
vii

Contents

1	 Introduction. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 1
References. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 5

2	 A General Phase Transfer Approach for Metal Ions  
and Nanoparticles. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 11
2.1	 Introduction . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 11
2.2	 Brust–Schiffrin Method. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 12
2.3	 Ethanol-Mediated Phase Transfer . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 16

2.3.1	 Ethanol-Mediated Phase Transfer of Metal Precursors. .  .  .  .  	 16
2.3.2	 Ethanol-Mediated Phase Transfer of Metal  

Nanoparticles Already Formed. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 21
2.4	 Summary . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 25
References. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 26

3	 Nanocomposites of Gold and Semiconductors. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 31
3.1	 Introduction . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 31
3.2	 A General Synthetic Approach for Semiconductor Nanocrystals . .  .  	 32
3.3	 Deposition of Au on the Surface of Semiconductor Nanocrystals. .  .  	 40

3.3.1	 Contributions from the Banin Group. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 42
3.3.2	 Contributions from the Other Research Groups. .  .  .  .  .  .  .  .  .  .  	 46
3.3.3	 Semiconductor–Gold Nanocomposites  

Based on the General Phase-Transfer Protocol . .  .  .  .  .  .  .  .  .  .  	 54
3.3.3.1	 Semiconducting Metal Sulfide Nanocrystals. .  .  .  .  .  	 55
3.3.3.2	 CdS–Au Nanocomposites. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 56
3.3.3.3	 Metal Sulfide–Au Nanocomposites. .  .  .  .  .  .  .  .  .  .  .  .  	 61
3.3.3.4	 PbS–Ag/Au Nanocomposites . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 63

3.4	 Deposition of Other Noble Metals on the Surface  
of Semiconductor Nanocrystals. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 66

3.5	 Semiconductor–Gold Nanocomposite Catalysts  
for the Efficient Three-Component Coupling  
of Aldehyde, Amine, and Alkyne in Water. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 70



Contentsviii

3.6	 Summary . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 83
References. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 84

4	 Nanocomposites Consisting of Silver Sulfide and Noble Metals. .  .  .  .  .  	 93
4.1	 Introduction . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 93
4.2	 Aqueous Synthesis of Ag2S Nanocrystals . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 94
4.3	 Binary Ag2S–Noble Metal Nanocomposites . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 95
4.4	 Multiple Ag2S–Noble Metal Nanocomposites. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 102
4.5	 Electrochemical Property of Pt-Containing Ag2S–Noble  

Metal Nanocomposites. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 104
4.6	 Summary . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 110
References. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 110

5	 Cadmium Selenide–Platinum Nanocomposites  
with a Core–Shell Construction. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 115
5.1	 Introduction . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 115
5.2	 Reversible Phase Transfer of Semiconductor  

and Noble Metal Nanoparticles. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 116
5.2.1	 Ligand Exchange-Based Phase Transfer  

of Semiconductor and Noble Metal Nanoparticles  
from Organic Medium to Aqueous Phase . .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 117

5.2.2	 Electrostatic Interaction-Based Reversible Phase Transfer  
of Semiconductor and Noble Metal Nanoparticles  
Between Organic Medium and Aqueous Phase. .  .  .  .  .  .  .  .  .  .  	 122

5.3	 Core–Shell CdSe@Pt Nanocomposites. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 125
5.3.1	 Characterizations of CdSe Nanocrystals  

and Core–Shell CdSe@Pt Nanocomposites. .  .  .  .  .  .  .  .  .  .  .  .  .  	 126
5.3.2	 The Compressive Strain Effect of CdSe Core on Pt Shell. .  .  	 129
5.3.3	 Electrochemical Activity of Core–Shell CdSe@Pt  

Nanocomposites. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 130
5.4	 Summary . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 137
References. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 138

6	 Nanocomposites of Silver Sulfide and Noble Metals  
with Controlled Nanostructures . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 143
6.1	 Introduction . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 143
6.2	 Inside Out Diffusion of Ag in Ag-Containing  

Single- or Double-Shell Core–Shell Metal Nanoparticles. .  .  .  .  .  .  .  .  	 145
6.3	 Nanocomposites Consisting of Ag2S and Noble  

Metal Nanoparticles with Hollow Interiors. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 148
6.4	 Nanocomposites Consisting of Ag2S and Bimetallic  

Au–Pt Nanoparticles with Cage-Bell Structures . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 152
6.5	 Core–Shell Pd–Ag2S Nanocomposites. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 155
6.6	 Ternary Nanocomposites Consisting of Ag2S, Au,  

and Pt Nanoparticles with Hollow Interiors. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 156



Contents ix

6.7	 Electrochemical Properties of the Nanocomposites  
and Their Core–Shell Parents. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 157

6.8	 Summary . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 160
References. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 161

7	 Nanocomposites of Metal Oxides and Noble Metals . .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 165
7.1	 Introduction . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 165
7.2	 Novel Gold Catalysts for the Oxidation of CO  

at Low Temperature—The Pioneering Work by Haruta et al.. .  .  .  .  .  	 167
7.3	 Early Studies in Metal Oxide–Au Nanocomposites. .  .  .  .  .  .  .  .  .  .  .  .  .  	 168
7.4	 Dumbbell-like Metal Oxide–Noble Metal Nanocomposites. .  .  .  .  .  .  	 172
7.5	 High-Order Nanocomposites. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 182
7.6	 RuO2-Based Nanocomposites . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 186

7.6.1	 RuO2/C Nanocomposites. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 187
7.6.2	 RuO2–Au/C Nanocomposites. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 188
7.6.3	 Electrochemical Properties of RuO2/C  

and RuO2–Au/C Nanocomposites . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 190
7.7	 Summary . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 192
References. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 192

8	 Nanocomposite-Related Scientific Issues . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 199
8.1	 Introduction . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 199
8.2	 Room Temperature Synthesis and Growth Mechanism  

of Ag2S Nanocrystals in a Nonpolar Organic Solvent. .  .  .  .  .  .  .  .  .  .  .  	 200
8.2.1	 Formation of Monodisperse Ag2S NCs  

in Toluene at Room Temperature. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 201
8.2.2	 Structural Evolutions of Ag2S Nanocrystals. .  .  .  .  .  .  .  .  .  .  .  .  .  	 203
8.2.3	 Growth Mechanism of Ag2S Nanocrystals. .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 204
8.2.4	 Influence of Temperature and Ag/S Molar  

Ratios on the Growth of Ag2S NCs . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 205
8.2.5	 Synthesis of Dimeric Ag2S–Au Nanocomposites. .  .  .  .  .  .  .  .  .  	 209

8.3	 Diffusion of Gold from the Inner Core to the Surface  
of Ag2S Nanocrystals. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 213

8.4	 Coalescence of Ag2S and Au Nanocrystals at Room Temperature. .  .  .  	 221
8.4.1	 Coalescence of Au and Ag2S Nanocrystals . .  .  .  .  .  .  .  .  .  .  .  .  .  	 221
8.4.2	 Mechanism Accounting for the Coalescence  

of Au and Ag2S Nanocrystals. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 224
8.4.3	 Removal of Au from Quantum Dot–Au Hybrids. .  .  .  .  .  .  .  .  .  	 225
8.4.4	 Extraction of Au from Au-containing Alloy Nanoparticles . .  .  	 228

8.5	 A Facile Solution Route for the Synthesis of  
PbSe–Au Nanocomposites with Different Morphologies . .  .  .  .  .  .  .  .  	 232
8.5.1	 Synthesis of PbSe Seed Particles. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 233
8.5.2	 Synthesis of PbSe–Au Nanocomposite . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 234
8.5.3	 Mechanism for the Nucleation and Growth  

of Au on PbSe Nanocrystals. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 237



Contentsx

8.6	 Selective Electrocatalysts Toward a Prototype  
of the Membraneless Direct Methanol Fuel Cell. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 239
8.6.1	 Ternary Au@Ag2S–Pt Nanocomposites as  

Selective Electrocatalysts at DMFC Anode. .  .  .  .  .  .  .  .  .  .  .  .  .  	 240
8.6.2	 CBS Pt–Ru Nanoparticles as Selective  

Electrocatalysts at DMFC Cathode . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 245
8.6.3	 A Prototype of the Membraneless  

Direct Methanol Fuel Cell. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 247
8.7	 Summary . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 249
References. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 250

9	 Conclusion and Perspectives . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 257
9.1	 Phase Transfer of Semiconductor/Metal Oxide  

Nanocrystals from Organic to Aqueous Medium. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 257
9.2	 Deposition of Noble Metals on Different  

Semiconductor Substrates . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 258
9.3	 Understanding the Underlying Chemistry  

for the Nanocomposite Systems. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 258
9.4	 Explore the Catalytic Activity of the Nanocomposites  

for Energy Conversion. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 258
9.5	 Explore Other Scientific-Related Issues. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  	 259



http://www.springer.com/978-3-319-12219-9


	Contents

