedra for formic acid oxidation in 0.1 M H2SO4
12

. In 
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particularly, through the synthesis of nanopolyhedra that are enclosed with high-

index facets, which are rich of surface atomic steps and low-coordination atomic 

sites, the catalytic activity of noble metal nanomaterials can be greatly increased
56-

58
. For instance, Sun et al. first reported the successful synthesis of Pt 

tetrahexahedra with a square wave potential on the glass carbon substrate (Figure 

1-3)
53

. Importantly, as the obtained Pt tetrahexahedra are bound by the high-index 

facets of {730}, they exhibited a significantly improved catalytic activity of up to 

400% in the electrocatalytic oxidation of small molecules (e.g. ethanol and formic 

acid) compared to either Pt nanospheres or commercial Pt/C
53

. Besides, the 

catalytic selectivity can also be improved by adjusting the shapes of noble metal 

nanomaterials
55

. Recently, it was found that the cis-to-trans isomerization of olefin 

was favored on the Pt nanotetrahedra, while the trans-to-cis isomerization of olefin 

was promoted on the Pt nanocubes
55

. Importantly, the Pt nanospheres have been 

demonstrated no catalytic selectivity in the isomerization of olefin compared to the 

aforementioned Pt nanotetrahedra and nanocubes
55

. 
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Figure 1-3. (a) The typical TEM image of a Pt tetrahexahedron. Inset: a (001)-

oriented model of the Pt tetrahexahedron
53

. (b) The corresponding selected area 

electron diffraction (SAED) pattern of the Pt tetrahexahedron shown in (a), which 

is collected from the zone axis of [001]
53

. (c) High-resolution TEM (HRTEM) 

image of the marked region in (a)
53

. (d) Atomic structure model of a Pt(730) plane, 

which is rich of stepped atoms and consisted of (310) and (210) subfacets
53

. (e) 

HRTEM image taken from another Pt tetrahexahedron to demonstrate the atomic 

surface steps in the areas consisted of (310) and (210) subfacets
53

. Copyright 2007, 

American Association for the Advancement of Science. 
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1.2.2 Phase Controlled Synthesis of Noble Metal Nanomaterials 

 

Figure 1-4. (a) XRD patterns of (I) the as-prepared 4 nm FePt NPs, and (II-V) a 

series of FePt NPs annealed under N2 gas for 30 min at a temperature of 450 °C, 

500 °C, 550 °C and 600 °C, respectively
9
. Copyright 2000, American Association 

for the Advancement of Science. (b,c) The crystal unit cells of fcc and fct FePt NPs, 

respectively
13

. Copyright 2010, American Chemical Society. 

    To date, various kinds of synthetic methods have been established to realize the 

phase controlled synthesis of noble metal nanomaterials, and they can be typically 

divided into three categories: post-processing methods, top-down methods and 

bottom-up methods. The post-processing methods, starting from the preformed 

nanomaterials, include the thermal annealing method and compression method
9,15

. 

The top-down methods, starting from bulk materials, include the direct current 

(DC) magnetron sputtering method
16

. The bottom-up methods, starting from metal 

salts as the precursors, include the porous anodized aluminum oxide (AAO) 

templated electrochemical deposition method
17

, polyol method and graphene oxide 

(GO) templated synthesis
18,19

. In this section, the aforementioned different 
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synthetic methods towards the phase controlled synthesis of noble metal 

nanomaterials will be systematically desbribed, respectively.   

Thermal annealing method has been effectively used in the synthesis of different 

noble metal nanomaterials with non-fcc crystal structures
9,59,60

. In a typical 

experiment, noble metal nanomaterials with a particular crystal structure are firstly 

synthesized and then annealed under a high temperature to induce a phase 

transformation. In 2000, Sun et al. first observed that the crystal structure of FePt 

could be changed from the chemically disordered fcc to chemically ordered face-

centered tetragonal (fct) phases by simply annealing the preformed FePt NPs in a 

N2 glove box under a high temperature up to 600 °C for 30 min (Figure 1-4) 
9
. 

However, the FePt NPs suffered from serious aggregation and sintering after 

annealing under such a high temperature (usually > 550 °C)
61

. Later, it was found 

that the coating of MgO shell on the preformed fcc FePt NPs can successfully 

prohibit the aggregation or sintering during the process of high temperature 

thermal annealing
62

. Most importantly, the MgO shell can be easily removed with 

a dilute acid washing after the thermal treatment, resulting in the formation of 

regular shaped fct FePt NPs
62

. Recently, it was reported that the chemically 

ordered fct FePtAu trimetallic NPs could also be synthesized by annealing the 

preformed chemically disordered fcc FePtAu NPs at 600 °C under 95% Ar + 5% 

H2 for 1 h
63

. Besides, chemically ordered fct FeAu NPs have also been synthesized 

by simply heating the preformed chemically disordered fcc FeAu NPs
64

. 

Another effective method for the phase-controlled synthesis of noble metal 

nanomaterials is the compression method
15,65,66

. Typically, the noble metal 

nanomaterials with a certain phase are firstly synthesized and then loaded under a 

high pressure to alter their crystal structures in a diamond anvil cell. The pressure 
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induced phase transformation of noble metal nanomaterials can be monitored by 

the in-situ synchrotron X-ray diffraction. Guo et al. employed this method to 

synthesize fct Pd nanostructures by simply compressing the preformed fcc Pd 

nanocubes with an average edge length of about 10 nm under a high pressure up to 

24.8 GPa (Figure 1-5)
15

. Recently, Sun et al. observed a multiple-step phase 

change in Ag nanoplates under high pressures: the local hcp domains disappeared 

first at a pressure of 1.03 GPa, and then the fcc-to-fct phase transformation 

occurred at a pressure of 12 GPa
65

. Interestingly, the obtained metastable fct phase 

could change back to the fcc phase once the external pressure was unloaded
65

.   

 

Figure 1-5. (a) The simulated X-ray diffraction (XRD) patterns of fcc and fct 

structures, and their phase transformation process under high pressure. Inset: the 

crystal structures of both fcc and fct phases. The c/a ratio of fct phase was set as 

0.88 (<< 0.968) in order to achieve a higher contrast
15

. (b) Typical TEM image of 

the as-prepared Pd nanocubes
15

. (c) Typical XRD patterns of the obtained Pd 

nanocubes from 0.3 GPa to 24.8 GPa
15

. Copyright 2008, American Chemical 

Society. 
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    The DC magnetron sputtering method has been used for the efficient phase 

controlled synthesis of noble metal nanomaterials, especially Ag NPs
16

. This 

method employs a 50 mm-diameter Ag disc with a purity of 99.99% as the 

sputtering target, and both Ar and He as the sputtering gases under a pressure 

between 50 and 200 m Torr
16

. The Ag NPs can be deposited onto various kinds of 

substrates, such as glass, Si and stainless steel
16

. Importantly, the obtained Ag NPs 

with a size less than 30 nm demonstrate a 4H hexagonal structure (Figure 1-6), 

considering the Ag NPs usually crystallize in the common fcc structure
16

.        

 

Figure 1-6. (a) XRD patterns of Ag NPs with different average sizes of 14 nm, 20 

nm and 35 nm, respectively
16

. (b,c) SAED patterns taken from individual Ag 

nanoaprticles with zone axes of [110]3C and [1101]4H, respectively
16

. Copyright 

2001, American Physical Society. 

    The AAO-templated electrochemical deposition method has also been used for 

the phase controlled synthesis of Ag nanostructures
14,17,67-70

. Typically, the porous 
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AAO templates with different pose sizes (from 10 nm to 100 nm) were firstly 

fabricated by modulating the anodization process and enlarging the pores. Then, 

the Ag nanowires were electrochemically deposited into the as-prepared porous 

AAO templates in aqueous AgNO3 solution with alternating current (AC) under a 

constant voltage. After the electrochemical process, the porous AAO templates 

could be etched away in NaOH solution at ambient conditions to give the free-

standing 4H Ag nanowires, coexisting with some 3C Ag nanowires as the by-

products. In 2002, Zhu et al. firstly reported the successful synthesis of 4H Ag 

nanowires by using porous AAO as a hard template
67

. Later, they found that the 

porous AAO templates with a pore size of about 30 nm favor the formation of 4H 

Ag nanowires with the highest concentration compared to that with a size of either > 

30 nm or < 30 nm (Figure 1-7)
17

. The detailed theoretical calculations indicated 

that the 4H Ag nanowires have a much more favorable surface configuration but 

higher volume internal energy compared to the fcc counterparts
17

. Recently, Fei et 

al. showed that the introduction of tartaric acid and low-temperature during the 

porous AAO templated electrochemical deposition could further increase the yield 

of 4H Ag nanowires
68

. Besides, Ayyub et al. found that, by controlling the kinetics 

of the electrochemical deposition, 3C, 4H, and 2H polytypes of Ag nanowires can 

be obtained at a constant electrochemical potential of 3 V, 200 mV and 2 mV, 

respectively
69

.       
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Figure 1-7. (a) Typical HRTEM image of a 4H Ag nanowire. Insets: the bottom-

left inset shows the corresponding SAED pattern of the 4H Ag nanowire shown in 

(a); the top-right inset demonstrates the zoom-in image of the marked region in (a), 

which is overlayed with some green dots to indicate the atomic projection of 4H 

Ag nanowire paralleling to [ 2 113]
17

. (b) The simulated cross section of a typical 

4H Ag nanowire with the Wulff’s construction and broken-bond rule, in which the 

surface of Ag nanowire is marked by a red arrow and enclosed by {1011} and 

{0001} planes, and the surface energy plot is marked by a black arrow
17

. 

Copyright 2006, American Chemical Society. 

 

Figure 1-8. (a) Typical HRTEM image of a fcc Ru NP
18

. Inset: schematic 

illustration of the decahedral structure. (b) Typical HRTEM image of a hcp Ru 

NP
18

. Inset: schematic illustration of the hcp lattice observed along the [100] 

direction. Copyright 2013, American Chemical Society. 
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The polyol method has been demonstrated as an effective strategy towards the 

synthesis of noble metal nanomaterials with different crystal structures
18

. This 

method involves the use of poly(N-vinyl-2-pyrrolidone) (PVP) and polyols (such 

as ethylene glycol (EG) and triethylene glycol (TEG)) with high boiling points as 

the stabilizing agents and solvents, respectively. After mixing the metal salts and 

PVP in the polyols, the growth solution is heated to reflux, resulting in the 

nucleation and growth of NPs. For instance, Kitagawa et al. have firstly reported 

the successful synthesis of fcc Ru NPs with a size ranging from 2.4 nm to 5.4 nm 

by using the polyol method
18

. Interestingly, they found that the metal precursor 

and solvent play an important role on the final structure of the obtained Ru NPs
18

. 

By using Ru(acac)3 and TEG as the metal precursor and solvent, respectively, pure 

fcc Ru NPs were obtained
18

. In contrast, pure hcp Ru NPs were obtained when 

using the RuCl3·nH2O and EG as the metal precursor and solvent, respectively
18

.    

    Besides the aforementioned methods, Zhang et al. have recently developed a 

GO-templated synthesis approach for the phase controlled synthesis of noble metal 

nanomaterials, especially for the Au nanostructures
19,71

. This method employs the 

GO sheets and oleylamine as the soft template and capping agents, respectively. 

After the GO, Au salts and oleylamine are mixed in a binary solvent of 

hexane/ethanol (v/v = 23/2), the mixture is heated in a 55 °C water bath for 16 h, 

leading to the nucleation and growth of pure hcp Au square sheets (AuSSs) with a 

thickness of about 2.4 nm on the GO sheets (Figure 1-9) 
19

. The time-dependent 

experiments revealed that the GO sheets could help to induce the formation of 

square-like Au nanodot assemblies at the early stage
19

. After that, the AuSSs could 

be gradually formed via a process involving of oriented attachment and selective 

etching
19

. Importantly, it was found that the solvent system is crucial for the 
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synthesis of ultrathin Au nanostructures
71

. By simply changing the binary solvent 

system from the aforementioned hexane/ethanol to pure hexane, alternating hcp/fcc 

ultrathin Au nanowires with a diameter of about 1.6 nm can be obtained
71

. 

 

Figure 1-9. (a) Schematic illustration for the synthesis of hcp AuSSs on GO 

sheets
19

. (b) Typical TEM image of the obtained hcp AuSSs
19

. Inset: 

crystallography models of the hcp AuSSs. (c) HRTEM image of a typical hcp 

AuSS. (d,e) Typical SAED patterns of an hcp AuSS taken from the [110]h and 

[320]h zone axes, respectively
19

. Copyright 2011, Nature Publishing Group. 
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1.2.3 The Influence of Crystal Phase on Noble Metal Nanomaterials 

    Similar to the parameters of size and shape, the crystal phase can also greatly 

affect the chemical and physical properties of noble metal nanomaterials. Firstly, it 

has been shown that the chemical stability of noble metal nanostructures can be 

significantly influenced by altering their crystal structures
13,63

. For instance, Sun et 

al. found that the stability of FePt NPs under strong acid conditions is greatly 

enhanced by simply changing their crystal structure from the common chemically 

disordered fcc phase to the chemically ordered fct one (Figure 1-10a)
13

. Similarly, 

by changing the crystal structure of trimetallic FePtAu NPs from fcc to fct phases, 

their chemical stability could also be greatly increased
63

. 

Meanwhile, the optical property of noble metal nanomaterials can also change 

greatly along with the variation of their crystal phases
14

. For instance, it was 

observed that the 4H Ag nanowire film shows a yellow color and demonstrates a 

much stronger LSPR absorption than that of the common fcc Ag nanowire film 

with a white color (Figure 1-10b) 
14

. Moreover, the bulk plasmon absorption in 4H 

Ag is slightly blue shifted (about 5 nm) compared to that of the fcc Ag
14

. 

Interestingly, the low-frequency Raman spectra indicated that the 4H Ag nanowire 

shows a strong vibrational peak at 64 cm
-1

, while the fcc Ag nanowire does not 

exhibit any peak in the low-frequency region
14

.    
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Figure 1-10. (a) The composition change of fcc and fct FePt NPs in 0.5 M H2SO4 

solution at different times
13

. Copyright 2010, American Chemical Society. (b) The 

Ultraviolet-visible (UV-vis) reflectance spectra of 3C and 4H Ag films. Inset: 

Photographs of the 3C and 4H Ag films
14

. Copyright 2014, IOP Publishing Ltd. (c) 

The size-dependent temperature for 50% conversion of CO to CO2 for the fcc and 

hcp Ru NPs
18

. Copyright 2013, American Chemical Society. (d) The change of 

Hooge parameter ɤH (ƒ = 1 Hz) with temperature for the fcc (open circles) and hcp 

(filled circles) Ag nanowires
72

. Copyright 2008, American Institute of Physics. 

Most importantly, the catalytic activity of noble metal nanomaterials can be 

significantly affected by their crystal structures
13,18

. In 2010, it was reported that 

the catalytic activity of fct FePt NPs is almost 1.8 times of that of the fcc 

counterparts towards the oxygen reduction reaction (ORR) at the half-wave 

potential
13

. Later, it was shown that the catalytic activity of fct FePt NPs for ORR 

can be further increased via coating a thin layer of Pt shell, which will introduce a 

strain on the Pt shell because of the structure mismatch between the fct FePt core 
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and the fcc Pt shell, and thus increase their catalytic activity
73

. Recently, it was 

found that, with the formation of fcc-FePt-Fe3O4 dumbbell, the initial fcc FePt NPs 

can be fully converted to the fct FePt nanoaprticles after thermal treatment
74

. As a 

result, the fully ordered fct FePt nanoaprticles shows a much improved catalytic 

activity in comparison with the partially ordered counterparts
74

. Similar to the 

aforementioned FePt nanopartices, the structure change of FePtAu NPs from fcc to 

fct phases also resulted in a big increase of their catalytic activity towards the 

formic acid oxidation reaction (FAOR)
63

. Most recently, Kitagawa and coworkers 

found that the catalytic activity of Ru NPs towards CO oxidation increases with the 

increasing of particle size for the uncommon fcc polytype, while the catalytic 

activity decreases with increasing of particle size for the common hcp polytype 

(Figure 1-10c)
18

. Besides, the structure change induced catalytic activity variation 

has also been observed in the bimetallic CoPt and CuPt NPs
59,60

.   

In addition to the properties mentioned above, the structure transformation of 

noble metal naomaterials can also lead to the change of their electrical and 

magnetic properties
13,72

. For instance, the electrical noise in hcp Ag nanowires is 

far lower (up to several orders of magnitude) than that in the conventional fcc Ag 

nanowires
72

. Another study revealed that the 4H polytype of Ag nanowires 

demonstrates a relatively larger resistivity (19.9 μΩ cm) compared to that of the 

common fcc polytype (11.9 μΩ cm)
75

. Besides the electrical property, by changing 

the structure of noble metal nanomaterials, their magnetic property can also be 

altered
13,76,77

. Taking FePt as an example, it was reported that, by simply changing 

the crystal structure of FePt NPs from fcc to fct phases, their magnetic properties 

would change from the superparamagnetic (coercivity is 0 Oe) to ferromagnetic 

(in-plane coercivity is 1800 Oe) types
13

.  
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1.2.4 Monochromated Electron Energy Loss Spectroscopy of Individual Noble 

Metal Nanostructures 

 

Figure 1-11. (a) Typical HAADF-STEM image of a concave Au nanorod
22

. (b) 

The average monochromated EELS spectrum of the Au nanorod after removing 

the zero-loss peak
22

. (c,d) The corresponding EELS maps of surface plasmon 

resonance intensity of the Au nanorod at 1.70 eV (λ = 730 nm) and 2.40 eV (λ = 

517 nm), respectively
22

. Copyright 2007, IOP Publishing Ltd. 

The intriguing optical properties of noble metal nanomaterials are derived from 

the exicitation of LSPR, as shown in Figure 1-2b
27

. The resonant energy and 

spatial distritution of LSPR modes are determined by the size, compostion, shape 

and environment of noble metal nanomterials
27

. Conventionally, the optical 

properties of noble metal nanomaterials are studied by the far-field optical 

techniques that have remarkable spectral resolution
5
. However, the traditional 

optical techniques demonstrate relatively low spatial resolution, which is 

constricted by the light diffraction limit. Therefore, to investigate the complex 
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relationship between LSPR and structure of noble metal nanomaterials, 

monochromated electron energy loss spectroscopy (EELS) in scanning 

transmission electron microsopy (STEM), which combines both high spectral 

resolution and excellent spatial resolution on the nanometer scale, has recently 

been developed
21,78,79

. Importanly, the monochromated EELS can probe all the 

LSPR modes of noble metal nanomaterials, including both bright and dark modes
79

. 

    

Figure 1-12. (a) The normalized monochromated EELS spectra and corresponding 

high-angle annular dark-field STEM (HAADF-STEM) images of Ag NPs with 

different sizes from 1.7 nm to 11 nm
78

. (b) The plot of particle diameter of Ag NPs 

versus surface plasmon resonance energy
78

. Inset: the plot of particle diameter of 

Ag NPs versus the bulk plasmon resonance energy. Copyright 2012, Nature 

Publishing Group. 

In a typical experiment of monochromated EELS
20

, the samples of noble metal 

nanomaterials is firstly deposited on the amorphous silicon nitride substrate with a 
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thickness of several tens of nanometers (e.g. 30 nm), which has a band gap of 

about 4 eV and thus are optically transparent in the range from 0 eV to 4 eV. Then 

the sample is loaded into the STEM with a holder. After that, the focused electron 

beam is located a few nanometers next to the sample to excitate the LSPR and 

detect the EELS of noble metal nanomaterials. 

To date, by using the monochromated EELS, the optical properties of various 

kinds of noble metal nanomaterials with different sizes, shapes and compositions 

have been studied
22,78,80-83

. For instance, by using new techniques in EELS 

imaging and spectral processing, Michel et al. have mapped the LSPR response of 

individual Au nanorods (Figure 1-11) with a spatial resolution of approximately 

one order of magnitude higher compared to that of the scanning near-field optical 

microscope
22

. Importantly, the measured surface plasmon resonance enegies of Au 

nanorods with EELS match well with previous calculations, and the mappings 

clealy demonstrate the well-defined plsmon intensity distribution of both the 

longitudinal and transverse modes (Figure 1-11)
22

. Recently, Dionne and 

coworkers have systematically investigated the surface plasmon resonance of 

individual Ag NPs with ultrasmall sizes ranging from 20 nm to less than 2 nm by 

using the monochromated EELS in the STEM mode (Figure 1-12)
78

. Significantly, 

it was found that surface plasmon resonance energy demonstrates a blue-shift of as 

large as 0.5 eV along with the size decreasing from 20 nm to less than two 

nanometers (Figure 1-12b), which reveals the quantum plasmonic properties of 

ultrasmall noble metal NPs
78

.  
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1.2.5 Short Summary 

    In this section, the unique properties and phase controlled synthetic methods of 

noble metal nanomaterials have been concisely reviewed. Most of existing 

synthetic strategies have exhibited limitations, e.g. high temperature, high pressure, 

high vaccum and multiple steps. Therefore, in order to achieve a better phase 

controlled synthesis of noble metal nanomaterials, the development of facile and 

low cost synthetic approaches that are conducted under mild conditions is urgent 

and important. Meanwhile, the influence of crystal phase on the physical and 

chemical properties of noble metal nanomaterials is also reviewed, which suggests 

the phase controlled synthesis may greatly improve or even completely change the 

remarkable properties of of noble metal nanomaterials. Besides, the 

monochromated EELS study of individual noble metal nanomaterials has also been 

briefly reviewed. 
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CHAPTER 2 AIMS AND MOTIVATION 

 

2.1 Objectives and Scope 

Because of the importance of noble metal nanomaterials and the limitations of 

existing synthetic methods, this project aims to develop new routes for synthesis of 

novel noble metal nanomaterials with controlled crystal structure, and 

simultaneously to investigate their unusual physical and chemical properties. 

To realize the aforementioned objectives, the following works are executed in 

this project. Firstly, ligand exchange is used to synthesize face-centered cubic (fcc) 

Au square sheets (AuSSs) from hexagonal close-packed (hcp) AuSSs. Secondly, a 

simple metal coating method is well developed to prepare a series of noble 

bimetallic nanosheets, such as fcc and hcp/fcc Au@Ag square sheets, fcc Au@Pt 

and Au@Pd rhombic sheets. Thirdly, a colloidal synthetic method is established to 

favor the nucleation and growth of 4H hexagonal Au nanoribbons. To study their 

morphology, crystal phase and chemical composition, the obtained new noble 

metal nanomaterials are thoroughly characterized by transmission electron 

microscopy (TEM), aberration-corrected scanning TEM (STEM), atomic force 

microscopy (AFM), X-ray diffraction (XRD), and X-ray photoelectron 

spectroscopy (XPS).    
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2.2 Hypothesis 

Based on the works proposed above, the following hypotheses have been made. 

Firstly, in the process of ligand exchange, the surface energy of hcp AuSSs can 

be dramatically changed because of the much stronger interaction between Au and 

thiol molecules compare to that between Au and oleylamine molecules. Due to the 

large surface area-to-volume ratio, the surface energy of inorganic nanomaterials 

cannot be neglected and may even dominate in the total systemic energy. 

According to the previous studies on the phase stability of inorganic nanomaterials, 

the crystal structure of hcp AuSSs might be modulated by adjusting its surface 

energy, which can be achieved by simply tuning the surface capping agents. 

Secondly, metal coating on the hcp AuSSs, similar to that of the aforementioned 

ligand exchange process, can also change its surface energy via the increase of 

thickness and formation of metal bonds. Meanwhile, it has been previously 

revealed that the epitaxial stain between two materials can result in unusual 

physical and chemical phenomena. Therefore, via the solution epitaxial growth of 

other noble metals on hcp AuSSs, novel Au-based bimetallic nanomaterials with 

unique morphology and structure might form. 

Lastly, colloidal synthetic method has been broadly applied for the shape and 

phase control of various kinds of inorganic nanomaterials. Previous reports suggest 

that crystal structures of inorganic nanomaterials can be modulated by modulating 

the experimental conditions, such as solvent system, temperature or pressure, in 

the colloidal synthesis. Very recently, our group firstly reported the synthesis of 

hcp AuSSs by heating a mixture of oleylamine and HAuCl4 in a binary solvent 

system of hexane and ethanol. Therefore, by changing the solvent system in the 
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synthesis of hcp AuSSs, novel Au nanomaterials with unprecedented crystal 

structure might be achieved. 

 



Experimental Details 

 

27 

 

CHAPTER 3 EXPERIMENTAL DETAILS 

 

3.1 Chemicals and Materials 

Natural graphite (SP-1) was bought from Bay Carbon (Bay City, MI, USA). 

Gold(III) chloride hydrate (HAuCl4·aq, Au basis ~ 50%), silver nitrate (AgNO3, ≥ 

99.0%), chloroplatinic acid hexahydrate (H2PtCl6·6H2O, Pt basis ≥ 37.5%), 

palladium chloride (PdCl2, ≥ 99.9%), oleylamine (70%, technical grade), KMnO4, 

concentrated H2SO4 (98%), H2O2 (30%), L-ascorbic acid (BioXtra, ≥ 99.0%, 

crystalline), octadecanethiol (ODT, 98%), octylamine (99%), 1-dodecanethiol 

(DDT, ≥ 98%), 1-propanethiol (PT, 99%), 1-octanethiol (OT, 98.5%), 6-mercapto-

1-hexanol (MHO, 97%), 11-mercapto-1-undecanol (MUDO, 98%), 3-

mercaptopropionic acid (MPA, ≥ 99%), 11-mercaptoundecanoic acid (MUDA, 

95%), benzeneethanethiol (BET, 98%), 1,6-hexanedithiol (HdT, ≥ 97%), 1,2-

dichloropropane (99%), chloroform (≥ 99.5%), and the other chemicals used in the 

experiments without special mention were bought from Sigma-Aldrich. Ethanol 

(99.9%, absolute) and concentrated hydrochloric acid (HCl, ~ 37%) were 

purchased from Merck. H2PdCl4 stock solution (8.0 mM, in ethanol) was prepared 

by mixing PdCl2 powder with concentrated HCl in ethanol. Sodium borohydride 

(NaBH4, ≥ 99.0%) was bought from Fluka. All the chemicals were directly used 

without further purification. De-ionized water was used throughout the 

experiments.  
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3.2 Ligand Exchange Mediated Synthesis of Face-Centered Cubic 

Au Square Sheets  

3.2.1 Synthesis of Graphene Oxide 

Single-layer graphene oxide (GO) sheets were synthesized from natural graphite 

by a modified Hummers method
84

. Typically, 0.6 g graphite powder was added 

into a mixture of 4.8 mL concentrated H2SO4 (98%), 1.0 g P2O5 and 1.0 g K2S2O8, 

and then the solution was maintained at 80 °C for 4.5 h. The obtained preoxidized 

products were washed by water and dried. After the preoxidized products were 

added into 24 mL H2SO4 (98%), followed by slowly adding 3.0 g KMnO4 with 

temperature maintained below 20 °C so as to avoid overheating and explosion, the 

temperature of the solution was gradually increased to 35 °C and kept for 2 h. 

Then 50 mL H2O was added to dilute the mixture in an ice-water bath. After 2 h, 

140 mL H2O was added to further dilute the solution, followed by injecting 4 mL 

H2O2 (30%) in the solution to remove the excess KMnO4, the color of the solution 

changed to bright yellow. After that, the as-prepared product was successively 

washed by HCl and H2O, and the isolated single-layer GO was obtained. The 

obtained GO sheet was dispersed in ethanol (0.2 mg/mL) by sonication. 

 

3.2.2 Synthesis of Hexagonal Close-Packed Au Square Sheets on GO Sheets 

    The hexagonal close-packed (hcp) Au square sheet (AuSS) was synthesized 

according to our previously reported approach with a slight adjustment
19

. In a 

typical experiment, 200 µL GO sheet solution (0.2 mg/mL, in ethanol) was 

centrifuged, and re-dispersed in a 2 mL growth solution consisted of HAuCl4 (7.25 

mM) and oleylamine (150 mM) in a binary solvent of ethanol and hexane (1/7, v/v). 
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After that, the 2 mL solution in a sealed glass bottle was heated at 58 °C for 16 h in 

a water bath. The as-prepared products were collected with centrifugation (5,000 

rpm, 5 min), washed with hexane for another four times, and re-dispersed into 

hexane (2.0 mL). The concentration of Au atoms in the as-prepared hcp AuSS 

solution is about 4.6 mM. 

 

3.2.3 Ligand Exchange on Hexagonal Close-Packed Au Square Sheets 

    Equal volumes of the aforementioned hcp AuSS solution and a freshly prepared 

thiol (such as DDT, ODT, PT, OT, MHO, MUDO, MUDA, BET, HdT, and MPA) 

solution (50 mM, in hexane) were mixed with each other, and then vortexed for 5 

min under ambient conditions. After that, the final products were collected by 

centrifugation (7,000 rpm, 1 min), and then washed by hexane for twice. The as-

prepared product was re-dispersed into hexane for future characterizations. In 

order to evaluate the influence of thiol concentrations, ODT solution with various 

concentrations ranging from 2 mM to 200 mM were applied for ligand exchange 

on hcp AuSSs. 

 

3.2.4 Fabrication of Cross-Section Samples of Face-Centered Cubic Au 

Square Sheets  

Cross-section samples of face-centered cubic (fcc) AuSSs were fabricated on an 

FEI Nova NanoLab 600i focused-ion beam (FIB)/scanning electron microscopy 

(SEM) dual-beam system. Briefly, the fcc AuSS solution was first dropped on a Si 

substrate and dried at ambient conditions. After the sample was loaded in the 

chamber of SEM, a typical fcc AuSS of interest was positioned and rotated to 

make one of the two diagonals parallel to the horizontal x-axis of SEM. Then a 
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thin layer of W was pre-deposited on the region of interest with e-beam induced 

coating. After that, two alignment marks were made to locate the exact position of 

the interested region before the successive coating of a thick W layer with FIB. 

Then, the interested area was cut from the Si substrate and transferred to a 

transmission electron microscopy (TEM) half-grid with an in-situ manipulator. 

Finally, the sample was milled with FIB to a certain thickness. 

 

3.2.5 Localized Surface Plasmon Resonance Study of Individual Face-

Centered Cubic Au Square Sheets 

    Monochromated electron energy loss spectroscopy (EELS) characterization of 

individual fcc AuSSs was conducted in the scanning TEM (STEM) mode on an 

FEI Titan TEM with Schottky electron source, which is operated at a voltage of 80 

kV, using convergence and collection semiangles of 13 mrad. Diameter of the 

applied electron probe was about 1 nm and an energy resolution of 170 meV was 

achieved by using a Wien-type monochromator. As a result, an EELS spectrum 

was collected from a single AuSS on GO sheets, by positioning the incident 

focused electron beam next to (2–3 nm) the single AuSS to excite and detect its 

LSPR. A control spectrum was acquired about 500 nm away from the AuSS, with 

only GO sheet present, and did not excite the localized surface plasmon resonance 

(LSPR) of the single AuSS. The acquisition time was selected as 1 s so as to avoid 

the influence of organic contaminations. As the acquisition time is relatively short, 

the resulted signal-to-noise ratio of obtained EELS spectra is rather low. 
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3.3 Metal Coating Assisted Synthesis of Novel Bimetallic 

Nanosheets 

3.3.1 Synthesis of Face-Centered Cubic Au@Ag Square Sheets  

    The fcc Au@Ag square sheet was synthesized via coating of Ag onto the 

aforementioned hcp AuSSs by using ascorbic acid (or NaBH4) as the reductant. In 

a typical experiment, 350 µL ethanol and 50 µL AgNO3 solution (4 mM, in 

ethanol) were successively added into 500 µL hcp AuSS solution. The mixed 

solution was mildly shaken and cooled in an ice-water bath. Then, 100 µL ascorbic 

acid solution (1 mM, in ethanol) was added in the aforementioned mixed solution, 

followed by mild shaking. After that, the solution was maintained undisturbed for 

2 h in an ice-water bath. The final products were collected with centrifugation 

(8,000 rpm, 1 min), cleaned once by hexane and then re-dispersed in hexane. 

 

3.3.2 Synthesis of Hexagonal Close-Packed/Face-Centered Cubic Au@Ag 

Square Sheets  

    The hcp/fcc Au@Ag square sheet was synthesized via coating of Ag on the 

aforementioned hcp AuSS by using oleylamine as the reductant. In a typical 

experiment, 133 µL oleylamine, 230 µL ethanol, 20 µL AgNO3 solution (20 mM, 

in ethanol), and 620 µL hexane were successively added into 1.0 mL hcp AuSS 

solution. After that, a glass bottle containing the aforementioned mixed solution 

was sealed, and then heated at 38 °C for 20 h in a water bath. The final products 

were collected with centrifugation (5,000 rpm, 2 min), cleaned twice by hexane 

and re-dispersed in hexane. 
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3.3.3 Synthesis of Face-Centered Cubic Au@Pt Nanosheets 

    The fcc Au@Pt nanosheet was synthesized via coating of Pt on the 

aforementioned hcp AuSSs by using NaBH4 as reductant. In a typical experiment, 

375 µL hexane, 540 µL ethanol, 60 µL NaBH4 solution (20 mM, in ethanol), and 

100 µL H2PtCl6 solution (2 mM, in ethanol) were successively added into 125 µL 

hcp AuSS solution. After that, the mixed solution was gently shaken and 

maintained undisturbed at ambient conditions for 3 h. The final products were 

collected with centrifugation (8,000 rpm, 1 min), cleaned once by hexane and re-

dispersed in hexane. The majority of final product (> 90%) is the fcc Au@Pt 

rhombic nanosheets, while the minority of final product (< 10%) is the fcc Au@Pt 

square nanosheets. 

 

3.3.4 Synthesis of Face-Centered Cubic Au@Pd Nanosheets  

The fcc Au@Pd rhombic nanosheet was synthesized via coating of Pd on the 

aforementioned hcp AuSS by using NaBH4 as reductant. In a typical experiment, 

375 µL hexane, 590 µL ethanol, 60 µL NaBH4 solution (20 mM, in ethanol), and 

50 µL H2PdCl4 solution (4 mM, in ethanol) were successively added in 125 µL hcp 

AuSS solution. After that, the mixed solution was gently shaken and maintained 

undisturbed at ambient conditions for 3 h. The final products were collected with 

centrifugation (10,000 rpm, 1 min), cleaned once by hexane and re-dispersed in 

hexane. The majority of final product (> 90%) is the fcc Au@Pd rhombic 

nanosheets, while the minority of final product (< 10%) is the fcc Au@Pd square 

nanosheets. 
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3.3.5 Fabrication of Cross-Section Samples of Face-Centered Cubic Au@Ag 

Square Sheets 

The cross-section sample of fcc Au@Ag square sheets was fabricated on an FEI 

Nova NanoLab 600i FIB/SEM dual-beam system. Briefly, the fcc Au@Ag square 

sheet solution was firstly dropped on a Si substrate and then dried at ambient 

conditions. After the aforementioned sample was loaded in the chamber of SEM, a 

typical fcc Au@Ag square sheet was positioned and rotated to make one of the two 

diagonals parallel to horizontal x-axis of SEM. Then a layer of W was pre-

deposited on the interested region with e-beam induced coating. After that, two 

alignment marks were prepared to locate exact positions of the interested regions 

before further coating of a thick W layer with FIB. Then the interested area was 

cut from the Si substrate and transferred to a TEM half-grid with an in-situ 

manipulator. Finally, the sample was milled to a certain thickness with FIB. 

 

3.3.6 Fabrication of Cross-Section Samples of Hexagonal Close-Packed/Face-

Centered Cubic Au@Ag Square Sheets  

    The cross-section sample of hcp/fcc Au@Ag square sheet was fabricated on an 

FEI Helios NanoLab 400S FIB/SEM dual-beam system. Two cross-section 

samples of the hcp/fcc Au@Ag square sheet are fabricated by cutting along the 

[001]h/[111]f and [110]h/[1 2 1]f directions, respectively. In a typical experiment, the 

hcp/fcc Au@Ag square sheet solution was first dropped on a Si substrate and then 

dried at ambient conditions. After the sample was loaded in the chamber of SEM, a 

typical hcp/fcc Au@Ag square sheet was positioned and then rotated to make one 

of the two diagonals (unequal to each other) parallel to horizontal x-axis of SEM. 

Then a layer of C was coated on the interested area with e-beam induced coating. 
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After that, two alignment marks were prepared to locate exact positions of the 

interested regions before successive coating of a thick layer of Pt with FIB. Then 

the interested area was cut from the Si substrate and transferred to a TEM half-grid 

with an in-situ manipulator. Finally, the sample was milled to a certain thickness 

with FIB. 

 

3.3.7 Fabrication of Cross-Section Samples of Face-Centered Cubic Au@Pt 

Rhombic Nanosheets 

Cross-section lamellas of fcc Au@Pt rhombic nanosheet were prepared using a 

FIB/SEM dual-beam system. The Au@Pt rhombic nanosheet solution was first 

dropped on a Si substrate and then dried at ambient condition. After the 

aforementioned sample was inserted in the chamber of SEM, a typical Au@Pt 

rhombic nanosheet was located and rotated to make its long diagonal parallel to 

horizontal x-axis of SEM. A thin layers of C (or W) and Pt were then successively 

coated onto the interested region with e-beam induced coating, and two alignment 

marks were prepared to locate exact positions of interested regions before further 

coating of a thick Pt (or W) layer with FIB. Then the interested area was cut from 

the Si substrate and transferred to a TEM half-grid with an in-situ manipulator. 

Finally, the sample was milled to a certain thickness with FIB. 

 

3.3.8 Localized Surface Plasmon Resonance Study of Individual Face-

Centered Cubic Au@Ag Square Sheets 

    Monochromated EELS characterization of individual fcc Au@Ag square sheets 

was carried out in the STEM mode on an FEI Titan TEM with Schottky electron 
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source, which was operated at a voltage of 80 kV, using convergence and 

collection semiangle of 13 mrad. Diameter of the applied electron probe was about 

1 nm, and an energy resolution of 170 meV was achieved by using a 

monochromator of Wien-type. As a result, EELS spectra were collected from 

individual Au@Ag square sheets on GO sheets, by locating the focused incident 

electron beam next to (2–3 nm) the single Au@Ag square sheet to excite and 

detect the LSPR. A control spectrum was acquired about 500 nm away from the 

Au@Ag square sheets, with merely GO sheet present, and did not excite the LSPR 

of individual Au@Ag square sheets. Acquisition time was chosen as 1 s so as to 

avoid the influence of organic contaminations. As acquisition time is relatively 

short, the resulted signal-to-noise ratio of obtained EELS spectra is rather low. 

 

3.4 Colloidal Synthesis of 4H Hexagonal Au Nanoribbons  

3.4.1 Synthesis of 4H Au Nanoribbons  

In a typical experiment, 4.08 mg HAuCl4 and 220 µL oleylamine were added 

into a binary solvent of 3.54 mL hexane and 250 µL 1,2-dichloropropane. Then the 

mixture in a sealed glass bottle was heated at 58 °C for 16 h in a water bath. After 

that, the final products were collected with centrifugation (5,000 rpm, 1 min), 

washed at least three times with hexane and re-dispersed into hexane (4 mL). 

 

3.4.2 Ligand Exchange on 4H Au Nanoribbons 

In a typical experiment, 300 µL 4H Au nanoribbon (NRB) solution was 

centrifuged (5,000 rpm, 1 min) and re-dispersed into 300 µL chloroform. A freshly 
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prepared DDT solution (0.8 M, in chloroform) was then added and vortexed for 

about 5 min at ambient conditions. After that, the final products were collected 

with centrifugation (6,000 rpm, 1 min), cleaned twice by hexane and re-dispersed 

in hexane. It is worth to mention that DDT used here can be replaced by other 

thiols, e.g. PT and HdT. 

 

3.4.3 Synthesis of Polytypic 4H/Face-Centered Cubic Au@Ag Nanoribbons 

The 4H/fcc Au@Ag NRB was synthesized via the epitaxial growth of Ag on 4H 

Au NRBs with oleylamine as reductant. In a typical experiment, 130 µL 

oleylamine, 250 µL AgNO3 solution (50 mM, in ethanol), and 1.14 mL hexane 

were successively added into 0.5 mL 4H Au NRB solution. Then the mixture in a 

sealed glass bottle was heated at 58 °C for 20 h in a water bath. The final products 

were collected with centrifugation (5,000 rpm, 1 min), washed twice by hexane 

and re-dispersed in hexane. 

 

3.4.4 Synthesis of Polytypic 4H/Face-Centered Cubic Au@Pd Nanoribbons 

Firstly, 250 µL 4H Au NRB solution was centrifuged (5,000 rpm, 1 min) and re-

dispersed into 250 µL chloroform. The 4H/fcc Au@Pd NRB was synthesized via 

the epitaxial growth of Pd on 4H Au NRBs by using NaBH4 as the reductant. In a 

typical experiment, 250 µL chloroform, 390 µL ethanol, 50 µL H2PdCl4 solution 

(8 mM, in ethanol), and 60 µL NaBH4 solution (20 mM, in ethanol) were 

successively added into 250 µL 4H Au NRB solution. Then the mixture was gently 

shaken and kept undisturbed at ambient conditions for 1 h. The final products were 
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collected with centrifugation (5,000 rpm, 1 min), cleaned once by hexane and re-

dispersed in hexane. 

 

3.4.5 Synthesis of Polytypic 4H/Face-Centered Cubic Au@Pt Nanoribbons 

Firstly, 250 µL 4H Au NRB solution was centrifuged (5,000 rpm, 1 min) and re-

dispersed into 250 µL chloroform. The 4H/fcc Au@Pt NRB was synthesized via 

the epitaxial growth of Pt on 4H Au NRBs by using NaBH4 as the reductant. In a 

typical experiment, 250 µL chloroform, 340 µL ethanol, 100 µL H2PtCl6 solution 

(8 mM, in ethanol), and 60 µL NaBH4 solution (20 mM, in ethanol) were 

successively added into 250 µL 4H Au NRB solution. Then the mixture was gently 

shaken and kept undisturbed at ambient conditions for 1 h. The final products were 

collected with centrifugation (5,000 rpm, 1 min), cleaned once by hexane and re-

dispersed in hexane. 

 

3.4.6 Localized Surface Plasmon Resonance Study of Individual 4H Au 

Nanoribbons 

The monochromated EELS measurement of single Au NRB was carried out in 

the STEM mode using an FEI Titan TEM with Schottky electron source, which is 

operated at a voltage of 80 kV, using an EELS collection semiangle of 16 mrad 

and a convergence semiangle of 13 mrad. Diameter of the electron probe was 

about 1–2 nm. The energy resolution was set to about 0.1 eV (as full-width at half-

maximum value), using a monochromator of Wien-type. The EELS spectroscopy 

and map were collected with a Gatan Tridiem ER EELS detector. The 

monochromated EELS was taken with a modified binned gain averaging 

acquisition routine
21

, to give improved signal-to-noise ratio for the relatively weak 
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plasmon signal from few-nm thick Au NRB. The background signal was taken 

from the bare amorphous SiNx, fitted to and subtracted from experimental EELS 

spectra. The EELS maps plotted the loss signal integrated over an energy window 

of 0.05 eV, centered around selected LSPR peaks. 

 

3.4.7 Density Functional Theory Computational Details 

    The dielectric function of 4H Au thin film is calculated by first principle 

calculations based on the optical package of WIEN2k
85-87

. This package allows us 

to calculate the dipole matrix elements for transitions between intraband and 

interbands within the random phase approximation. The spin orbit interactions are 

taken into consideration in all calculations. In order to increase the accuracy of the 

optical properties, we used a very high k-mesh of 40×40×1 for the computation. 

 

3.4.8 Finite-Element-Method Simulation 

The swift electron-driven excitation of plasmons in individual 4H Au NRBs was 

simulated using the finite-element-method (FEM) in COMSOL Multiphysics RF 

module. The Au NRB was modeled as a perfect cuboid with the dimensions 

extracted from STEM image of the sample (length: 840 nm, width: 20 nm, and 

thickness: 4 nm). The frequency-dependent dielectric function of Au was taken 

from a handbook
88

. 

The electron beam was modeled in the framework of classical 

electrodynamics
79,89

 as an infinitely long broadband current Jz(ω) propagating in 

the z-direction with the radius of 1 nm corresponding to the kinetic energy of 80 

keV. In our model, the beam was located at 105 nm (i.e. position “I”), 210 nm (i.e. 
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position “II”), 315 nm (i.e. position “III”) and 420 nm (i.e. position “IV”) away 

from one end of the Au NRB. The surrounding medium was air/vacuum with ε = 1. 

The 30 nm-thick Si3N4 substrate was ignored in the simulation setup. 

The electromagnetic field distribution was obtained by solving 3D Maxwell’s 

equations in the frequency domain. The power lost by electron beam in the 

excitation of wave perturbations with frequency   was calculated as the integral 

over the beam volume V, 

  ,    (1) 

where      is the calculated distribution of electric field. Finally, the electron loss 

probability
79

, 

         ,     (2) 

versus photon energy     is compared with the EELS spectrum. 

     

3.5 Characterizations 

3.5.1 Transmission Electron Microscopy 

TEM was operated at a constant voltage (200 keV) with either a JEOL JEM-

2010 or JEM 2100F instruments. The TEM sample was prepared by dropping 

about 5 µL sample solution on copper grid (200 mesh) with full carbon-coating 

and then dried at ambient condition. 
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3.5.2 Aberration-Corrected Transmission Electron Microscopy 

The aberration-corrected high-resolution scanning TEM (STEM) was conducted 

on an FEI Titan Cubed S-Twin TEM operated at 300 kV. To achieve better spatial 

resolution, probe Cs corrector was applied. Briefly, high-resolution STEM imaging 

was performed at a 20 μs/pixel scanning rate with spot size 7, 50 μm C2 aperture, 

146 mm camera length, and a high-angle annular dark-field (HAADF) detector. In 

this way, a spatial resolution of about 1.0 Å was obtained. 

The aberration-corrected high-resolution TEM (HRTEM) images were acquired 

using the negative spherical aberration (CS) imaging (NCSI) technique on TEAM 

0.5, which is equipped with a high-brightness Schottky-type field emission gun 

and a monochromator of Wien-filter. The accelerating voltage was set to 80 kV. 

The lens aberrations were measured and compensated prior to the image 

acquisition by evaluating the Zemlin tableau of an amorphous carbon area on the 

grid, which is close to the area of interest in the specimen. According to the 

measurements, the residual lens aberrations were listed below: CS ~ -13 µm, three-

fold astigmatism A2 < 40 nm, two-fold astigmatism A1 < 2 nm, axis coma B2 < 30 

nm. 

 

3.5.3 X-Ray Diffraction  

The X-ray diffraction (XRD) pattern was collected on an X-ray diffractometer 

(Shimadzu thin film, XRD-6000) operated at 40 kV and 30 mA, using the CuKα 

radiation. The XRD sample was prepared by dropping a concentrated sample 

solution on a glass substrate and then dried at ambient conditions. 
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3.5.4 Atomic Force Microscopy  

The atomic force microscopy (AFM) image was acquired with a scanning line 

of 512 and scanning rate of 1 Hz on a Dimension 3100 AFM (Veeco, USA), 

NSCRIPTOR system with a Si tip (spring constant: 42 N/m; resonance frequency: 

320 kHz) in the tapping mode at ambient condition.  

 

3.5.5 X-ray Photoelectron Spectroscopy 

The X-ray photoelectron spectroscopy (XPS) data was acquired on either a 

Theta Probe electron spectrometer (ESCA-Lab-200i-XL, Thermo Scientific) or an 

AXIS ultra spectrometer (Kratos). The XPS sample was prepared by dropping the 

sample solutions on Si/SiOx substrates and dried at ambient conditions.  
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CHAPTER 4 RESULTS AND DISCUSSIONS 

 

4.1 Ligand Exchange Mediated Synthesis of Face-Centered Cubic 

Au Square Sheets  

4.1.1 Introduction 

During the past two decades, the inorganic nanomaterial have been intensively 

explored due to their promising applications in energy conversion
90

, catalysis
6
, 

surface enhanced Raman scattering (SERS)
2
, etc. The chemical and physical 

properties of inorganic nanomaterials can be modulated by tuning their shape, 

topology, size, and composition
2,23

. Besides, the crystal structure of inorganic 

nanomaterials can also greatly influence their functional properties, e.g. optical
91

, 

magnetic
9,92

, electrical
93

 and catalytic properties
13

. For example, the structure 

change of FePt nanoparticles (NPs) from face-centered cubic (fcc) to face-centered 

tetragonal (fct) phases resulted in the improved stability and catalytic activity for 

the oxygen reduction reaction (ORR)
13

. Hence the investigation of crystal 

structures and phase transitions of inorganic nanomaterials is critical to their shape 

and phase controlled synthesis, and potential applications. 

 Typically, the structure change of inorganic nanomaterials is achieved at high 

temperature
9,13,94

 or high pressure
15,65,91,95

. Moreover, the electron-beam induced 

structure changes have been found, e.g. the phase change from the low-chalcocite 

to the high-chalcocite structures in Cu2S nanorods
96

. In addition, cation exchanges 

have been applied for the phase modulation of the inorganic nanomaterials
97-99

. 

But the compositions of original nanomaterials are altered during the process of 

cation exchange. Take CdSe as an example, the hexagonal CdSe nanostructures 
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were changed to the cubic Ag2Se nanostructures after the cation exchange of Cd
2+

 

with excess Ag
+
 ions

97
. It should be noted that, below a certain size, when surface 

energy of a nanomaterial dominates total systemic energy, solvent molecules or 

ligand can greatly manipulate its crystal phase
100,101

. For instance, the surface 

region of 3 nm ZnS NPs prepared in the methanol undergoes a phase change from 

the irregular state to regular cubic phase upon its capping by water molecules
101

. 

But it still remains a huge challenge to achieve the complete phase change of a 

nanomaterial from one crystal structure to another under ambient condition. 

The phase change of metals with close-packed crystal structures (such as 

hexagonal close-packed (hcp) and fcc) has been extensively investigated both 

theoretically and experimentally
102-104

. The fcc and hcp polymorphs are different 

from the stacking order of the close-packed planes with the repeated ABC stacking 

along the [111]f direction and AB stacking along the [001]h direction, respectively. 

Usually, the hcp-to-fcc phase transition in metals, such as the phase change of Co 

occurs upon heating, is achieved by the movement of partial dislocation on the 

closed-packed plane, resulting in the formation of twins/stacking faults, or the 

coexisting of alternative fcc and hcp phases
102,103

. So far, other kind of phase 

transition pathway or mechanism between fcc and hcp phases has scarcely been 

found in the noble metals
105

. 

Very recently, Huang et al. prepared thin Au square sheet (AuSS) with an 

uncommon hcp structure that is stable under ambient condition
19

. In this section, a 

simple ligand exchange approach has been developed to induce the phase change 

of AuSSs from hcp to fcc phases under ambient condition, resulting in the 

formation of ultrathin fcc AuSSs with a unique orientation of (100)f. The 

crystallinity of the obtained fcc AuSS can be finely modulated by changing the 
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concentration of thiol molecules. Importantly, various kinds of thiol molecules can 

realize the formation of fcc AuSSs from hcp AuSSs at ambient conditions. 

Furthermore, the localized surface plasmon resonance (LSPR) absorption property 

of individual fcc AuSSs on graphene oxide (GO) is investigated with 

monochromated electron energy loss spectroscopy (EELS). 

 

4.1.2 Synthesis and Characterization of Face-Centered Cubic Au Square 

Sheets  

 

Figure 4-1. (a) TEM image of hcp AuSSs prepared on GO sheets. (b) SAED 

pattern of an hcp AuSS collected along [110]h zone axis. (c) HRTEM image of an 

hcp AuSS. 
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Figure 4-2. (a) TEM image of a folded hcp AuSS. (b) AFM image and height 

profile (inset) of an hcp AuSS. 

The hcp AuSS protected by oleylamine was firstly synthesized according to a 

recently reported approach with a small change
19

. Typically, hcp AuSSs were 

prepared by heating a mixture consisted of oleylamine (150 mM), HAuCl4 (7.25 

mM), hexane, ethanol and GO under 58 °C for 16 h. The edge length and thickness 

of the as-prepared AuSSs are 100-500 nm and 2.3±0.5 nm, respectively (Figures 4-

1 and 4-2). Transmission electron microscope (TEM) study showed that the 

obtained AuSSs have the hcp crystal structure, consistent with the previous report 

(Figure 4-1)
19

. It should be pointed out that although the fcc phase is much more 

stable than hcp phase in the bulk Au, the hcp AuSSs are very stable in hexane 

solution for four months under ambient condition, as their low surface energy, 

because of interaction with the ligand (i.e. oleylamine), dominates in the overall 

systemic energy
106

 and thus helps to stabilize the hcp phase. 
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Figure 4-3. (a) EDS investigation of AuSSs deposited on a copper grid after the 

oleylamine-to-ODT ligand exchange. (b) STEM image and corresponding element 

mappings of an AuSS after ligand exchange. 

The oleylamine originally capped on the hcp AuSSs are replaced by 

octadecanethiol (ODT) molecules when the AuSSs were mixed with the freshly 

prepared ODT solution, which was then vortexed for 5 min under ambient 

condition. The energy-dispersive X-ray spectroscopy (EDS) investigation (Figure 

4-3) and X-ray photoelectron spectroscopy (XPS) study (Figure 4-4) of the 

obtained final products after purification revealed that the surface oleylamine 

molecules was replaced by ODT molecules, which is well consistent with the 

previous study
107

. 
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Figure 4-4. XPS spectra of AuSSs on GO sheets (a) before and (b) after ligand 

exchange from oleylamine to ODT. 

The TEM measurement of AuSSs after the oleylamine-to-ODT ligand exchange 

is demonstrated in Figure 4-5. After the ligand exchange, the square shape of 

AuSSs is maintained (Figure 4-5a,b). To our surprise, the structure of the obtained 

AuSSs was totally changed from hcp to fcc phases after ligand exchange, as 

confirmed by selected area electron diffraction (SAED) patterns acquired along 

two different zone axes (Figure 4-5c,d). SAED pattern of a typical AuSS flatly 

lying on the copper grid showed a [100]f zone pattern (Figure 4-5c), together with 

the other two diffraction rings assigned to the {100} and {110} planes of GO 

sheets. SAED pattern of the [310]f zone axis (Figure 4-5d) was also taken by tilting 

an fcc AuSS around [001]f zone axis for ca. 18.3º, which is well consistent with 

theoretical angle (i.e. 18.4º) between the [310]f and [100]f zone axes, further 

revealing the fcc crystal structure of the as-prepared AuSSs. It is worthy to point 

out that forbidden {011}f diffraction spots were also observed in SAED patterns of 

obtained fcc AuSSs (Figure 4-5c,d), indicating a likely c(2×2) surface structure of 
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ODT molecules adsorbed on the surface of Au(100)f, which matches well with the 

former study
108

.  

 

Figure 4-5. (a,b) TEM images of fcc AuSSs on GO sheets. (c,d) SAED patterns 

taken along (c) [100]f and (d) [310]f zone axes of an fcc AuSS in (b). (e,f) HRTEM 

images of fcc AuSSs. (g) HAADF-STEM image demonstrating cross-section of an 

fcc AuSS. Inset: schematic illustration for the preparation method and view 

direction of the cross-section sample. (h,i) Aberration-corrected HAADF-STEM 

images showing the cross-section of the fcc AuSS in (g). 

HRTEM images of the obtained fcc AuSSs (Figure 4-5e,f) demonstrate a square 

lattice pattern with the inter-plane distance of 2.0 Å, attributed to the {002}f planes. 

Moreover, high angular annular dark field (HAADF)-scanning TEM (STEM) 

image of cross section of a typical fcc AuSS (Figure 4-5g), which was prepared by 

the focused ion beam (FIB) along one of the two diagonals, shows a thickness of 
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about 3.1±0.5 nm (Figure 4-5h,i). It is about 1.7 nm thinner in comparison to the 

thickness determined by AFM (about 4.8 nm, Figure 4-6), because of ODT 

molecules adsorbed on the surface. The thickness of resulted fcc AuSSs (3.1±0.5 

nm) is about 35% larger than that of the original hcp AuSSs (2.3±0.5 nm), which is 

in good agreement with the increased spacing between basal atomic layers, i.e. 

from the original d(110)h = 1.5 Å to final d(200)f = 2.0 Å. Aberration-corrected 

HAADF-STEM images collected in the center (Figure 4-5h) and on the edge 

(Figure 4-5i) regions of the cross section of atypical fcc AuSS demonstrate the 

[010]f zone lattice pattern, further proving the complete hcp-to-fcc phase change of 

AuSSs. 

 

Figure 4-6. AFM image and step investigation of an fcc AuSS.  

Previously, influences of thiol molecules and the other sulfur-containing 

chemicals (such as sulfur (S) and H2S gas) on surface structures of metals and 

alloys have been investigated
107,109-111

. It has been suggested that thiols can cause 
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surface reconstruction of Au films, such as Au(111), because of the spontaneous 

formation of chemical bond (Au-S) 
107,112-114

. Moreover, the other surface 

adsorbates (e.g. S) have been revealed to induce surface reconstructions of metal 

films, especially, benefiting the formation of overlayer with large coordination 

numbers, e.g. fcc(100) surface that has a four-fold  hollow site
111

. For instance, S 

can induce the formation of an overlayer structure of a pseudo Ni{100}f–c(2×2)S, 

in which the S atoms take up the rectangular hollow site of the pseudo Ni{100}f 

overlayer, on a Ni(111)f substrate
110,115

. In addition, H2S gas can induce the 

faceting of Pt NPs from initial spherical shape to {100}f-enclosed nanocubes
116

. 

Based on the above discussions, the ligand exchange induced phase change of 

AuSSs is most probably initiated by a surface reconstruction of (100)f caused by 

the adsorbed thiols, followed with a complete phase change over their entire 

structure. 

 

Figure 4-7. Schematic illustration for phase change of hcp AuSSs induced by 

ligand exchange of oleylamine with ODT molecules. Both top and side views are 

shown. 

    Figure 4-7 schematically demonstrates the phase change of hcp AuSSs induced 

by the ligand exchange. The oleylamine-to-ODT ligand exchange caused the 
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transition of the initial (110)h oriented hcp AuSSs to (100)f oriented fcc Au 

nanosheets. This kind of phase transformation can be obtained through the relative 

motion of the adjacent (002)h planes in the opposite directions, together with the 

concurrent enlargement of inter-plane distance of the (110)h planes and shrinkage 

of that of the (002)h planes, as shown in Figure 4-7
117-119

. Moreover, it can also be 

regarded as the flattening of the (1 0)h planes, indicated with a rectangle in the 

left image of Figure 4-7, similar to the phase transformation pathway of wurtzite-

to-rock salt found in certain semiconductor nanomaterials, such as GaN and 

CdSe
117-119

.  

 

4.1.3 Effect of Ligand Concentration 

 

Figure 4-8. TEM images and SAED patterns of Au nanostructures prepared via 

ligand exchange with ODT at different concentrations for 5 min: (a,b) 2 mM, (c,d) 

5 mM, and (e,f) 10 mM. 

_

1
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Figure 4-9. TEM images and SAED patterns of Au nanostructures prepared via 

ligand exchange with ODT at different concentrations for 5 min: (a,b) 20 mM, (c,d) 

50 mM, (e,f) 100 mM, and (g,h) 200 mM. 

It was observed that the phase change of hcp AuSSs can be dramatically 

affected by the concentration of ODT molecules, as shown in Figures 4-8 and 4-9. 

At low concentrations of ODT (such as CODT < 20 mM), the oleylamine-to-ODT 

ligand exchange resulted in the formation of abnormally shaped Au nanosheets 

with low crystallinity (Figure 4-8), while under high concentrations of ODT 

(usually, CODT ≥ 20 mM) Au sheets with well maintained square shape and high 

crystallinity were synthesized (Figure 4-9). It should be pointed out that in the 

experiments mentioned above, the concentration of Au atoms was maintained 

constant (about 2.3 mM). If the Au atom concentration was significantly increased 

(such as 92 mM), while keeping the concentration of ODT unchanged (e.g. 25 

mM), the complete phase change of AuSSs could also be realized, as shown in 

Figure 4-10. The aforementioned experimental phenomena suggest that 

sufficiently high concentration of ODT in solution enabled a fast and complete 
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replacement of oleylamine with ODT molecules, and thus a uniform structure 

transition over the entire area of hcp AuSSs. 

 

Figure 4-10. (a,c,e,g) TEM images and (b,d,f,h) SAED patterns of AuSSs after the 

oleylamine-to-ODT ligand exchange at different concentrations of AuSSs: (a,b) 

1000 μL AuSS solution (Au atom concentration: 4.6 mM) mixed with 1000 μL 

ODT solution (50 mM), (c,d) 200 μL AuSS solution (Au atom concentration: 23 

mM) mixed with 200 μL ODT solution (50 mM), (e,f) 100 μL AuSS solution (Au 

atom concentration: 46 mM) mixed with 100 μL ODT solution (50 mM); (g,h) 25 

μL AuSS solution (Au atom concentration: 92 mM) mixed with 25 μL ODT 

solution (50 mM). 

 

4.1.4 Effect of Various Kinds of Thiol Molecules 

Besides ODT molecules, other thiol have been applied for ligand exchange of 

AuSSs, as shown in Figure 4-11. Significantly, the experimental results revealed 

that the complete phase change of hcp AuSSs can be realized by various kinds of 

thiol molecules, regardless of the length of the n-alkane chains (3 ≤ n ≤ 18), 
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hydrophilicity, the function groups (such as carboxylic acid, benzene or hydroxide), 

and the number of thiol function groups (such as monothiol or dithiol) (Figure 4-

12). 

 

Figure 4-11. Chemical structures of n-alkane thiols (in red color): 1-

octadecanethiol (ODT), 1-dodecanethiol (DDT), 1-octanethiol (OT) and 1-

propanethiol (PT); hydrophilic thiols (in green color): 11-mercapto-1-undecanol 

(MUDO), 6-mercapto-1-hexanol (MHO), 11-mercaptoundecanoic acid (MUDA) 

and 3-mercaptopropionic acid (MPA); aromatic thiol (in purple color): 

benzeneethanethiol (BET); dithiol (in blue color): 1,6-hexanedithiol (HdT). 
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Figure 4-12. TEM images and SAED patterns of fcc AuSSs prepared after the 

oleylamine-to-thiol ligand exchange with different thiol molecules (the 

concentration of thiols is 50 mM): (a) DDT, (b) OT, (c) PT, (d) MUDO; (e) MHO, 

(f) MUDA, (g) MPA; (h) BET; (i) HdT. 

 

4.1.5 Monochromated Electron Energy Loss Spectroscopy Measurement of 

Individual Face-Centered Cubic Au Square Sheets 

    Localized surface plasmon resonance (LSPR) absorption properties of metal 

nanostructures, particulally nanosheets and nanoplates, have received widely 

interests because of their extremely strong LSPR absorption in the visible-infrared 

(vis-IR) region, which can effectively benefit their various potential applications 

(such as IR photothermal therapy)
2,6,120,121

. Normally, the LSPR properties of metal 

nanostructures are studied by common optical spectrophotometer. But the spatial 

resolution of common optical spectrophotometer is relatively low, and hence not 

applicable for the nanometer scale plasmon measurement of an individual metal 

nanostructure. Importantly, with the rapid development of monochromated EELS 
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technique
22,122

, which integrates high spectral and spatial resolution, the LSPR 

properties of individual metal nanostructures can be characterized. 

 

Figure 4-13. (a) Schematic illustration for monochromated EELS characterization 

of a single fcc AuSS on GO sheet. (b) EELS spectra collected from an individual 

AuSS on GO sheet (excited next to edge and corner of an fcc AuSS and GO sheet. 

Inset: STEM image of the selected AuSS on GO sheet (scale bar, 20 nm), in which 

positions of the focused electron beam are indicated.   

The LSPR properties of an individual fcc AuSS on GO sheet were studied by 

monochromated EELS in STEM. In a typical experiment, the EELS 

characterization of individual fcc AuSSs was executed by positioning the focused 

electron beam next to (2–3 nm) the edge or corner regions of the fcc AuSS on GO 

sheet to excite its LSPR (Figure 4-13a). A control EELS spectrum of GO sheet 

was also acquired at about 500 nm away from the fcc AuSS, where merely GO 

presents (Figure 4-13b, the blue curve). Remarkably, the EELS spectrum of the 

corner region of fcc AuSS on GO sheet demonstrates a strong LSPR absorption 

peak at 0.59 eV (or 2102 nm) (Figure 4-13b, the red curve). The EELS spectrum of 

the edge region of the fcc AuSS on GO sheet demonstrates a similar LSPR 

absorption feature, which further proves its LSPR absorption in the IR region 
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(Figure 4-13b, the green curve). Such a strong IR absorption is derived from the 

in-plane surface plasmon resonance of two-dimensional fcc AuSS with relatively 

large edge length-to-thickness aspect ratio
6,120,121,123,124

. 

 

4.1.6 Short Summary 

In this section, the fcc AuSSs, with a thickness of about 3.1±0.5 nm, have been 

successfully synthesized from hcp AuSSs via the oleylamine-to-ODT ligand 

exchange under ambient conditions. Note that noble metal nanoplates/nanosheets 

usually shows the common shapes of triangle or hexagon, which are enclosed low 

energy basal planes of {111}f
2
. The first observation of fcc Au 

nanosheets/nanoplates with the orientation of (111)f dates back to the 1950s
125

. But 

free-standing noble metal nanosheets/nanoplates with the other orientations have 

not been synthesized by wet-chemical solution method during the following six 

decades. In this work, (100)f-oriented AuSSs have been prepared. Importantly, the 

crystallinity of fcc AuSSs can be finely tuned by adjusting the concentration of 

ligand. Significantly, besides ODT, various kinds of thiol molecules can be used to 

synthesize fcc AuSSs from hcp AuSSs. In addition, monochromated EELS 

revealed strong LSPR absorption of the fcc AuSS in IR range. It is believed that 

the ligand exchange mediated synthetic approach developed in the present work 

will provide new opportunities for the controlled synthesis of new noble metal 

nanomaterials, which have promising applications in plasmonics and catalysis
2,6

. 
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4.2 Metal Coating Assisted Synthesis of Novel Bimetallic 

Nanosheets  

4.2.1 Introduction 

    Noble metal nanocrystal (NC) has received extensive interest because it shows 

fascinating catalytic and optical properties and exhibited promising applications in 

plasmonics
126

, surface-enhanced Raman spectroscopy (SERS)
2,126,127

, catalysis
6,53

, 

and photo-thermal therapy
6
. As widely known, the physical and chemical 

properties of noble metal NCs can be adjusted with their shape and size
2,6,53

. 

Moreover, their functional properties are also largely influenced by their crystal 

phases
18,72

. For instance, hexagonal close-packed (hcp) Ag nanowires 

demonstrated low-frequency electrical noise of two to six orders of magnitude 

lower in comparison with that of common face-centered cubic (fcc) Ag 

nanowires
72

. Thus the control over the crystal phase is of paramount importance in 

the preparation of noble metal NCs. Former investigations on the structure 

modulation of noble metal NCs mostly relied on the harsh experiment conditions, 

e.g. high pressure
65

, high temperature
16

, or electron beam illumination at ultra-high 

vacuum conditions
19

. But it still remains a big challenge to realize the structure 

adjustment of noble metal NCs at ambient condition. 

Very recently, wide attention has been drawn to the preparation of noble 

bimetallic NCs because they exhibit better functional properties
46,47,128-130

 and 

demonstrate much higher stability
47,131

 in comparison with the monometallic 

counterparts. As widely known, epitaxial seeded growth has been widely found in 

solution phase preparation of noble bimetallic NCs at ambient condition due to the 

relatively small crystal lattice mismatch between two noble metals (normally < 
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5%)
132

. Typically, the synthetic procedure starts with noble metal NC as the “seed”, 

followed by the consecutive epitaxial growth
12,56,133

, or Galvanic replacement 

reaction
134

 with another noble metal. So far, noble metal NCs with a shape of 

nanosphere
135,136

, nanorod
134

, triangular and hexagonal nanoplate
131,137

, or 

nanopolyhedron
12,56,57,132,133,138

 have been applied as the seeds for the synthesis of 

noble bimetallic nanostructures with well controlled shape, size, atomic 

distribution (such as core-shell, alloy and heterostructure) and composition. But all 

of the noble metal seeds used in the aforementioned studys are fcc NCs. To date, 

the solution epitaxial seeded growth of noble bimetallic NC via using the non-fcc 

nanocrystal as the seed has scarcely been explored
139

, particularly,  for Pt, Pd, Au, 

and Ag.      

    In 2011, Huang et al. reported the successful preparation of ultrathin hcp Au 

square sheet (AuSS) on graphene oxide (GO) sheets
19

. In this section, a facile 

strategy has been established to synthesize a series of ultrathin noble bimetallic 

nanosheets via metal coating on hcp AuSSs under ambient conditions. The (100)f-

oriented fcc Au@Ag square sheets have been prepared via the epitaxial growth of 

Ag on the hcp AuSSs in the absence of oleylamine. Interestingly, polytypic hcp/fcc 

Au@Ag square sheets with an orientation of (110)h/(101)f are obtained though the 

epitaxial seeded growth of Ag on hcp AuSSs in the presence of oleylamine. 

Remarkably, (101)f oriented fcc Au@Pt and Au@Pd rhombic sheets, coexisting 

with tiny amount of (100)f oriented fcc Au@Pt and Au@Pd square sheets, are 

obtained from hcp AuSSs by changing the coating metal from Ag to Pt and Pd, 

respectively. In addition, monochromated electron energy loss spectroscopy 

(EELS) study on the localized surface plasmon resonance (LSPR) absorption 

property of individual fcc Au@Ag square sheets has been conducted. 
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4.2.2 Synthesis and Characterization of Face-Centered Cubic Au@Ag Square 

Sheets 

 

Figure 4-14. (a) TEM image of fcc Au@Ag square sheets on GO sheets by using 

ascorbic acid as reductant. (b,c) SAED patterns taken along (b) [100]f and (c) 

[310]f zone axes of an fcc Au@Ag square sheet. (d,e) HRTEM images of an fcc 

Au@Ag square sheet. Insets in (d,e): fast Fourier transform (FFT) patterns of the 

HRTEM images in (d) and (e). (f) HAADF-STEM image and (g,h) STEM-EDS 

element mappings of an fcc Au@Ag square sheet. (i) Aberration-corrected 

HAADF-STEM image and STEM-EDS element mapping showing the cross 

section of an fcc Au@Ag square sheet. 
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Figure 4-15. (a) TEM image and (b) SAED pattern of an fcc Au@Ag square sheet 

on GO by using NaBH4 as reductant. (c) HRTEM image and (d) FFT pattern of 

obtained fcc Au@Ag square sheets. 

 

Figure 4-16. STEM-EDS spectrum of fcc Au@Ag square sheets. The average 

atomic ratio between Au and Ag is estimated to be 1: 1.4. 
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Figure 4-17. (a,c) HAADF-STEM images and (b,d) STEM-EDS line scanning 

analyses of obtained fcc Au@Ag square sheets. 

    Similar to the ligand exchange mediated synthesis of fcc AuSSs from hcp 

AuSSs (Figures 4-1 and 4-5), it was observed that coating of a thin layer of Ag 

onto hcp AuSSs can induce a phase change from hcp to fcc structures in the 

absence of oleylamine. In a typical experiment, the epitaxial growth of Ag on the 

hcp AuSSs was realized by reducing AgNO3 with ascorbic acid or NaBH4 (Figures 

4-14 and 4-15). It shows that after the deposition of Ag, square shape of 

nanostructures is maintained (Figure 4-14a). The chemical composition of as-

prepared Au-Ag square sheets is studied by the energy dispersive X-ray 

spectroscopy (EDS) (Figure 4-14f-h and Figures 4-16 and 4-17), which indicates 

the uniform distribution of Ag and Au in the obtained bimetallic nanostructure. 

Besides, X-ray photoelectron spectroscopy (XPS) data suggests the surface of as-

prepared Au-Ag nanostructures are bound by oleylamine molecules (Figure 4-18).  
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Figure 4-18. High-resolution XPS spectra of (a) Au 4f, (b) Ag 3d, and (c) N 1s in 

obtained fcc Au@Ag square sheets. 

 

Figure 4-19. (a) Bright-field and (b) dark-field STEM images of the cross section 

of an fcc Au@Ag square sheet. (c) STEM-EDS line scanning profile of the cross 

section shown in (a). (d) STEM image and (e,f) STEM-EDS element mappings of 

the cross-section sample of an fcc Au@Ag square sheet. 
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Figure 4-20. (a) TEM image, (b) HRTEM image and (c) FFT pattern of a cross-

section sample of an fcc Au@Ag square sheet. 

 

Figure 4-21. TEM images of a folded (a) hcp AuSS and (b) fcc Au@Ag square 

sheet. The Moiré pattern observed in (b) are induced by the folding of fcc Au@Ag 

square sheet.   



Results and Discussions 

 

65 

 

 

Figure 4-22. (a) TEM image and (b) SAED pattern of an irregular-shaped fcc 

Au@Ag sheet. (c,d) HRTEM images of the marked regions in (a). (e) HAADF-

STEM image and (f,g) STEM-EDS element mapping of an irregular-shaped fcc 

Au@Ag sheet. 

The cross section of the obtained Au-Ag nanosheets was fabricated with focused 

ion beam (FIB), and studied under the transmission electron microscopy (TEM). 

The EDS mappings (Figure 4-14i) and line scannings (Figure 4-14) of the as-

prepared cross sections of Au-Ag nanosheets indicated that the resulted final 

product is Au@Ag core-shell nanostructures. Depending on the amount of Ag 

grown on the initial hcp AuSS, the thickness of obtained Au@Ag bimetallic 

nanosheets changed in range of 3.0 to 4.6 nm (Figure 4-14i, Figures 4-19 to 4-21). 

Surprisingly, the selected area electron diffraction (SAED) patterns (Figure 4-

14b,c) and high-resolution TEM (HRTEM) images (Figure 4-14d,e) of a typical 
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Au@Ag bimetallic nanosheet lying on the copper grid, and high angle annular 

dark field-scanning TEM (HAADF-STEM) image of a cross section of the 

Au@Ag nanosheet (Figure 4-14i) suggest that crystal phase of obtained Au@Ag 

square sheets is pure of fcc structure with a unique orientation of (100)f, which is 

similar to the crystal structure of fcc AuSSs synthesized from hcp AuSSs by ligand 

exchange (Figure 4-5).  

 

Figure 4-23. STEM-EDS spectrum of irregular-shaped fcc Au@Ag sheets. The 

average atomic ratio between Au and Ag is estimated to be 1: 0.3. 

It should be pointed out that the crystal lattice parameters of fcc Ag (a = 4.086 Å, 

ICSD no. 604630) and Au (a = 4.078 Å, ICSD no. 52249) are close to each other 

(about 0.2% lattice mismatch), which favors for the epitaxial growth between Au 

and Ag. Indeed, the continuous lattice fringe from the inside Au core to outside Ag 

shell was found, suggesting epitaxial relationship between the Au core and the Ag 

shell (Figure 4-14i and Figure 4-20). Furthermore, it was found that insufficient 

coating of Ag on hcp AuSSs can cause the formation of abnormally shaped and 

lowly crystallized Au@Ag nanostructure (Figures 4-22 and 4-23), which is in 
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good agreement with that of the ligand exchange meditated synthesis of fcc AuSSs 

under low concentrations of thiol molecules (Figure 4-8). 

 

4.2.3 Synthesis and Characterization of Polytypic Hexagonal Close-

Packed/Face-Centered Cubic Au@Ag Square Sheets 

 

Figure 4-24. (a) TEM image of hcp/fcc Au@Ag square sheets on GO sheet. (b) 

SAED pattern and (c,d) HRTEM images of an hcp/fcc Au@Ag square sheet. (e,g) 

Aberration-corrected HAADF-STEM images and (f,h) FFT patterns of the cross 

sections of the hcp/fcc Au@Ag square sheets collected along [110]h/[1 2 1]f and 

[001]h/[111]f zone axes, respectively.  
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Figure 4-25. STEM-EDS spectrum of hcp/fcc Au@Ag square sheets. The average 

atomic ratio between Au and Ag is estimated to be 1: 1.5.  

 

Figure 4-26. (a) HAADF-STEM image and (b,c) STEM-EDS element mapping of 

an hcp/fcc Au@Ag square sheet.  
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Figure 4-27. (a,c) HAADF-STEM images and (b,d) STEM-EDS line scanning 

analyses of hcp/fcc Au@Ag square sheets. 

Surprisingly, polytypic hcp/fcc Au@Ag square sheet was achieved when the 

reductant used for epitaxial seeded growth of Ag on the hcp AuSS was changed 

from NaBH4 or ascorbic acid to oleylamine (Figure 4-24). The EDS analysis on 

plan-view and cross-section samples reveals the homogeneous growth of Ag shell 

on the Au core (Figures 4-25 to 4-28). The XPS study shows that the obtained 

Au@Ag square sheets are capped with oleylamine molecules (Figure 4-29). The 

thickness of the as-prepared hcp/fcc Au@Ag square sheets was measured to be 

about 2.8±0.5 nm with the TEM images of the cross-section samples (Figure 4-

24e,g; Figures 4-28 and 4-30).  
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Figure 4-28. Aberration-corrected (a) bright-field and (b) dark-field STEM images 

of a cross section of hcp/fcc Au@Ag square sheets cut along [001]h/[111]f 

directions. (c) FFT pattern of the region marked in (b). (d) HAADF-STEM image 

and (e-g) STEM-EDS element mappings of a cross section of hcp/fcc Au@Ag 

square sheets. (h) HAADF-STEM image of the cross section of an hcp/fcc Au@Ag 

square sheet (Inset: EELS mapping of Ag). 

 

Figure 4-29. High-resolution XPS spectra of (a) Au 4f, (b) Ag 3d, and (c) N 1s in 

obtained hcp/fcc Au@Ag square sheets. 

    A TEM image of as-prepared Au@Ag square sheets is demonstrated in Figure 

4-24a, which shows that the edge of nanosheets was slightly etched in the process 

of Ag coating. SAED pattern of a typical Au@Ag square sheet (Figure 4-24b) can 

be assigned to the hcp-[110]h zone pattern along with the other diffuse diffraction 
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spot streaking along the [001]h direction, indicating the coexisting of alternative 

hcp and fcc phases along with lots of twins and stacking faults along the 

[001]h/[111]f directions. The center (Figure 4-24c) and edge (Figure 4-24d) areas 

(the hcp and fcc domains are marked) of Au@Ag square sheets were further 

studied with the plan-view HRTEM images, and the dark-field TEM image 

acquired with the [1 0]h diffraction spot (Figure 4-31).  

 

Figure 4-30. (a) Low-magnification and (b-c) high-resolution TEM images of a 

cross-section of obtained hcp/fcc Au@Ag square sheets cut along [001]h/[111]f 

directions. (d) FFT pattern of HRTEM image shown in (c). 

_
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Figure 4-31. (a) TEM image and (b) SAED pattern of an hcp/fcc Au@Ag square 

sheet. (c) The dark-field TEM image acquired with (1 0)h diffraction spot 

indicated in (b). 

 

Figure 4-32. Schematic illustration on the preparation of cross sections of hcp/fcc 

Au@Ag square sheets. 

    To further identify the crystal lattice correlation between the outside Ag shell 

and inside Au core, the hcp/fcc Au@Ag square sheets were cut along the [001]h/[

11]f and [1 0)h/[ 1]f directions (Figure 4-32) to show the crystal lattice patterns 

of the [1 0]h/[ 1]f (Figure 4-24e) and [001]h/[ 11]f zone axes (Figure 4-24g), 
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respectively. The cross-section HAADF-STEM images and the FFT patterns 

(Figure 4-24e-h) clearly reveal the coherent atomic arrangement from the inside 

Au core to outside Ag shell, indicating the epitaxial relationship between Au and 

Ag. It should be pointed out that from the view direction in Figure 4-24g, hcp (002) 

planes are overlapped with the fcc( 11) planes, and thus the corresponding FFT 

pattern in Figure 4-24h demonstrates two sets of diffraction patterns, i.e. [001]h 

(marked in green) and [ 11]f (marked in red) zone patterns, respectively. 

 

4.2.4 Role of Surfactant in the Synthesis of Au@Ag Square Sheets  

 

Figure 4-33. Schematic illustration for the Ag coating on hcp AuSSs (a) with 

ascorbic acid as reductant in the absence of oleylamine, and (b) with oleylamine as 

reductant and capping agent.  
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    As for the Ag coating on hcp AuSSs, when NaBH4 or ascorbic acid was applied 

as the reductant, fcc Au@Ag square sheet with the orientation of (100)f was 

achieved (Figure 4-33a). It should be pointed out that hcp AuSSs initially protected 

with oleylamine molecules were cleaned four times before the epitaxial growth of 

Ag. Therefore, only a tiny amount of oleylamine molecules remained on the 

surface of hcp AuSSs. When oleylamine was applied as the reductant and capping 

agent, polytypic hcp/fcc Au@Ag square sheets with the (110)h/(101)f orientations 

was realized (Figure 4-33b). This kind of phase change belongs to commonly 

observed Martensitic transition (Figure 4-33b), which usually proceeds by the 

change of stacking sequence of the closed-packed planes, leads to formation of 

twins/stacking faults, or the coexisting of alternative hcp and fcc phases
103

. 

Furthermore, the nanostructure’s orientation regarding to its close-packed 

directions (i.e. [111]f and [001]h directions) is maintained in the process of 

structure evolution.  

 

Figure 4-34. (a) TEM image and (b) SAED pattern along [110]h/[101]f zone axes 

of an hcp/fcc Au@Ag square sheet, which was synthesized via using octylamine as 

reductant and capping agent. (c) HRTEM image of obtained hcp/fcc Au@Ag 

square sheets. 



Results and Discussions 

 

75 

 

 

Figure 4-35. (a) TEM image and (b) SAED pattern along [100]f zone axis of an 

fcc Au@Ag square sheet, which was obtained by using dioctylamine as reductant 

and capping agent. (c) HRTEM image of obtained fcc Au@Ag square sheets. 

The observations mentioned above reveal that oleylamine molecules played a 

critical role in modulating crystal phases of obtained Au@Ag square sheets. To 

further investigate the influence of surfactants, we executed the control 

experiments by changing the surfactants from oleylamine to octylamine (belongs 

to primary amine) and dioctylamine (belongs to secondary amine) as the reductants 

and capping agents for the epitaxial growth of Ag onto hcp AuSSs. The 

experimental results demonstrated that the octylamine-induced deposition of Ag 

result in the formation of (110)h/(101)f-orientated hcp/fcc Au@Ag square sheets 

(Figure 4-34), similar to that obtained by oleylamine (Figure 4-24), while the 

dioctylamine-induced reduction of Ag led to formation of (100)f oriented fcc 

Au@Ag square sheets (Figure 4-35). These experimental phenomena indicated 

that primary amines may benefit formation of hcp containing nanostructures, 

which is in good agreement with the former studies indicating that primary amines 

can favor the growth of hexagonal wurtzite structures in some semiconductor 

nanostructures, e.g. GaP
140

. Based on the above discussions, the kind of surfactants 

used for the deposition of Ag helped to control the kind of structure evolution, 
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which is most probably caused via the interplay of the adhesive energy of metal 

structures and surfactant-metal bonding energy
141,142

. 

 

4.2.5 Synthesis and Characterization of Face-Centered Cubic Au@Pt 

Nanosheets 

 

Figure 4-36. (a) TEM image and (b) SAED pattern of a (101)f-orientated fcc 

Au@Pt rhombic nanosheet. (c,d) HRTEM images of an fcc Au@Pt rhombic 

nanosheet collected from the center and edge areas, respectively. Insets in (c,d): 

FFT patterns of the HRTEM images in (c,d). (e) HAADF-STEM image and (f,g) 

STEM-EDS element mappings of a (101)f-oriented fcc Au@Pt rhombic nanosheet. 
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Figure 4-37. (a,c,e,g) TEM images and (b,d,f,h) SAED patterns of obtained fcc 

Au@Pt rhombic nanosheets. 

 

Figure 4-38. TEM images of a folded (a) hcp AuSS, (b) fcc Au@Pt rhombic 

nanosheet, and (c) fcc Au@Pd rhombic nanosheet. 

The bimetallic fcc Au@Pt nanosheet was prepared via the deposition of Pt on 

the hcp AuSSs with NaBH4 as the reducing agent. Surprisingly, the shape of 

nanosheets changed from square to rhombic shapes after the coating of Pt on hcp 

AuSSs (Figure 4-36a and Figure 4-37). The thickness of the as-prepared Au@Pt 

rhombic nanosheets is measured as 3.5±0.7 nm by TEM (Figure 4-38b). 

Importantly, the electron diffraction reveals the crystal structure of obtained 

Au@Pt rhombic nanosheets is fcc phase with an unusual orientation of (101)f. It 
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should be pointed out that almost all of the formerly prepared two-dimension (2D) 

fcc metal NCs demonstrate a common orientation of (111)f
2,125,131,137,143

. The 

SAED pattern collected along [101]f zone axis of obtained fcc Au@Pt rhombic 

nanosheets are demonstrated in Figure 4-36b and Figure 4-37. The diffraction 

spots ascribed to twins are also found and noted with a subscript of “T” (Figure 4-

36b). The dark-field TEM image acquired with the (111)f diffraction spot further 

suggests that the twins randomly distribute over the entire structure of fcc Au@Pt 

rhombic nanosheets (Figure 4-39).  

 

Figure 4-39. (a) TEM image and (b) SAED pattern of an fcc Au@Pt rhombic 

nanosheet. (c) Dark-field TEM image taken with (111)f diffraction spot as marked 

in (b). 

 

Figure 4-40. STEM-EDS spectrum of obtained fcc Au@Pt rhombic nanosheets. 

The average atomic ratio between Au and Pt is 1: 1. 
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Figure 4-41. (a) HAADF-STEM image and (b) STEM-EDS line scanning analysis 

of obtained fcc Au@Pt rhombic nanosheets. 

 

Figure 4-42. (a) Schematic illustration for fabrication of cross sections of fcc 

Au@Pt rhombic nanosheets. The green dashed lines show the cutting direction 

with FIB. (b) The HAADF-STEM image of obtained cross section of an fcc 

Au@Pt rhombic nanosheet. The regions in the two red rectangles indicate the 

alignment marks produced in the process for preparation of cross sections of fcc 

Au@Pt rhombic nanosheets.     



Results and Discussions 

 

80 

 

 

Figure 4-43. (a) Low-magnification and (b) aberration-corrected HAADF-STEM 

images of cross section of an fcc Au@Pt rhombic nanosheet. (c) FFT pattern of 

HAADF-STEM image in (b). (d) HAADF-STEM image of cross section of the fcc 

Au@Pt rhombic nanosheet. (e) STEM-EDS element mapping of Au (in red color) 

and Pt (in green color), and the overlapped image. (f) STEM-EDS line scanning 

plots of the selected areas indicated by rectangle and line in (d), respectively. 

Figure 4-36c,d demonstrate the HRTEM images of an fcc Au@Pt rhombic 

nanosheets collected from the center and edge areas. An inter-plane lattice distance 

of 2.3 Å is measured from the HRTEM images, which is assigned to fcc{111} 

planes. HRTEM image clearly demonstrates the twin structures, which is in good 

agreement with the results of SAED and dark-field TEM (Figure 4-36b and Figure 

4-39). The chemical composition of the as-prepared Au@Pt rhombic nanosheets is 
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measured by the STEM-EDS (Figure 4-40), giving an average atomic ratio 

between Au and Pt of 1: 1. A typical HAADF-STEM image of an fcc Au@Pt 

rhombic nanosheet and the STEM-EDS elemental mappings clearly indicate both 

Au and Pt are uniformly distributed in obtained fcc Au@Pt rhombic nanosheets 

(Figure 4-36e-g), which is proved by STEM-EDS line scanning analysis of as-

prepared fcc Au@Pt rhombic nanosheets (Figure 4-41). 

 

Figure 4-44. (a) HAADF-STEM image of a cross section of an fcc Au@Pt 

rhombic nanosheet. (b,c) Selected-point STEM-EDS spectra taken from the 

regions marked by red and green dots in (a), respectively. 
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To further study the crystal structure of as-prepared fcc Au@Pt rhombic 

nanosheet, FIB was applied to cut it along its long diagonal (see Figure 4-42 for 

details), in order to investigate its cross section (Figure 4-43a,b,d). STEM-EDS 

element mappings and the line scanning profiles of cross section suggest the whole 

surface of fcc Au nanosheets is covered Pt, resulting in the formation of a core-

shell structure (Figure 4-43e,f), which is also identified by the selected point 

STEM-EDS study (Figure 4-44). Aberration-corrected HAADF-STEM image of 

cross section of the as-prepared fcc Au@Pt rhombic nanosheets indicates the 

continuous lattice fringes extending from the inside Au core to outside Pt shell 

(Figure 4-43b), suggesting epitaxial relationship between Au and Ag. A lattice 

spacing of 2.3 Å is attributed to fcc {111} planes of the as-prepared Au@Pt 

rhombic nanosheets. The FFT pattern is in good agreement with the SAED pattern 

along fcc[121] zone axis (Figure 4-43c), which further identifies a complete phase 

transformation of AuSSs from hcp to fcc after the coating of Pt. 

 

Figure 4-45. (a) TEM image and (b) SAED pattern of an fcc Au@Pt square 

nanosheet. (c) HRTEM image of an fcc Au@Pt square nanosheet. Inset in (c): FFT 

pattern of HRTEM image shown in (c). 

Interestingly, besides the fcc Au@Pt rhombic nanosheets mentioned above, a 

tiny amount of Au@Pt square nanosheets (yield is < 10%) was also found in the 
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final products (Figures 4-45 to 4-47). Figure 4-45a demonstrates the typical TEM 

image of an Au@Pt square nanosheet. SAED pattern indicates that the as-prepared 

Au@Pt square nanosheets exhibit the fcc structure with an orientation of (100)f, 

which is further confirmed by HRTEM images (Figure 4-45b,c). A lattice spacing 

of 2.0 Å is assigned to fcc {100} planes (Figure 4-45c).       

 

Figure 4-46. (a) HAADF-STEM image and (b,c) STEM-EDS element mappings 

of an fcc Au@Pt square nanosheet. 

 

Figure 4-47. STEM-EDS spectrum of fcc Au@Pt square nanosheets. The average 

atomic ratio between Au and Pt is 1.0: 0.7. 
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Figure 4-48. The scheme illustrating the synthesis of (101)f oriented fcc Au@Pt 

rhombic nanosheets with twin structures (indicated by dashed red line) from (110)h 

oriented hcp AuSSs (top panel), along with the formation of a tiny amount of 

(100)f oriented fcc Au@Pt square nanosheets (bottom panel). 

The top panel of Figure 4-48 schematically illustrates the structure and 

morphology evolution of hcp AuSSs caused by the epitaxial deposition of a thin Pt 

layer, i.e. the transformation from the initial (110)h oriented hcp AuSSs to obtained 

(101)f oriented fcc Au@Pt rhombic nanosheets. The fcc and hcp polytypes are 

different from the packing sequence of the close-packed planes with the repeated 

ABC stacking along [111]f direction and AB stacking along [001]h direction, 

respectively. This kind of phase change can be realized by the transition of 

stacking order of the close-packed planes, leading to the formation of lots of 

crystal defects (such as twins, dislocations, and stacking faults) and shape 

transformation
95,144,145

. Furthermore, the nanostructure’s orientation regarding to 
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its close-packed directions (i.e. [111]f and [001]h directions) maintains 
19,145

, which 

is in good agreement with the aforementioned experimental results (Figure 4-36 

and Figure 4-37). Differently, the close-packed directions (i.e. [111]f and [001]h 

directions) have changed in the another structure transition from (110)h oriented 

hcp AuSSs to the obtained (100)f oriented fcc Au@Pt square nanosheets (Figure 4-

48, bottom panel).  

Theoretical and experimental investigations have suggested that crystal phases 

of inorganic NC can be largely influenced by surface energy, which dominates or 

contributes a lot to total systemic energy
17,19,145,146

. For example, the hcp Ag
16,17

 

NPs and fcc Ru
18

 have been obtained even though their bulk counterparts are fcc 

and hcp structures, respectively. In the present work, the epitaxial coating of Pt on 

the hcp AuSSs led to the increase of their thicknesses (Figure 4-43 and Figure 4-

38b) and thus resulted to the decrease of the surface area-to-volume ratio, which 

may induce instability of initial hcp phase and hence its change from hcp to fcc 

structures. 

 Besides, it has been widely found that the epitaxial strain, induced by the 

crystal lattice mismatch between the underlying substrate and epitaxial thin film, 

plays an important role in the final structure of the deposited thin film
144,147

. 

Recently, a study reveals that for the CdS@ZnS core-shell nanospheres with a 

shell thickness of merely 7.5-monolayered ZnS, 7%  crystal lattice mismatch 

between the CdS core and the ZnS shell produced a radial pressure as large as 4 

GPa on the CdS core
148

. In the current contribution, crystal lattice mismatch 

between close-packed planes of fcc Pt ({111}f plane, d = 2.26 Å, COD no. 

9013417) and hcp Au ({001}h plane, d = 2.4 Å, refer to the former work
19

) is 

around 5.8%. It should be pointed out that thickness of hcp AuSSs is just about 1.8 
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nm (Figure 4-38a), i.e. ~ 12 atomic layers of Au. Hence the influence of epitaxial 

strain induced by the outside Pt shell on the crystal phase of the hcp AuSSs may be 

significantly large. In addition, it has been revealed that the energy differences 

among body-centered cubic (bcc), hcp and fcc crystal structures is very small in 

many noble and transition metals
149

. Therefore, it is proposed that the phase 

change of the hcp AuSSs caused by epitaxial deposition of Pt is probably a result 

of the interplay among phase stability, surface energy and epitaxial strain. The 

underlying reason for coexistence of two types of structure change caused by Pt 

deposition on the hcp AuSSs, i.e. (110)h oriented hcp Au nanosheets to (100)f and 

(101)f oriented fcc Au@Pt nanosheets, still remains unclear, which needs further 

study.  
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4.2.6 Synthesis and Characterization of Face-Centered Cubic Au@Pd 

Nanosheets 

 

Figure 4-49. (a) TEM image and (b) SAED pattern of a (101)f-orientated fcc 

Au@Pd rhombic nanosheet. (c,d) HRTEM images of an fcc Au@Pd rhombic 

nanosheet collected from center and edge areas, respectively. Insets in (c,d): FFT 

patterns of the HRTEM images in (c,d). (e) HAADF-STEM image and (f,g) 

STEM-EDS element mappings of a (101)f-oriented fcc Au@Pd rhombic nanosheet. 
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Figure 4-50. (a) (a,c,e,g) TEM images and (b,d,f,h) SAED patterns of obtained fcc 

Au@Pd rhombic nanosheets. 

 

Figure 4-51. (a) TEM image and (b) SAED pattern of an fcc Au@Pd rhombic 

nanosheet. (c) Dark-field TEM image taken with (111)f diffraction spot as marked 

in (b). 
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Figure 4-52. STEM-EDS spectrum of fcc Au@Pd rhombic nanosheets. The 

average atomic ratio between Au and Pt is 1.0: 0.8. 

 

Figure 4-53. (a) HAADF-STEM image and (b) STEM-EDS line scanning analysis 

of an fcc Au@Pd rhombic nanosheet. 

    Importantly, the epitaxial deposition of Pd on the hcp AuSSs can also cause a 

structure change, leading to the production of (101)f oriented fcc Au@Pd rhombic 

nanosheets (Figures 4-49 and 4-50). The fcc phase of Au@Pd rhombic nanosheets 

with lots of twin structures is revealed by SAED pattern (Figure 4-49b), which is 

confirmed by dark-field TEM image acquired from the (1 1 1 )f diffraction spot 

(Figure 4-51). HRTEM images collected perpendicular to basal plane of the 
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obtained Au@Pd rhombic nanosheets further suggest the presence of twins and an 

unusual orientation of (101)f (Figure 4-49c,d). The thickness of as-prepared fcc 

Au@Pd rhombic nanosheets is measured as 3.4±0.8 nm by TEM (Figure 4-38c). 

The STEM-EDS spectrum reveals the coexistence of Au and Pd (Figure 4-52) with 

an average Au/Pt atomic ratio of 1/0.8. Typical HAADF-STEM image of an fcc 

Au@Pd rhombic nanosheet is demonstrated in Figure 4-49e. The STEM-EDS 

element mappings (Figure 4-49f,g) reveal both Pd and Au are homogeneously 

distributed in as-prepared fcc Au@Pd rhombic nanosheets, which is further 

identified by STEM-EDS line scanning analysis (Figure 4-53). Moreover, a tiny 

amount of (100)f oriented fcc Au@Pd square nanosheets with a yield of < 10% 

was also observed in the final products (Figures 4-54 and 4-55), similar to the 

aforementioned results of Pt coating on hcp AuSSs (Figure 4-45). 

 

Figure 4-54. (a) TEM image, (b) SAED pattern, and (c) HRTEM image of an fcc 

Au@Pd square nanosheet. (d) HAADF-STEM image and (e,f) STEM-EDS 

element mappings of an fcc Au@Pd square nanosheet. 
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Figure 4-55. STEM-EDS spectrum of fcc Au@Pd square nanosheets. The average 

atomic ratio between Au and Pt is 1.0: 0.9. 

 

4.1.7 Monochromated Electron Energy Loss Spectroscopy Measurement of 

Individual Face-Centered Cubic Au@Ag Square Sheets 

The LSPR property of individual fcc Au@Ag square sheets on GO sheet was 

studied by the monochromated EELS in STEM. In a typical experiment, the EELS 

characterization of individual fcc Au@Ag square sheets was executed by 

positioning the focused electron beam next to (2–3 nm) edge or corner regions of 

fcc Au@Ag square sheet on GO sheet to excite its LSPR (see Figure 4-13a for 

details). A control EELS spectrum of GO sheet was also acquired at about 500 nm 

away from fcc Au@Ag square sheets, where merely GO sheet presents (Figure 4-

56, the blue curve). Remarkably, EELS spectrum of the corner region of fcc 

Au@Ag square sheet demonstrates a strong LSPR absorption peak at 0.61 eV (or 

2033 nm) (Figure 4-56, the red curve). EELS spectrum of the edge region of fcc 

Au@Ag square sheet on GO sheet demonstrates a similar LSPR absorption nature, 
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which further proves its LSPR absorption in infrared range (Figure 4-56, the green 

curve). Such a strong IR absorption is derived from the in-plane surface plasmon 

resonance of two-dimensional fcc Au@Ag square sheet with relatively large edge 

length-to-thickness aspect ratio
6,120,121,123,124

. 

 

Figure 4-56. EELS spectra collected from an individual Au@Ag square sheet on 

the GO sheet (excited next to edge and corner of an fcc Au@Ag square sheet and 

the GO sheet. Inset: STEM image of a selected Au@Ag square sheet on the GO 

sheet (scale bar, 20 nm), in which positions of focused electron beam are indicated.   

 

4.2.8 Short Summary 

In this section, a simple metal coating method has been established to synthesize 

a series of unprecedented noble bimetallic nanosheets, i.e. (100)f oriented fcc 

Au@Ag square sheets, (110)h/(101)f-oriented polytypic hcp/fcc Au@Ag square 

sheets, (101)f-oriented fcc Au@Pt and Au@Pd rhombic nanosheets, (100)f-

oriented Au@Pt and Au@Pd square nanosheets from hcp AuSSs at ambient 
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condition. Monochromated EELS reveals the ultra-strong LSPR absorption of fcc 

Au@Ag square sheets in infrared range. This work indicates the wide possibilities 

in synthesis of bimetallic nanomaterials based on the structure change of inorganic 

nanomaterials with small dimensions. 
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4.3 Colloidal Synthesis of 4H Hexagonal Au Nanoribbons 

4.3.1 Introduction 

    The control of crystal phases is one of the big challenges in the synthesis of 

advanced inorganic nanomaterials
93,150,151

. Polymorphism phenomena are 

commonly observed in II-VI, IV, III-V and transition metal oxide semiconductor 

nanomaterials
119,152-155

. The crystal phase of semiconductor nanomaterials is 

usually determined by experimental factors, e.g. the interaction between crystal 

nuclei and capping agents
140

, the reaction temperature
152

 and pressure
119,155

, crystal 

size
152,154

 and solvent system
156

. Despite the polymorphs of a certain 

semiconductor nanostructure have an identical chemical composition, their 

physical and chemical properties may be greatly different from one to the 

other
93,153

. For instance, the band gap of wurtzite SiC (3.33 eV) is much bigger 

than that of the zinc-blende counterpart (2.39 eV)
153

. Different from the 

semiconductor nanomaterials, structure control over noble metals still remains a 

huge challenge, particularly for the noble metal nanostructures obtained using the 

wet-chemical synthetic methods. 

Gold (Au) nanomaterials have attracted widely interest due to their unique 

physical and chemical properties for various applications, such as catalysis, bio-

sensing, surface-enhanced Raman scattering (SERS), and biomedicine
1,2,157

. 

Several decades ago, well-dispersed Au nanoparticles (NPs) were obtained via 

reduction of HAuCl4 with the sodium citrate
125

. After that, many methods, e.g. the 

porous aluminum anodic oxide-directed hard-template approach
158

, surfactant-

driven soft-template synthesis
159

 and seed-mediated synthetic method
160

, have been 

well developed for the synthesis of many anisotropic Au nanomaterials. As a result, 

well-defined Au nanomaterials with various shapes, such as nanorods
159,160

, 
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nanowires
158,161-163

, nanoplates
120,164

, nanoribbons
165

, and nanopolyhedra
11,166

, have 

been successfully achieved. While the shape- and size- controlled synthesis of Au 

nanomaterials can be easily realized, almost all of the Au nanomaterials reported to 

date usually crystallize in the face-centered cubic (fcc) phase. Recently, Huang et 

al. firstly reported the controlled synthesis of hexagonal close-packed (hcp, 2H 

type) Au square sheets
19

, which inspires the investigation of novel polytypes of Au 

and study of their structure manipulation. 

In this section, the high-yield colloidal synthesis of hexagonal 4H Au 

nanoribbons (NRBs), a new metastable phase of Au, has been shown. We found 

that the 4H phase of Au NRBs can be changed to the fcc phase after ligand 

exchange under ambient conditions. Meanwhile, monochromated electron energy-

loss spectroscopy (EELS) demonstrated the existence of well-defined localized 

surface plasmon resonance (LSPR) absorption on individual 4H Au NRBs. 

Moreover, it is shown that the 4H hexagonal structure of Pd, Ag, and Pt can also 

be easily obtained via the direct epitaxial growth of these noble metals onto the as-

prepared 4H Au NRB surface. 
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4.3.2 Synthesis and Characterization of 4H Au Nanoribbons  

 

Figure 4-57. (a) TEM image of 4H Au NRBs. (b,c) TEM image and SAED pattern 

collected along [110]4H zone axis of an Au NRB. (d,e) Aberration-corrected 

HRTEM images collected from the center (d) and edge (e) regions of an Au NRB, 

respectively. (f) Schematic illustration for the unit cell of 4H Au. (g) 

Crystallographic models showing the top (top panel) and side (bottom panel) 

views of a 4H Au NRB.  
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Figure 4-58. (a) TEM and (b) HAADF-STEM images of obtained 4H Au NRBs.  

     

Figure 4-59. TEM images of two folded 4H Au NRBs, showing a thickness of 2.5 

nm (a) and 4.0 nm (b), respectively.     

The Au NRBs were synthesized by heating the mixture consisted of oleylamine, 

HAuCl4, 1,2-dichloropropane and hexane in a sealed glass vial at 58 °C for 16 h. 

The transmission electron microscope (TEM) images indicate the length and width 

of the as-prepared Au NRBs are 0.5–6.0 μm and 15–61 nm, respectively (Figure 4-

57a,b and Figure 4-58). The thickness of the obtained Au NRBs is measured as 2–

6 nm by TEM (Figure 4-59), which is further identified by atomic force 

microscopy (AFM) (Figure 4-60). The scanning TEM-energy dispersive X-ray 

spectrum (STEM-EDS) suggests that the chemical composition of the obtained 
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NRBs is pure of Au (Figure 4-61). The surface of Au NRBs is protected by the 

oleylamine, as revealed by X-ray photoelectron spectroscopy (XPS) investigation 

(Figure 4-62). It should be pointed out that the introduction of 1,2-dichloropropane 

is of paramount importance to the successful synthesis of Au NRBs. Without 1,2-

dichloropropane, merely twinned fcc Au NPs and tiny amount of ultrathin Au 

nanowires (NWs) were attained (Figure 4-63). 

 

Figure 4-60. (a) AFM image and (b) height analysis of a 4H Au NRB deposited on 

the Si/SiO2 substrate. 

 

Figure 4-61. STEM-EDS spectrum of obtained 4H Au NRBs. 
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Figure 4-62. XPS spectra of 4H Au NRBs, demonstrating the core level peaks of 

(a) Au 4f, (b) N 1s, (c) Cl 2p and (d) C 1s. 
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Figure 4-63. (a) Low-magnification and (b) high-magnification TEM images of 

as-prepared Au NPs together with tiny amount of Au NWs obtained in the absence 

of 1,2-dichloroparopane. (c) SAED pattern and (d) HRTEM image of obtained Au 

NPs. 

The obtained Au NRBs crystallize in an unprecedented 4H hexagonal phase 

(space group, P63/mmc), as proved by selected area electron diffraction (SAED) 

pattern collected along [110]4H zone axis (Figure 4-57c), which shows the 

diffraction spots assigned to the (004)4H, (110)4H and (112)4H planes. The TEM 

image and the SAED pattern of a typical Au NRB suggest that it grows along the 

direction of [001]4H (Figure 4-57b,c). In order to further identify the 4H crystal 

structure of as-prepared Au NRBs, X-ray diffraction (XRD) pattern of obtained Au 
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nanostructures, deposited on a thin glass substrate, was also taken. The XRD 

pattern clearly demonstrates four strong peaks located at 36.2°, 37.4°, 40.9°, and 

79.7°, which are attributed to the (100)4H, (101)4H, (102)4H, and (202)4H planes of 

4H Au, respectively (Figure 4-64). The simulated unit cell parameters of 4H Au 

NRBs are a = 2.866 Å and c = 9.662 Å, respectively (Figure 4-57f). The other 

XRD peaks at 38.2°, 44.3° and 77.6° are derived from the coexisting by-products 

of fcc Au NPs (Figure 4-58). It should be pointed out that the peak located at 64.8° 

is assigned to both (110)4H and (220)f planes because their interplane lattice 

distances equal to each other. The aberration-corrected high-resolution TEM 

(HRTEM) images demonstrate that the 4H phase extends from the center to the 

edge regions of an Au NRB (Figure 4-57d,e), which has been further confirmed by 

the simulated HRTEM image (Figure 4-65). Based on the aforementioned 

observations, the crystallographic models (both top and side views) of a typical Au 

NRB are proposed, demonstrating a typical stacking sequence of “ABCB” along 

the close-packed direction of [001]4H (Figure 4-57g). 
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Figure 4-64. XRD pattern of 4H Au NRBs collected in the (a) θ/2θ and (b) 2θ 

modes.  

 

Figure 4-65. The simulated HRTEM image of 4H Au NRBs. The HRTEM image 

simulation was executed using the multislice method as implemented in the 

MacTempas software. 
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Figure 4-66. (a) At the reaction time of 4 h, ultrathin Au NWs (1.4–2.0 nm in 

diameter) were formed. The Au NWs gradually grew over time to form Au NRBs 

with the widths of (b) 2.8–5.2 nm at 8 h, (c) 8.0–20.0 nm at 12 h and (d) 15.0–61.0 

nm at 16 h. 

 

Figure 4-67. (a) At the reaction time of 4 h, the 2H phase and stacking faults were 

found in obtained ultrathin Au NWs. (b) The 4H phase appeared at the reaction 

time of 8 h. Inset: the FFT pattern of the selected 4H domain in (b). (c) Au NRBs 

with 4H phase were obtained at the reaction time of 12 h. Inset: FFT pattern of the 

HRTEM image in (c). 
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To reveal the formation mechanism of as-prepared 4H Au NRBs, the time-

dependent experiments were executed at an interval of 4 h, and the intermediate 

products were characterized by TEM (Figures 4-66 and 4-67). At the reaction time 

of 4 h, ultrathin Au NW (1.4–2.0 nm in diameter) was formed (Figure 4-66a), 

which then evolved into the ribbon-like nanostructures along with the width 

increased to 2.8–5.2 nm at the reaction time of 8 h (Figure 4-66b). By further 

increasing the reaction time, the width of the Au NRBs increased to 8.0–20.0 nm 

(Figure 4-66c) and 15.0–61.0 nm (Figure 4-66d) at the reaction times of 12 h and 

16 h, respectively. Previous investigations have revealed that the formation of 

ultrathin Au NWs can be driven by the soft-template effect of one-dimensional 

polymer structure, which was assembled from the (oleylamine)AuCl complexes 

with the aurophilic interaction
161,163

. In the current work, the transition of ultrathin 

Au NWs to Au NRBs may also be driven by the aforementioned polymer template, 

since the (oleylamine)AuCl complexes were found to assemble into ribbon-like 

nanostructures in the final products (Figure 4-68). Besides the morphology 

transformation, that is, from the ultrathin NWs to NRBs, the evolution of the 

crystal phase is found, too. The ultrathin Au NWs, as revealed by the HRTEM 

image (Figure 4-67a), contain short-range hexagonal 2H domains along with 

randomly distributed stacking faults, which is consistent with the former study
71

. 

As the Au NWs grew and gradually adopted the ribbon-like morphology with a 

width of about 4 nm (Figure 4-66b), short range 4H domains started to appear 

(Figure 4-67b). When the width of Au NRBs increased to 8.0–20.0 nm (Figure 4-

66c), Au NRBs with the 4H polytype were successfully synthesized (Figure 4-67c). 
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Figure 4-68. TEM image of a ribbon-like polymer structure, probably formed 

from the assembly of (oleylamine)AuCl complex molecules via aurophilic 

interaction. 

    The phase change from 2H (with a typical stacking sequence of AB) to 4H (with 

a typical stacking sequence of ABCB) polytypes has been found in alloy materials, 

e.g. TiCr2, by shear-induced formation of regular distributed stacking faults
167

. 

Moreover, the 2H-to-4H phase transition caused by thermal annealing was also 

found in the transition of PbI2, whose 4H structure is much more stable than the 

2H type at the transformation temperature
168

. Similarly, the evolution from 

ultrathin 2H Au NWs to 4H Au NRBs may also be driven by their energy 

differences, as former theoretical calculations indicated that the 4H Au is much 

more stable than the 2H Au because of its much larger cohesive energy per atom
69

.  
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4.3.3 Ligand Exchange Induced Phase Transformation of 4H Au Nanoribbons 

The 4H crystal structure of as-prepared Au NRBs is metastable and can be 

changed to the common fcc phase after the ligand exchange of surface-capped 

oleylamine molecules with thiol molecules under ambient conditions (Figure 4-69). 

In a typical experiment, the ligand exchange was executed by vortexing the 

mixture of the 4H Au NRB and a freshly prepared 1-dodecanethiol solution for 

about 5 min. The STEM-EDS investigation of the thiol-treated Au NRBs indicates 

the presence of sulfur in the as-obtained final product, and hence identifies the 

occurrence of the oleylamine-to-thiol ligand exchange (Figure 4-70). Interestingly, 

the crystal structure of the thiol-treated Au NRBs is found to be fcc phase, which is 

confirmed by SAED pattern collected from the marked area in Figure 4-69a, 

displaying the typical square lattice pattern along zone axis of [001]f (Figure 4-

69b). The (001)f oriented fcc structure is further proved by the SAED pattern 

collected along zone axis of [013]f, realized by tilting the Au NRB around [200]f 

axis by about 18.2°, which is in good agreement with theoretical angle (18.4°) 

between [001]f and [013]f zone axes (Figure 4-69c). 
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Figure 4-69. (a) TEM image of an Au NRB after ligand exchange. (b) SAED 

pattern of selected region by dashed rectangle in (a). (c) SAED pattern of [013]f  

zone axis was collected by tilting the Au NRB around [200]f zone axis for about 

18.2° with respect to [001]f zone axis. (d-f) HRTEM images collected from the 

center (d), edge (e), and end (f) regions of the marked region in (a), respectively. (g) 

Schematic illustration for ligand-induced phase transition of an Au NRB.         

The HRTEM images further indicate the (001)f oriented fcc phase with a lattice 

spacing of 2.0 Å for the {200}f planes (Figure 4-69, d to f). Figure 4-69g and 

Figure 4-71 schematically show the thiol molecule-induced phase change of Au 

NRBs from the inital (110)4H-oriented 4H to the final (001)f-oriented fcc structures. 

Different to the normally observed hcp-to-fcc phase changes in metals and alloys 

which proceed by motion of the partial dislocations on close-packed planes and 

result in formation of twins/stacking faults
102

, the phase change of 4H Au NRBs 
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may arise from the flattening of (110)4H planes (marked by rectangle in the left 

image of Figure 4-69g), which is quite similar to the phase transition of wurtzite-

to-rock salt occurred in some semiconductor nanomaterials at high pressures, e.g. 

CdSe and GaN
117,119

. Former studies indicated that thiol molecules and the other 

sulfur-containing compounds can cause surface reconstructions of metals, 

particularly, benefiting the formation of overlayers with large coordination 

numbers, e.g. fcc(100) surface that contains square hollow sites
111

. Moreover, 

spherical Pt NPs were found to change to Pt nanocubes bound by {100}f facets in 

the presence of H2S at 500 °C
116

. Thus the ligand-induced phase transition of Au 

NRBs under ambient conditions is most probably driven by the particularly unique 

and strong interaction between Au and S
107,111

. 

 

Figure 4-70. (a) STEM-EDS spectrum of Au NRBs after ligand exchange. (b) 

HAADF-STEM image, and (c,d) STEM-EDS element mappings of an Au NRB 

after ligand exchange. 
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Figure 4-71. Schematic illustration for ligand exchange-induced phase change of 

Au NRB from 4H to fcc structures. 

 

4.3.4 Monochromated Electron Energy Loss Spectroscopy Measurement of 

Individual 4H Au Nanoribbons 

Individual 4H Au NRBs were characterized by the monochromated EELS in 

STEM (Figure 4-72a, see Methods for details). The monochromated EELS test 

was conducted by raster-scanning a focused-electron beam with a diameter of 1–2 

nm in a rectangular area that included an individual 4H Au NRB. The interaction 

between electron beam and the conduction electrons in 4H Au NRBs generated the 

LSPR, which showed a fingerprint of the optoelectronic property of 4H Au NRBs. 

Figure 4-72b shows the monochromated EELS spectra of a single Au NRB taken 

at different positions (i.e. I, II, III and IV), several nanometers next to the Au NRB, 

as maked in Figure 4-72g. Two prominent LSPR peaks were observed in all the 

EELS spectra, that is, 0.82 eV and 1.75 eV at position “I”, 0.52 eV and 1.72 eV at 

position “II”, 0.36 eV and 1.93 eV at position “III”, 0.27 eV and 1.94 eV at 

position “IV”. The LSPR peaks of the Au NRB at different positions that appeared 

at low and high energy is induced by the eigen-modes longitudinally and 

transversely polarized with respect to the Au NRB geometry, respectively
20

. Note 

that a remarkable red shift is observed for the dominant LSPR peaks from position 

“I” to position “IV”.  
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Figure 4-72. (a) Schematic illustration for monochromated EELS characterization 

of a single 4H Au NRB. The focused electron beam is located a few nanometers 

away from the Au NRB to excite and measure its LSPR. (b) Monochromated 

EELS spectra taken from individual Au NRBs excited at the different positions 

marked in (g). (c,d) DFT-calculated dielectric function of a 4H Au thin film with 

the limitation of 4 nm in the y direction. (e) Simulated EELS spectra of a 4H Au 

NRB based on the dielectric function in (c) and (d) using the FEM with an electron 

beam. Inset: the theoretical model of a single Au NRB, in which the excitation 

positions are indicated. (f) Simulated EELS spectra of an fcc Au NRB with 

dielectric function taken from Palik at the identical excitation positions as that in 

(e). (g,h) HAADF-STEM image of a single Au NRB and its EELS mappings at 

different energy losses.   

    As there is no optical data available for the 4H Au NRBs, density functional 

theory (DFT) calculations were applied to give the dielectric function of a 4H Au 
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thin film (Figure 4-72c,d). In the DFT model, the [110]4H, [001]4H and [110]4H is 

defined to be x-, y- and z-directions (Figure 4-57c,f). The 4H Au thin film is 

proposed to have 4 nm in its y-direction and stacks indefinitely in its x- and z-

directions. The dielectric function of 4H Au thin films and that of fcc Au (obtained 

from literature, Palik
88

) demonstrate quite different features in the perpendicular 

direction to the thin films (that is the yy direction). These differences arise from the 

surface atoms with the formation of plasma frequency at low frequency. The 

contribution of surface atoms to the dielectric function is much smaller with 

increasing the thickness of the thin film
169

. A red shift for the primary LSPR peaks 

from excitation position “I” to position “IV” was also found in the finite-element-

method (FEM) simulation of plasmon excitation with an electron beam (Figure 4-

72e, see Methods for details), which is in good agreement with the aforementioned 

experimental results (Figure 4-72b). It should be pointed out that the Palik’s 

frequency-dependent dielectric function, derived from the fcc Au
88

, was also 

applied in the FEM simulations to benchmark the differences of optical response 

between 4H Au and fcc Au (Figure 4-72f). In comparison with fcc Au (Figure 4-

72f), the optical response of 4H Au thin film demonstrates a much smaller number 

of LSPR peaks in the range of 0–2.5 eV and red shift for all the LSPR peaks from 

excitation position “I” to position “IV” (Figure 4-72e). The experimental 

monochromated EELS mappings further indicate that low-order harmonic 

resonances were produced by the low-energy LSPR eigenmodes and the harmonic 

order increased with the LSPR energy (Figure 4-72h). The insight attained here is 

that the simulations with DFT-calculated optical constants of 4H Au followed 

much more closely to the trend of experiment results. The optical responses of 4H 

Au and fcc Au are quite different in terms of position and magnitude of the LSPR 
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peaks, it is thus reasonable to draw a conclusion that the structure modulation of 

Au nanomaterials can greatly change their optical properties.  

 

4.3.5 Synthesis of Polytypic 4H/Face-Centered Cubic Bimetallic Nanoribbons  

     

Figure 4-73. (a,b) TEM images of an Au@Ag NRB. (c) SAED pattern of an 

Au@Ag NRB collected along [110]4H/[101]f zone axes. (d,e) HRTEM images of 

an Au@Ag NRB collected from the center (d) and edge (e) regions, respectively. 

(f,g) TEM images of an Au@Pd NRB. (h) SAED pattern of an Au@Pd NRB taken 

along [110]4H/[101]f zone axes. (i,j) HRTEM images of an Au@Pd NRB taken 

from its center (i) and edge (j) areas, respectively. 
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Figure 4-74. STEM-EDS spectrum of 4H/fcc Au@Ag NRBs with an average 

Au/Ag atomic ratio of 1.0/1.7. 

 

Figure 4-75. (a) HAADF-STEM image, and (b,c) STEM-EDS element mappings 

of a polytypic 4H/fcc Au@Ag NRB. 

    Importantly, the obtained 4H Au NRBs can be used as “seeds” for epitaxial 

growth of the other noble metals, resulting in formation of a new class of noble 

bimetallic Au@M (M = Ag, Pd, and Pt) core-shell nanostructures. For example, 

the Au@Ag NRBs were prepared via the reduction of AgNO3 with oleylamine 

molecules in the presence of Au NRBs. The ribbon shape is well maintained after 

the epitaxial deposition of Ag on the surface of as-obtained 4H Au NRBs (Figure 

4-73a,b). The chemical composition of as-prepared Au@Ag NRBs is characterized 

by STEM-EDS, showing an average Au/Ag atomic ratio of 1.0/1.7 (Figure 4-74). 
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The typical high-angle annular dark-field-STEM (HAADF-STEM) image of an 

Au@Ag NRB and STEM-EDS element mappings reveal the homogeneous 

distribution of Ag and Au (Figure 4-75), which is further identified by STEM-EDS 

line scanning profile (Figure 4-76). The typical SAED pattern of an Au@Ag NRB 

demonstrates the [110]4H zone pattern along with streaks along the direction of 

[001]4H, indicating the coexisting of 4H and fcc phases together with lots of twins 

and stacking faults present along the [001]4H/[111]f directions (Figure 4-73c). This 

suggests that the epitaxial deposition of Ag on the surface of Au NRBs led to the 

phase transformation of the initial 4H to 4H/fcc polytypic structures. Such a crystal 

structure was also identified by the selected-spot dark-field TEM study (Figure 4-

77). The typical HRTEM images of an Au@Ag NRB further reveal the 

intergrowth of alternative 4H and fcc phases (Figure 4-73d,e), where the crystal 

lattice fringes coherently extend from the center to edge regions of the obtained 

4H/fcc polytypic Au@Ag NRB, suggesting the epitaxial relationship between the 

inside Au core and outside Ag shell (Figure 4-73e).  

 

Figure 4-76. (a) HAADF-STEM image, and (b) STEM-EDS line scanning profile 

of a polytypic 4H/fcc Au@Ag NRB. 
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Figure 4-77. (a) TEM image and (b) SAED pattern of a polytypic 4H/fcc Au@Ag 

NRB. (c) The dark-field TEM image taken with (1 0)4H diffraction spot indicated 

in (b). 

 

Figure 4-78. STEM-EDS spectrum of polytypic 4H/fcc Au@Pd NRBs with an 

average Au/Pd atomic ratio of 1.0/1.2. 

 

Figure 4-79. (a) HAADF-STEM image and (b,c) STEM-EDS element mappings 

of a polytypic 4H/fcc Au@Pd NRB. 

_

1
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In addition to Au@Ag NRBs, the Au@Pd NRBs were prepared via epitaxial 

growth of Pd on Au NRBs (Figure 4-73, f to j). The chemical composition of the 

Au@Pd NRBs is confirmed by STEM-EDS analysis showing an atomic ratio of 

1.0/1.2 (Au/Pd) (Figure 4-78). The continuous distribution of Pd on Au is again 

indicated by STEM-EDS elemental map and line scanning of such Au@Pd NRBs 

(Figures 4-79 and 4-80). Similar to Au@Ag NRB, the Au@Pd NRB also shows 

the 4H/fcc polytypic structure with faulty stacking along the [001]4H/[111]f 

direction (Figure 4-73, h to j). However, compared to the uniform Ag shell in 

Au@Ag NRBs (Figure 4-73a,b), the Pd shell in Au@Pd NRBs tends to grow in a 

Volmer-Weber (V-W) mode (i.e. island growth, Figure 4-73f,g) due to the much 

larger lattice mismatch between Au and Pd as compared to that between Au and 

Ag 
132

. Importantly, it is worth mentioning that this is the first demonstration of 4H 

Pd structure (Fig. 4j), which has not been directly synthesized until now. 

Furthermore, the bimetallic 4H/fcc Au@Pt NRBs have also been synthesized via 

reduction of H2PtCl6 with NaBH4 in the presence of 4H Au NRBs (Figures, 4-81 

to 4-83). 

 

Figure 4-80. (a) HAADF-STEM image and (b) STEM-EDS line scanning profile 

of a polytypic 4H/fcc Au@Pd NRB. 
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Figure 4-81. (a,b) TEM images and (c) SAED pattern of a polytypic 4H/fcc 

Au@Pt NRB. (d) HAADF-STEM image and (e,f) STEM-EDS element mappings 

of a polytypic 4H/fcc Au@Pt NRB. 

 

Figure 4-82. STEM-EDS spectrum of polytypic 4H/fcc Au@Pt NRBs with an 

average Au/Pt atomic ratio of 1.0/0.9. 
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Figure 4-83. (a) HAADF-STEM image, and (b) STEM-EDS line scanning profile 

of a polytypic 4H/fcc Au@Pt NRB.   

 

4.3.6 Short Summary 

    In this section, a new metastable phase of Au, that is, 4H structure, has been 

successfully synthesized in a high yield using a colloidal solution method. The 

ligand-induced phase change of the obtained Au NRBs from 4H to fcc structures 

has also been found under ambient conditions. The experimental and simulated 

EELS spectra of a single Au NRB suggest that the optical response between 4H 

and fcc Au is relatively different. Through the epitaxial growth of the other noble 

metals (e.g. Ag, Pt and Pd) on 4H Au NRBs, 4H metastable phases of these noble 

metals can be easily obtained. We believe that the systematically synthesis of 

novel noble metal nanomaterials here represents an important fundamental 

progress in material science and chemistry, and it will open up new opportunities 

for the controlled colloidal synthesis of advanced nanomaterials that have various 

promising catalytic and plasmonic applications. 
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CHAPTER 5 CONCLUSIONS AND 

RECOMMENDATIONS 

 

5.1 Conclusions 

In this thesis, surface modification methods, i.e. ligand exchange and metal 

coating, have been established to achieve the crystal phase controlled synthesis of 

new Au nanostructures and thin noble bimetallic nanosheets. Moreover, 

anisotropic Au nanomaterials with an unprecedented crystal structure have also 

been prepared by using a colloidal synthetic method under mild conditions. The 

following conclusions have been made from these works. 

A ligand exchange method has been established to synthesize new Au 

nanomaterials with controlled structure, as well as shape. By simply shaking the 

mixture of hexagonal close-packed (hcp) Au square sheet (AuSS) and freshly 

prepared octadecanethiol (ODT) solutions, the oleylamine-to-ODT ligand 

exchange can be realized. The crystal structure of AuSSs has changed from hcp to 

face-centered cubic (fcc) phases after the ligand exchange. The as-prepared fcc 

AuSSs demonstrate a unique (100)f orientation, which differs from the common 

(111)f orientation observed from the existing noble metal nanoplates/nanosheets. 

Besides ODT, various kinds of other thiol molecules can also induce the formation 

of fcc AuSSs from hcp AuSSs. Furthermore, it is found that in this ligand 

exchange process, the crystallinity of the obtained fcc AuSSs can be finely 

modulated by changing the concentration of ODT, which suggests that the hcp-to-

fcc phase transition of AuSSs is most probably a kinetically controlled process. 
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The metal coating approach has been used for the phase, shape and composition 

controlled synthesis of ultrathin noble bimetallic nanosheets with a thickness < 5 

nm. The (100)f-oriented fcc Au@Ag square sheets can be synthesized via the 

epitaxial deposition of Ag on the hcp AuSSs in the absence of oleylamine. As the 

oleylamine may favor the formation of hcp structure, polytypic hcp/fcc Au@Ag 

square sheets with an orientation of (110)h/(101)f is obtained though the epitaxial 

deposition Ag on the hcp AuSSs in the presence of oleylamine. Remarkably, by 

changing the coating metal from Ag to Pt or Pd, (101)f oriented fcc Au@Pt or 

Au@Pd rhombic sheets with lots of defects (e.g. twins, stacking faults and 

dislocations) are obtained from hcp AuSSs, which is most likely caused by the 

much larger lattice mismatch between Au and Pt or Pd compared to that between 

Au and Ag. This work suggests that metal coating induced phase transformation 

can provide new opportunities for the controlled synthesis of unique noble 

bimetallic nanomaterials, which cannot be obtained by the conventional synthetic 

methods. 

Ultrathin Au nanoribbons (NRBs) have been synthesized by heating a mixture 

consisted of HAuCl4 and oleylamine in a binary solvent of hexane and 1,2-

dichloropropane. The as-prepared Au NRBs, with a thickness of 2.0–6.0 nm, width 

of 15.0–61.0 nm and length of 0.5–6.0 μm, demonstrate an unprecedented 4H 

hexagonal structure. The formation of 4H Au NRBs is driven by the soft-template 

effect of one-dimensional polymer structure, which is assembled from 

(oleylamine)AuCl complex molecules by the aurophilic interaction. Interestingly, 

the 4H structure of Au NRBs can be transformed to fcc structure with the 

oleylamine-to-thiol ligand exchange under ambient conditions. Importantly, 

monochromated electron energy loss spectroscopy (EELS) study of individual 4H 
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Au NRBs reveals a strong plasmon absorption in a broad range of infrared region, 

i.e. from 1512 nm to 4592 nm. In addition, through the epitaxial growth of Ag, Pd 

and Pt on 4H Au NRBs, a novel class of polytypic 4H/fcc Au@M (M = Ag, Au 

and Pd) bimetallic NRBs can be readily prepared. It is worthy to mention that 4H 

hexagonal structures of both Pd and Pt have also been observed for the first time. 

This work opens up new opportunities for the phase, shape and composition 

controlled synthesis of advanced noble metal nanomaterials which may have 

promising applications in plasmonics and catalysis. 

5.2 Recommendations for Future Work 

The present work has achieved the phase, shape and composition controlled 

synthesis of noble metal nanomaterials via using the ligand exchange and metal 

coating methods, and the unprecedented formation of 4H hexagonal Au 

nanostructures via the colloidal synthetic method. These methods can be further 

improved and extended to the synthesis of other kinds of inorganic nanomaterials. 

Therefore, the following future works are recommended. 

Firstly, although the (100)f-oriented fcc AuSSs can be readily prepared from hcp 

AuSSs via the simple ligand exchange method, the underlying mechanism is still 

not fully understood. Due to the ultrafast (< 1 second) phase transformation of 

AuSSs from hcp to fcc upon ligand exchange, it is quite difficult to capture the 

transition states with common characterization instruments, making it hard to 

uncover the mechanism of this kind of phase transformation. Hence it is 

recommended that theoretical calculations, such as first-principle calculations and 

molecule dynamics, on the mechanism of the ligand exchange induced phase 

transformation of AuSSs are to be conducted in the future for a better 

understanding of this unusual hcp-to-fcc transformation pathway. Besides, as the 
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ligand exchange method is rapid and simple, it can be extended to the synthesis of 

other kinds of ultrathin inorganic nanomaterials via a phase transformation 

between different polytypes or crystal structures.   

Secondly, the noble bimetallic nanosheets, i.e. Au@Pt and Au@Pd rhombic 

sheets, prepared from the metal coating approach are not pure. The as-prepared 

Au@Pt and Au@Pd rhombic sheets are coexisting with small amount of Au@Pt 

and Au@Pd square sheets, respectively. As the physical and chemical properties of 

noble metal nanomaterials are highly correlated with their morphology, it is 

recommended to further improve the current metal coating method in order to 

synthesize pure Au@Pt and Au@Pd rhombic sheets, or Au@Pt and Au@Pd 

square sheets in one batch, by finely tuning the experiment conditions (such as 

solvent polarity). In addition, noble bimetallic nanomaterials usually exhibit a 

higher chemical stability and superior catalytic properties in comparison with their 

mono-counterparts. It is hence recommended to explore the potential applications 

of the obtained noble bimetallic nanosheets in this work for plasmonics (for fcc 

and hcp/fcc Au@Ag square sheets) and electrocatalysis (for fcc Au@Pt and 

Au@Pd nanosheets). 

Thirdly, although the 4H Au NRBs can be easily prepared via the current 

colloidal synthetic method with a relatively high yield, they are not pure, 

coexisting with some fcc Au NPs. As the purity of inorganic nanomaterial is of 

high importance for its potential applications, it is recommended to establish a 

simple colloidal synthetic method to give a much higher yield preparation of 4H 

Au NRBs, or establish a facile post-treatment method to separate the 4H Au NRBs 

from the by-products of fcc Au nanoparticles (NPs). Besides, because of the 

extremely strong infrared plasmonic absorption characteristic of 4H Au NRBs, it is 
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also recommended to investigate their potential applications in the infrared 

photothermal therapy.   

Lastly, Au-semiconductor heteronanostructures have attracted increasing 

interests as Au nanostructure shows excellent chemical stability and strong 

localized surface plasmon resonance, which can significantly enhance the light 

absorption of semiconductor and even enable the electron transfer from Au to the 

semiconductor component through the so-called “hot-electron” effect, it is thus of 

great importance to fabricate novel Au-semiconductor heteronanostructures. As the 

Ag can be easily sulfurized under mild conditions, it is hence recommended to 

synthesize 4H/fcc-Au@Ag2S NRB heterostructures from 4H/fcc-Au@Ag 

bimetallic NRBs. Meanwhile, cation exchange reaction has been demonstrated as a 

versatility way to modulate the chemical composition, structure and properties of 

ionic nanocrystals, especially transition metal chalcogenides. Therefore, it is also 

recommended to synthesize other kinds of NRB heterostructures, such as 4H/fcc-

Au@MS (M = Cd, Pb and Zn) NRBs, from 4H/fcc-Au@Ag2S NRB 

heterostructures via a simple process of cation exchange.       
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