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ABSTRACT 

 

The origin of life is a fundamental problem that has attracted the 

attention of several generations of scientists. Useful clues about the 

origin of life can be gleaned from the homochirality (i.e., uniformity of 

chirality) of molecules or objects. According to the homochirality 

phenomenon and the existence of chirality in inorganic compounds 

before the birth of life, the hypothesis that chirality has been transferred 

from inorganic compounds to organisms has been come up to the 

beginning of the study for life’s origin. To clarify the mechanisms by 

which chirality is transferred from inorganic objects to living organisms, 

various inorganic chiral nanoparticles (CNPs) must be fabricated to 

recreate the natural environments that induce chirality. 

 

In the research described herein, the glancing angle deposition 

(GLAD) approach is combined with galvanic replacement reactions 

(GRRs) to produce a close-packed array of inorganic CNPs, composed 

of metals, alloys and semiconductors with flexible nanostructures. 

These inorganic CNPs exhibit unique chiral plasmonic and optical 

responses and novel chiral surfaces, which can facilitate the induction 

of chirality in organisms. 

 

Chapter 2 describes the use of unary CNPs serving as sacrificial 

templates in GRRs to generate alloy CNPs with intrinsic structural 

chirality. This GRR-mediated chirality transfer is a general 

phenomenon resulting in the formation of copper–silver (Cu–Ag) CNPs 
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with solid morphologies and mesoporous CNPs composed of silver–

gold (Ag–Au), silver–platinum (Ag–Pt), and silver–palladium (Ag–Pd). 

The insights obtained from this work enhance our fundamental 

understanding of the principles of GRRs and help to establish a versatile 

method to generate mesoporous alloy CNPs for chirality-related 

applications in asymmetric catalysis, enantiodifferentiation, 

enantioseparation, biodetection, and bioimaging. 

 

Chapter 3 describes the extension of the compositional space to 

the ternary scale based on the generation of binary metal CNPs, which 

are in demand for practical applications and of fundamental interest. 

Through layer-by-layer GLAD, host Cu CNPs were doped using the 

galvanic dopant Au to generate binary Cu:Au CNPs. These “inert” 

dopants serve as a structural scaffold and facilitate the transmission of 

chirality from a host to a third type of metal (M) that cathodically 

precipitate on the CNPs, enabling the formation of polycrystalline 

ternary Cu:Au:M CNPs. The compositions of these CNPs can be 

tailored by tuning the GRR duration. The introduction of a large number 

of scaffold Au atoms accelerated the transfer of chirality, and this 

process follows first-order kinetics and has a reaction rate coefficient of 

0.3 h-1 at room temperature. 

 

Chapter 4 describes the production of semiconductor (II–VI n-type 

semiconductor, cadmium selenide or CdSe) nanohelices with 

controllable sizes and morphology by GLAD. The optical activities and 

crystallinity of chiral CdSe nanostructures were found to be related to 
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their pitch. Besides, as CdSe is a luminescent material, when they are 

with the intrinsic chirality, circularly polarized luminescence could be 

produced by CdSe nanohelices and tuned as a function of the 

nanohelicity. 

 

These results pave the further way to the development of inorganic 

chiral nanoparticles to serve as chiral surface to study the chirality 

transmission from inorganic objects to organism, which is in 

fundamental demand for the study of symmetry breaking. Moreover, 

the inorganic chiral nanoparticles, especially semiconductors can 

generate an enhancement in a wide range of CPL for producing efficient 

3D optical devices.   
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room temperature. UV/visible spectra: (a) extinction; (b) CD; (c) anisotropic 
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g-factor. LSPR and resonant plasmonic CD spectra ascribed to Cu and Ag are 
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(d) XRD spectra of the RH-Cu CNPs as a function of t. (e) HAADF-STEM 

images and the corresponding EDS atomic percentage mapping of Cu and Ag 

(produced by the GRR of the RH-Cu CNPs), as a function of t (scale bars: 20 

nm). (f) Plot of the stoichiometric x and (1−x) of Cu1−xAgx CNPs (produced 

by the GRR of the RH-Cu CNPs) versus t, evaluated from XPS 

characterization (Figure 2.1.3c,d). (g) Histograms of the diameter D of the 
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Figure 3.1.184Formation of ternary Cu:Au:Pt CNPs, through the GRR of binary 

Cu:Au CNPs in an aqueous electrolyte containing 10 μmol·L−1 K2PtCl4, as a 

function of reaction duration (t): (I) 0, (II) 5, and (III) 9 h. In the CST binary 

CNPs, the nominal pitch (P) of the host Cu is ≈10 nm and the nominal 

thickness of Au (TAu) is 20 nm. The GRR was performed at room temperature 

through stirring the electrolyte at a rate of 380 rpm, to generate ternary 

Cu:Au:Pt CNPs. UV/visible spectra: a) extinction, b) CD, c) anisotropic g-

factor. a–c) Blue lines: the GRR of right-handed (RH) binary CNPs; red lines: 

the GRR of left-handed (LH) binary CNPs. Green backgrounds are used to 

mark the LSPR and CD (or chiroplasmonic) signals associated with the 

precipitating Pt. Insets: (a-I, a-II, a-III) SEM oblique images of the samples. 

d) HAADF-STEM images and the corresponding EDS atomic percentage (or 

at%) mapping of Cu (in red), Au (in yellow), Pt (in green), and their mixtures, 

as a function of t (scale bar: 20 nm). XPS spectra of the binary CNPs treated 

by the GRR as a function of t: e) Cu 2p, f) Au 4f, g) Pt 4f. (e–g) Gradually 

darkening colors represent an elongation of the GRR from (I) 0 h to (III) 9 h. 

h) Plot of the mean at% of Cu, Au, and Pt in the CNPs versus t, evaluated 

from the EDS at% mapping of more than five individual CNPs. Error bars 

represent the standard deviation (SD). (i-III) HRSTEM image of the portion 

of the ternary CNP highlighted by red dash square in (d-III). Insets in (a-I, II, 

III) and (d–i): the GRR of the RH-binary CNPs. ....................................... 100 

Figure 3.1.285GRR of RH-binary Cu:Au CNPs in an aqueous electrolyte containing 

10 μmol/L K2PtCl4 (Figure 3.1.1), as a function of t: (I) 0, (II) 5, and (III) 9 h. 

(a) TEM images of the samples (scale bars: 20 nm). (b) SEM top-down 

images of the samples (scale bars: 100 nm). (c) Histograms of the diameter D 

(monitored with the SEM top-down images) of the CNPs formed by the GRR 

of the Cu:Au CNPs as a function of t, fitted with the normal distribution. D 

was statistically evaluated to be (I) 62 ± 14 nm, (II) 58 ± 14 nm, and (III) 68 

± 16 nm. (d) XRD spectra of the Cu:Au CNPs treated by the GRR as a 
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function of t. The peaks marked by an asterisk are assigned to silicon on which 
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Figure 3.2.187GLAD of unary Pt CNPs, having the nominal P of ≈10 nm and H of 

≈50 nm. UV/visible spectra: (a) extinction; (b) CD. Blue lines: RH; red lines: 
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Figure 3.2.288Optical activity of (I, II) the RH-binary Cu:Au CNPs and (III, IV) 
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surfactant cetrimonium bromide (CTAB) and then ultrasonicated in DI water. 
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Cu:Au:Ag CNPs. UV/visible spectra: a) extinction, b) CD, c) anisotropic g-

factor. (a–c) Blue lines: the GRR of RH-Cu:Au CNPs; red lines: the GRR of 

LH-Cu:Au CNPs. Sky blue backgrounds are used to mark the chiroplasmonic 

signals of the precipitating Ag. Insets: (a-I, a-II, a-III) SEM oblique images 

of the samples. d) HAADF-STEM images (in black and white) and the 
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GRR of the binary CNPs as a function of t, fitted with the normal distribution. 

D was statistically evaluated to be (I) 62 ± 14 nm, (II) 58 ± 15 nm, and (III) 
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CNPs. The 2-h GRR caused the generation of binary Cu:Au nanoparticles 
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Chapter 1.  Introduction 

 

The vitality and diversity of living creatures are unique 

characteristics of the Earth. How single cells have evolved to 

organisms—such as how paramecia evolved to human beings—has 

attracted widespread research attention. Until now, there isn’t a 

scientific explanation for the origin of life. Nevertheless, several clues 

have been found, for example, 19 of the 20 natural amino acids are L-

amino acids, while sugars are D-sugars. This is phenomenon that is 

called homochirality, which means only one of two enantiomeric forms 

exist. As amino acids and sugars are life building blocks, the study of 

homochirality might be a breakthrough to disclose the origin of life. 

What’s more, it should be noted that before the birth of life, the Earth 

had an environment mainly consisting of inorganic compounds, and 

some of them like quartz crystals are chirality. Therefore, it could be 

speculated that the chirality of organism might be transferred from 

inorganic compounds. In other words, our study for the origin of life 

begins from the study of chirality transformation between inorganic 

compounds and organisms. 

  According to our assumption, chirality has been transferred from 

inorganic to organic objects, leading to the enantiopreferential 

formation of enantiomers in biological systems. Although the 

mechanism of this transfer remains to be clarified, the interaction 

between chiral molecules and inorganic chiral surface needs to be 

known first, which means various of inorganic chiral nanostructures 
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need to be fabricated. However, up to now, the research in the 

fabrication of inorganic chiral materials is in its infancy. Due to the wide 

use of chiral ligands in the fabrication, most of these inorganic chiral 

nanostructures contain organic components, which may disturb the 

interaction study between organic molecules and inorganic chiral  

surface.  

To this end, the fabrication of various types of inorganic chiral 

nanoparticles (CNPs) is critical. Because microorganisms range from 

several nanometers to several hundred nanometers in size, inorganic 

CNPs of different sizes were prepared. Moreover, because different 

types of microorganisms may need to interact with different types of 

inorganic objects, inorganic CNPs were prepared from a variety of 

materials such as copper (Cu), silver (Ag), gold (Au) and Cadmium 

Selenide (CdSe). What’s more, not only solid structures but mesoporous 

structures should be fabricated to meet the interaction with different 

kinds of organic molecules. 

With rapid advancements in nanotechnologies in recent decades, 

various nanostructures such as nanocrystals (NCs), nanohelices (NHs), 

nanotubes, and nanorods (NRs) have been generated through chemical 

or physical methods. The introduction of chirality into 

nanotechnological frameworks is a useful method in material sciences, 

and chiral nanostructures with various sizes and morphologies have 

been produced. However, the typical requirement for chiral ligands 

limits the fabrication of all-inorganic chiral nanostructures. 

Glancing angle deposition (GLAD) and galvanic replacement 

reactions (GRRs) are suitable technologies for fabricating inorganic 
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CNPs without chiral ligands. GLAD is a physical vapor-deposition 

method that enables one-step fabrication of NPs of various sizes from a 

range of materials. GRRs are chemical reduction–oxidation (redox) 

processes that enable the generation of structures containing more than 

one element. Moreover, owing to the characteristics of GRRs, hollow 

structures may be obtained. 

In the research described in this thesis, poly-elemental chiral metal 

NPs with various sizes and morphologies were designed and fabricated 

by combining GLAD and GRR technologies. The reaction mechanisms 

and functions of all parts of the nanostructures were examined. 

Moreover, chiral semiconductor NPs were produced for large-scale 

exploration. Concomitantly, because of the luminescent properties of 

semiconductor materials, circularly polarized luminescence (CPL) of 

chiral semiconductor NPs has also been studied. 

 

1.1. Chirality 

Since Louis Pasteur first described the stereoisomeric forms of 

tartaric acid in the middle of the 19th century, chirality has attracted 

considerable research attention.1 Other pioneering work was performed 

by dividing quartz crystals into two forms, based on minor differences 

in their crystal facets;2 that is, the two quartz crystal groups exhibit 

right-handed (RH) and left-handed (LH) screw conformation, each of 

which give rise to a form of crystalline quartz with unique hemihedral 

facets (Figure 1.1.1). Furthermore, the two enantiomers of tartaric acid 

have nearly identical chemical properties, but their solutions rotate light 
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to an equal magnitude but in opposite directions. This is a characteristic 

of all pairs of enantiomers, and Pasteur highlighted that it results from 

their molecular structure. Thereafter, the theory of asymmetrical carbon 

atoms evolved. 

 

Figure 1.1.1 Quartz crystals. Macroscopic enantiomorphous crystals. 

 

An object is chiral if it lacks Sn symmetry elements. In most cases, 

such objects lack both inversion (i or S2) symmetries and mirror plane 

symmetries (σ or S1). A molecule possesses chirality if it contains a 

chiral center, i.e, an atom bonded to four different chemical groups, as 

shown in Figure 1.1.2.3 

 

 

Figure 1.1.2 L(+) or D(-) alanine. Molecular enantiomeric structures. 
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Chirality pervades the living world. In engineering applications, 

chiral components are necessary to couple rotational motions to axial 

thrust. For example, gears, screws, fans, bolts, and propellers are chiral 

objects. In the biological domain, naturally occurring molecules such 

as (LH) amino acids and (RH) sugars exhibit consistent chirality, known 

as homochirality. Homochirality is also observed in macroscopic 

biostructures such as horns, seashells, and plant tendrils. Although the 

source of homochirality remains unclear, it is expected to provide 

valuable clues regarding the origin of life. 

 

1.2. Homochirality 

Biopolymers and molecular building blocks are single-handed, 

which means that they may exist in either one of two non-

superimposable mirror-image forms and typically exist in only one of 

these two forms. In the absence of a chiral directing force, an equal 

mixture of both enantiomers may be produced. Thus, understanding 

how life emerged from a probably racemic prebiotic world is critical to 

clarify the origin of life. 

Since the early 1950s, several models for the origin of homochirality 

have been proposed and theoretical studies have focused on the 

following two aspects: (1) Symmetry breaking: Why did the original 

template for life favor the production of one enantiomer over the other? 

(2) Amplification: How did the imbalance of enantiomers propagate to 

create the modern single-handed biological world?4 
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1.3. Symmetry Breaking 

In his poem “The Tyger,” William Blake (1757–1827) described the 

beauty and awe-inspiring quality of symmetry in Nature. Symmetry is 

often described as invariance or uniformity, and thus symmetry 

breaking is the process of eliminating this invariance or uniformity.5 

However, the breaking of symmetry does not necessarily result in a 

complete lack of symmetry; sometimes it results in a framework with a 

lower degree of symmetry than that of the original framework.6 

Symmetry breaking is interpreted differently by different types of 

scientists. Physicists consider that symmetry breaking results from 

infinitesimally small fluctuations acting on a system that decide the 

system’s fate through the selection of one bifurcation branch. Chemists 

consider symmetry breaking as the spontaneous generation of an excess 

of one enantiomer in the absence of an external chiral source. Biologists 

consider symmetry breaking as fundamental to every physiological 

process, and several instances of symmetry breaking have been reported 

in the biological domain.4 

  The origin of life can be divided into the following stages: (1) the 

formation of various components of biopolymers in their racemic forms, 

i.e., prebiotic monomer formation; (2) the formation of chiral molecules, 

such as D-sugars and L-amino acids, due to accidents or randomness 

rather than the violation of parity; (3) the formation of protobiological 

structures comprising up to hundreds of monomer units in chiral pure 

media; and (4) the formation of biological macromolecules and more 
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complex biosystems. 6  

The second stage above involves symmetry breaking and underpins 

the development of handedness in life from what was likely a racemic 

environment on prebiotic Earth. Because the chirality in inorganic 

objects appeared before that in organisms, it is possible that this 

chirality was transferred from inorganic objects to organisms. To 

experimentally study this process, this transfer of chirality must be 

simulated, which requires the fabrication of many inorganic CNPs with 

different sizes. Moreover, considering the complex surface 

environment, in addition to unary nanoparticles (NPs), binary, ternary 

or even polyelemental NPs must be generated. 

 

1.4. Inorganic Chiral Nanoparticles 

Chirality plays an important role in nanotechnologies, and thus 

inorganic CNPs, such as metallic, semiconducting, metal-oxide-based, 

silica (SiO2)-based, and hybrid CNPs,7 have been widely produced and 

applied. Chiral metallic structures exhibit high chiral responses and can 

act as sensitive chiral sensors. Moreover, chiral metal oxide NPs can be 

applied to separate enantiomeric compounds. Other inorganic CNPs 

have been applied in various domains such as in asymmetric catalysis. 

The following subsections summarize the recent work on the 

production and application of CNPs. 

 

1.4.1 Chiral Metallic Nanoparticles 

In recent years, chiral metallic NPs have attracted considerable 
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attention and several researchers have developed chiral metallic NPs 

based on gold (Au), silver (Ag), platinum (Pt), palladium (Pd), and 

other noble metals. Colloidal nanohole lithography was used to 

fabricate 3D chiral Au NPs with high surface areas to generate spiral 

ramp nanostructures, as shown in Figure 1.4.1,8 while metal-assisted 

chemical etching has been used to fabricate 3D spiral structures with 

chirality. A systematic parametric study was performed to clarify the 

influence of arm shape, arm length, number of arms, center core 

diameter, and catalyst thickness on the rotation direction of star-shaped 

catalysts. Figure 1.4.2 illustrates the synthesis of large arrays of chiral 

3D spiral metallic structures.9 High-index silicon (Si) wafers can be 

used to prepare complex chiral nanostructures such as chiral surfaces 

and chiral colloidal Au NPs (as shown in Figure 1.4.3),10 which are 

commonly etched using potassium hydroxide. Asymmetric Au 

nanoshells can be prepared over achiral zinc oxide nanopillars through 

vacuum evaporation at different inclination and rotation angles (as 

shown in Figure 1.4.4), thereby achieving symmetry breaking and thus 

affording left- or right-rotating isomers.11 
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Figure 1.4.13 (a) Hole-mask lithography and tilted angle rotation evaporation create 

2700 LH and RH 3D chiral structures over a large area of 1 cm2. Blue indicates LH 

rotation; red represents RH rotation. (b) Rotation parameters during evaporation. 

The variation of angle φ in the negative direction represents LH rotation while the 

variation in positive direction leads to RH rotation of the sample. To obtain 

inhomogeneous structures, rotation velocity has to be accelerated. (c) Scanning 

electron microscope (SEM) micrograph of LH structures. The inset shows a high 

magnification cutout. (d) Image of a RH enantiomer sample with high 

magnification inset. The inset scale bar is 100 nm. 
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Figure 1.4.24SEM micrographs of catalyst star arrays with the same geometry but 

with different thicknesses of 51, 64, 79, and 92 nm. For these structures the center 

diameter was 4 μm, arm length was 2.25 μm, and all catalysts had four arms. The 

ratio of counterclockwise rotation versus the total number of catalysts is given, and 

the top and any clockwise rotations are boxed in black. Notice that the ratio of 

counterclockwise rotation decreases with increasing catalyst thickness. All scale 

bars are 5 μm as designated in panel a. 

 
Figure 1.4.35(a) Array of LH Au nanopyramids (200 nm base diameter) extracted 
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from an etch pit as in LH etch pit formed via anisotropic etching of [137] Si, seen 

through a circular 425 nm opening in the SiNx mask. The pyramids are attached to 

the Ag film. (b) Array of RH Au nanopyramids (190 nm base diameter) extracted 

from etch pits on [̅137]-oriented Si. 

 

 

Figure 1.4.46Schematics of the fabrication process. (a) ZnO nanopillars are 

grown onto substrate. (b) The first Au layer is deposited on top of ZnO nanopillar 

arrays from direction of α = 0° with an inclined angle of 45°. (c) Samples are cut in 

half. (d) The second Au layer is deposited on each sample with different rotation. 

For the left-chiral plasmonic nanostructure (L-CPN) sample, the direction of Au 

deposition is rotated to be incident from the direction of α = +90°. The other sample, 

right-chiral plasmonic nanostructure (R-CPN), is aligned to be exposed from α = 

−90° direction. (e) Asymmetric deposition of Au layers with inclined angle 

provides chiral nanostructures of Au-shell-coated ZnO nanopillars. A tilted view 

from α = 180° and the projection view from top are presented with schematics. 

 

Inorganic chiral NPs, especially chiral metallic NPs, can also be 

fabricated by attaching chiral ligands onto the surface of achiral 

nanostructures. For example, Ag NPs/JC1 dye J-aggregate hybrid chiral 

supramolecular complexes can enhance optical activity of structures by 



12 

 

up to eight times.12 Hybrid Au NPs and deoxyribonucleic acid (DNA) 

introduce plasmonic circular dichroism (CD) signals into the visible 

light region.13 Nanostructures constructed from metal NCs conjugated 

with DNA can exhibit collective optical properties. For example, by 

generating pyramids of DNA with four sizes of Au NCs at their tips 

(with each strand having its own sequence), chiral nanostructures have 

been established, as shown in Figure 1.4.5. This synthetic approach 

exploits tetrahedral symmetry, and the pyramid structure can help 

control the placement of the NCs.14 By attaching the achiral ligand 

methylthiolate onto icosahedral achiral NPs made from Ag55 (silver 

solder), chiral and optically active materials can be generated.15 

Peptide-functionalized Au NPs exhibit chiroptical properties that 

depend on peptide sequence, temperature, and main chain length. These 

NPs present strong electronic CD signals at 300–650 nm that depend 

on their quantized electronic structure.16 Govorov and co-workers used 

peptides with various secondary structures to create chiral Au NPs 

through peptide–NP interactions, as shown in Figure 1.4.6. Owing to 

these interactions, these NPs exhibited CD responses at approximately 

520 nm, which is the plasmon resonance frequency of peptide–NP 

complexes. This framework is representative of biomolecule-induced 

chiroptical properties within nanosystems.17 Molecule imprinting can 

also be used to fabricate chiral metallic nanostructures, as reported by 

Kuhn et al. In the presence of surfactants, chiral template molecules and 

lyotropic crystal phases can be generated. Moreover, a chiral 

mesoporous platinum structure can be formed by electrodeposition, 

even in the absence of a template, as shown in Figure 1.4.7.18 
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In general, four identical Au NPs cannot form chiral nanostructures. 

However, by using DNA origami templates to organize Au NPs into 3D 

asymmetric tetramers, chiral structural symmetry and strong plasmonic 

resonant coupling can be realized.19 Additionally, a structure with one 

15 ± 2 nm Au NP and three 25 ± 4 nm Au NPs typically does not exhibit 

chirality. However, AuNP pyramid assemblies formed from four 

different single-stranded DNA building blocks exhibit a chiroptical 

response, as shown in Figure 1.4.8.20 Helical or tetrahedral geometries 

are typical in chiral assemblies of nanoparticles, and even simple pairs 

of NPs can exhibit chirality. Researchers have synthesized 

heterodimeric Au NPs by using DNA or sodium chloride. In such NPs, 

chirality originates from angle-determined geometric and plasmonic 

coupling.21 Additionally, cysteine (L-/D-cysteine) has been used as a 

bridging molecule for fabricating helical core–satellite 

nanoarchitectures of AgNR@Cys@AuNPs, as shown in Figure 1.4.9. 

In these nanoarchitectures, Ag and Au NRs serve as the metallic core 

and satellites, respectively, and the chiroptical responses of the structure 

can be tuned by changing the cysteine concentration.22 
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Figure 1.4.57Illustration of chiral pyramids of Au NCs obtained with DNA 

scaffolds and transmission electron microscopy (TEM) images. 

 

 
Figure 1.4.68Enhanced chiral dichroism after binding gold nanoparticles with 

peptide molecules that have chiral properties. 
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Figure 1.4.79Fabrication of chiral-imprinted mesoporous platinum films. (a) 

Interaction of the liquid crystal phase with the chiral template molecules, (b) 

Electrodeposition of platinum around the self-assembled structure and (c) Structure 

after template dissolution. 

 

 

Figure 1.4.810Schematic description of the strategy for DNase I activity by AuNP 

pyramid-based CD assay. 
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Figure 1.4.911Schematic Illustration for the Assembly and Structure of 

AgNR@Cys@AuNPs helical core−satellite nanoarchitectures. 

 

Kotov and coworkers synthesized AgNP–AuNP dimers by using an 

antibody–antigen framework instead of cysteine as a bridge unit. The 

non-spherical shape of these NPs led to unexpected chirality and CD 

peaks in the visible region.23 Moreover, custom-designed Au NRs and 

Au NPs have been assembled into core–satellite structures by using 

DNA as linkers, as shown in Figure 1.4.10. In the vicinity of the surface 

plasmon resonance of these nanostructures, the nanoassemblies exhibit 

plasmonic CD signals in the CD spectrum, and the shape and intensity 

of the CD curve are influenced by the number of Au NPs in the 

assemblies.24 Au NRs can also be used to form chiral nanostructures 

through self-assembly. In this case, side-by-side oriented pairs and 

“ladders” are generated, and owing to these structures’ small dihedral 

angles, the spontaneous twisting of one NR with respect to the other 

breaks the centrosymmetry, thereby inducing chirality.25 To increase the 

length of heterogeneous NP chains, 2–20 cycles of polymerase chain 

reaction (PCR) has been implemented to fabricate the nanostructures 
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shown in Figure 1.4.11. In this framework, 25-nm-long Au NPs and 10-

nm-long Au NPs are connected in a “…big–small–big–small…” 

sequence by DNA oligomers.26 

 

 
Figure 1.4.1012Representative transmission electron microscopy (TEM) images of 

the assemblies for different hybridization times; the assembled times were (a) 5 and 

(b) 30 min and (c) 1, (d) 3, (e) 6, and (f) 12 h. 
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Figure 1.4.1113Representative TEM images of heterochains. (a) 2 cycles, (b) 3 

cycles, (c−e) 5 cycles, (f−h) 10 cycles, (i−l) 20 cycles. 

 

Finally, self-assembly techniques based on chiral templates have 

been used to fabricate CNPs. Silica helices and tubules have been 

generated by the polycondensation of a colloidal solution–gel (sol-gel) 

on organic templates and functionalized using (3-aminopropyl)-

triethoxysilane or (3-mercaptopropyl) triethoxysilane, which can 

strongly interact with Au NPs with diameters ranging from 1 to 15 nm. 

The quantity and homogeneity of the adsorbed Au NPs depend on 

various factors such as their size and functional groups, and the 

chemical nature of the stabilizing agents.27 Modular gelator components 

can be used to create hydrogel templates with controllable helicity. 

Through the UV reduction of Au(I) ions, Au NPs with tunable diameters 

(2–200 nm) can be arranged along a nanofiber, as shown in Figure 
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1.4.12.28 Soto and co-workers developed a versatile method (Figure 

1.4.13) to fabricate novel materials with chemically functionalized 

pores from self-assembling inorganic block copolymers. Their 

experiments demonstrated that these materials possessed chiral 

microporous films with functional groups located close to the edge of 

the pores.29 

 

Figure 1.4.1214Overview of hydrogel formation resulting from controlled 

assembly of nanofibers with tunable helicity by addition of chiral 2a (D-form) or 

2b (L-form) components, and further addition of Au(I) followed by UV exposure 

to generate helically templated gold nanoparticle superstructures. 

 

Figure 1.4.1315Idealized graphical representation of the gold decorated porous 

films. 

   

DNA origami-based frameworks can enable the high-yield 

production of NPs with nanometer-scale helical structures, as shown in 
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Figure 1.4.14. Consistent with theoretical predictions, such DNA–NP 

chiral nanostructures exhibit CD responses in the visible region due to 

the collective plasmon–plasmon interactions of NPs. Moreover, the 

optical activity of these NP assemblies (in terms of handedness, 

intensity, and color) can be tuned.30 Cellulose NPs can be used to 

produce chiral films based on Au NRs, as shown in Figure 1.4.15. These 

films’ optical properties may originate from the interaction of the 

photonic properties of the cellulose NPs. Similarly, Au–cellulose 

complex chiral films exhibit strong chiroptical activity that can be tuned 

by varying the preparation conditions.31 

 

 

Figure 1.4.1416Schematic illustration of DNA-guided self-assembly of plasmonic 

nanohelices with both left and right handedness and the corresponding CD signals. 
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Figure 1.4.1517Schematic of chiral plasmonic nanostructures assembled with gold 

NRs and cellulose NCs. 

 

Chiral molecular templating can also be used to generate twisted 

chains of Au NRs (Figure 1.4.16), with the distances between particles 

being on the order of the wavelength of light. In this case, weak far-

field plasmonic coupling is dominant, rather than strong near-field 

coupling, leading to a significant CD response with an anisotropy factor 

of 0.027.32 Moreover, peptide-based double-helical Au NPs with 

controllable handedness can be obtained (Figure 1.4.17) that exhibit 

well-defined CD responses in the visible region. By adjusting the extent 

of Ag overgrowth, the position, intensity, and nature of these NPs’ 

chiroptical activity can be modified.33 Au NP superstructures can be 

fabricated using organogelator templates by a process that exploits the 

thermally reversible sol-gel transition, such that the extent of 

coordination between Au(III) ions and the organogelator can be varied 

to control the chirality.34 
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Figure 1.4.1618Scheme to illustrate a 3D twisted chain of Au NRs arranged on 

the lipid-based tubular template in a solution state. D is the center-to-center 

distance between Au NRs, θ is the azimuth rotation angle between the projections 

of long axes of neighboring NRs in the x–y plane, and Φ is the rotational angle of 

the long axis of NRs along the z (helical) axis. With Φ ≠ 00/1800, 900 < θ < 1800, 

the chiral geometry of the twisted NRs chain based on a right-handedness template 

is optically active. 

 

Figure 1.4.1719TEM and electron tomography data. TEM images of LH and RH (a 

and c, respectively) Au NP double helices (scale bars: a, c, 20 nm). The 3D surface 

renderings of the tomographic volumes reveal the LH or RH nature of double 

helices (b, d, respectively). 

 

Racemic Au38(2-PET)24 (2-PET = 2-phenylethylthiolate) can 

undergo a ligand exchange reaction with enantiopure 1,1-binaphthyl-

2,2′-dithiol that generates a mixture enriched in a stereo-defined 

species.35 Prasad reported that a chiroptical response can be obtained by 
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integrating t-butoxycarbonyl-protected Ag NPs into patterned films, 

with their CD signal suggesting that they exhibit strong ligand-induced 

chirality at the plasmon frequency.36 Plasmonic chiral nanostructures 

can be generated by arranging 10-nm Au NPs in a secondary LH helix 

over a DNA origami structure. The optical response represented by 

these nanostructures’ two CD spectra can be switched by first aligning 

and then toggling the orientation of the DNA-origami-scaffolded NP 

helices.37 

Chiral metallic NPs have also been applied in various domains. For 

example, a new protocol for the visual chiral recognition of enantiomers 

was realized using unmodified Au NPs as chiral selectors of L-/D-

tryptophan (Trp). In the presence of L-Trp, no color change is observed, 

whereas in the presence of D-Trp, the color of the Au NP solution 

changes from red to blue, as shown in Figure 1.4.18.38 Calcagno and 

co-workers group realized chiral recognition by using L-Cys-capped 

AuNPs and copper(II) ions for the enantio-discrimination of D,L-His and 

D,L-Trp.39 Spiroborate cross-linked AuNP hybrids are highly 

enantioselective and can thus be used in high-throughput screening 

assays to determine the enantiomeric excess (ee) of chiral vicinal diols, 

as shown in Figure 1.4.19.40 Au NPs functionalized with (R)- or (S)-

binaphthol phenylboronic acid ligands can trigger chiral helquats to 

undergo chiroselective aggregation. In particular, (R)- or (S)-binaphthol 

phenylboronic acid ligands and chiral dicationic helicene helquats ((P)-

HQ2+ or (M)-HQ2+) can form donor–acceptor complexes.41 
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Figure 1.4.1820Schematic illustration of visual chiral recognition of D- and L-Trp 

using unmodified AuNPs as colorimetric probes. 

 

Figure 1.4.1921Image of the enantioselectivity of the screening plate. The distinct 

colored micro-wells indicated the different response of the chiral AuNPs to the 

hydrobenzoin with different concentrations (0.05, 0.5, 5.0 mM) of (R,R)-

hydrobenzoin, (S,S)-hydrobenzoin and racemic mixture (Rac as indicated in the 

image).  

 

L-Proline-functionalized Au NPs and Cu (II) ions can be used to 

prepare a colorimetric assay system that enables the ee and absolute 

configuration of His to be determined, as shown in Figure 1.4.20.42 Xu 

and co-workers group prepared a novel plasmonic chiral-sensing 

platform consisting of self-assembled dimers for chiral discrimination. 

In this system, enantiomeric L-/D-cysteines are used to amplify the 

chirality of enantiomers and realize chiral recognition with a detection 
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limit of 20 pM for L-cysteine.43 Moreover, a sensitive plasmonic 

chirality-based sensor has been developed based on asymmetric Au NP 

dimers assembled using a bisphenol A (BPA) aptamer and its 

complementary sequence. This sensor uses CD signals as an indicator, 

the intensity of which are related to the number of dimers and thus 

depends on the BPA concentration. This BPA-based detection method 

depicted in Figure 1.4.21.44 Wang and co-workers noted that arginine 

vasopressin (an oligopeptide hormone) can aggregate unmodified Au 

NPs, causing them to change color from red to blue. Consequently, the 

above-mentioned DNA aptamer can be used as a chiral selector to 

realize colorimetric recognition of the enantiomers of arginine 

vasopressin.45 

 

 

Figure 1.4.2022Schematic representation of the colorimetric sensor for the 

discrimination of the enantiomer. 
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Figure 1.4.2123Scheme of BPA Detection Based on Asymmetric Plasmonic Dimer. 

 

By combining the optical properties of AgNP dimers with the 

recognition and catalytic properties of DNAzyme, a sensor to detect and 

quantify lead(II) ions (Pb2+) has been established. The CD signals and 

Pb2+ concentration (ranging from 0.05 to 10 ng·mL-1) are linearly 

correlated.46 In another example, a sensing platform consisting of Au 

NPs, methylene blue (MB), and multiwalled carbon nanotubes 

(MWNTs) can recognize calf thymus double-stranded DNA. In this 

platform, an Au NP-MB-MWNTs nanocomposite serves as an 

electrochemical redox-probe indicator and immobilization matrix, with 

the latter preferring (S)-propranolol (PRO) over (R)-PRO.47 PCR can be 

used to assemble Au NRs into DNA-bridged chiral systems to detect 

DNA, as the amplitude of these systems’ CD spectra is linearly 

correlated with the amount of DNA they contain.48 When chiral 

molecules are close to the surface of Au NPs, they may induce CD via 

surface plasmon resonance. Fan and co-workers group attempted to 

enhance the sensitivity of chirality detection by using this mechanism 

of plasmonic CD induction.49 

Chen and co-workers reported a facile approach for separating D-/L-
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Trp using functional nucleic acid-modified Au NPs, as shown in Figure 

1.4.22.50 Novel CNPs consisting of an Au core and N-propargylamide 

shell were synthesized to differentially absorb (R)-(+)- and (S)-(−)-1-

phenylethylamines, as these CNPs are optically active and 

preferentially adsorb (S)-(−)-1-phenylethylamines.51 Au NPs modified 

with β-cyclodextrin can serve as the stationary phase in monolithic 

capillary electrochromatography (CEC) for facilitating 

enantioseparation. Three pairs of drug enantiomers have been separated 

using this method to demonstrate its reliability and feasibility.52 

 

 
Figure 1.4.2224The schematic of the enantio-separation of D/L-Trp based on 

functional nucleic acids modified Au NPs. 

 

 A novel heterogeneous bifunctional chiral catalyst was designed for 
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aerobic oxidation–asymmetric Michael reactions. This catalyst consists 

of Au–Pd alloy and a polymer-supported organo-catalyst with a styrene-

based copolymer and can achieve a high yield and excellent 

enantioselectivity for many substrates.53 “Unprotected” Pt clusters have 

been functionalized using N-acetylcysteine at various pHs. Variations 

in their binding mode leads to their exhibiting enantioselectivity in the 

catalytic hydrogenation of 2-butanone, and this approach can 

potentially be applied to other metal clusters.54 Encapsulating Au 

nanoclusters in a chiral self-assembled monolayer immobilized on a 

mesoporous SiO2 support (Figure 1.4.23) generated an asymmetric 

catalyst of olefin cyclopropanation. Up to 50% enantioselectivity with 

high diastereoselectivity is achieved when this heterogeneous catalyst 

is used in the formation of cyclopropane-containing products.55 

 

 

Figure 1.4.2325Preparation of Au Nanoclusters Encapsulated in Chiral self-

assembled monolayer/Mesoporous MCF-17 Support. 

 

Au NHs exhibit strong surface-enhanced Raman scattering signals 

owing to electromagnetic field enhancement. These 3D Au NHs can 

be fabricated by nanospring electrochemical lithography (Figure 

1.4.24). In this process, anodized aluminum oxide serves as the 
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primary template, and the embedded Pd nanosprings serve as the 

secondary templates. These two templates are used to generated 

patterned helical Au NHs.56 

 

 

Figure 1.4.2426Schematic representation of fabrication of Au nanohelices. (A) 

Electrochemical codeposition of Pd/Cu nanorod, (B) selective etching of Cu, (C) 

electrodeposition of Au, (D) etching of Pd and trimming of Au, (E) removal of AAO 

template and dispersion of Au nanohelices into water. (F) SEM images of Au 

nanohelices on Si wafer at high magnification and (G) low magnification. 

 

1.4.2 Chiral Semiconducting Nanoparticles 

Chiral semiconducting NPs are another important type of inorganic 

chiral nanomaterials and typically exhibit CD and circularly polarized 

luminescence (CPL) signals. L- and D-cysteines are as chiral thiol 

capping ligands and thus can induce chiroptical properties in achiral 

CdSe quantum dots (QDs), as shown in Figure 1.4.25. The resultant 

chiral CdSe QDs exhibit size-dependent CD and CPL signals.57 N-

acetyl-L-cysteine methyl ester (CysP)-modified CdSe/ZnS core–shell 
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nanoparticles (Figure 1.4.26) can be used for the chiral discrimination 

of aryl propionic acids such as ketoprofen, naproxen, flurbiprofen, and 

ibuprofen.58 L-Proline-modified ZnS NPs can be synthesized via 

simple wet chemical method and serve as catalysts for the asymmetric 

aldol reaction between acetone and aldehydes, affording high yields 

and excellent enantioselectivities.59 

 

 

Figure 1.4.2527Optimized geometries of (left) L-Cys-(CdSe)13 and (right) D-Cys-

(CdSe)13 nanoclusters. 
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Figure 1.4.2628A) Functionalization of commercial CdSe/ZnS core–shell QDs with 

methyl ester Nacetyl-L-cysteine (CysP) and the proposed binding of CysP to the 

CdSe/ZnS core–shell QDs surface; B) Proposed interaction between the CysP 

ligand of CdSe/ZnS core–shell QDs@CysP and the drug; C) Structure of the drugs 

studied herein. 

 

1.4.3 Chiral Metal Oxide Nanoparticles 

Recent years have witnessed significant advancements in the field of 

chiral metal oxide NPs. For example, Che and co-workers group noted 

that chiral titanium dioxide (TiO2) fibers can be synthesized by 

templating from amino acid-derived amphiphilic fiber helical structures, 

owing to the coordination bonding interactions between TiO2 and 

organic materials. Double-helical crystalline fibers with stacks of 

anatase NCs in epitaxial helical conformations are generated after 

calcination. SEM, high-resolution transmission electron microscopy  
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(HRTEM), and structural model analyses of these fibers are shown in 

Figure 1.4.27. These metal-oxide materials exhibit optical activity due 

to electronic transitions.60 Moreover, free-standing films of 

zirconate:europium(III) (Eu3+) can be prepared by a hard-templating 

approach using nanocrystalline cellulose SiO2 as the template (Figure 

1.4.28). These films have tunable optical properties and mesoporous 

structures, and their chiral nematic nanostructures can selectively 

suppress the optical emission of Eu3+ at 596, 613, and 625 nm and 

modulate the lifetime of Eu3+.61 

RH- and LH helical zirconia (ZrO2) nanotubes can be prepared 

using a sol-gel transcription method based on the self-assembly of 

chiral low-molecular-weight gelators (Figure 1.4.29). The handedness 

of the ZrO2 nanotubes can be controlled by organic self-assembly, and 

their CD spectra confirm their chirality.62 Chiral ZrO2 magnetic 

nanomaterials can adsorb enantiomers and thus enable 

enantioseparation. A thick ZrO2 shell is coated on an iron(II,III) oxide 

(Fe3O4) magnetic core to form Fe3O4@ ZrO2, which is immobilized 

with cellulose tris(3,5-dimethylphenylcarbamate) to give chiral 

magnetic ZrO2 microspheres, as shown in Figure 1.4.30. This 

magnetism means these microspheres are highly recyclable and can be 

used to discriminate racemic drugs.63 Chiral copper oxide (CuO) 

nanoflowers (Figure 1.4.31) with electronic transition-based optical 

activity can be fabricated by the self-assembly of a structure-directing 

agent (sodium dodecyl sulfate), a symmetry-breaking chiral molecule 

(an amino alcohol), and an inorganic source (a Cu(II) salt). The 

handedness of the nanoflowers is defined by the hierarchical 
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nanosized chiral structure, and they exhibit a prominent optical 

response to circularly polarized light in the absorption bands of CuO.64  

 

 
Figure 1.4.2729Electron microscopy and schematic drawing of calcined chiral 

crystalline TiO2. (a) SEM image that shows the RH helical microscopic features 

of the sample (JEOL JSM-7401F). (b) The HRTEM image and the corresponding 

Fourier diffractograms of two NCs. (c) Structural model showing the helical 

stacking of TiO2 anatase NCs and good correspondence with the double-helical 

morphology. The common facets of the NCs are (011), (101), (101), (011), (101), 

(011) from top to bottom, respectively. The other strand of the double-helix fiber 

(pink) is shown without crystal particles. The scale bars in a and b represent 50 and 

10 nm, respectively. 
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Figure 1.4.2830A schematic diagram of the fabrication of EDCNMZ-n by a hard-

templating approach. Calcination was conducted at 600 ºC for 6 h. 

 

 
Figure 1.4.2931Schematic presentation of the formation of the RH helical ZrO2 

nanostructures. (a) Growth mainly in thickness; (b) growth mainly in width; (c) 

absorption of ZrO2 NPs on the surfaces and edges and removal of the template; (d) 
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absorption of ZrO2 NPs on the edges and removal of the template. 

 

 

Figure 1.4.3032Synthesis route of chiral zirconia magnetic microspheres. 

 

 

Figure 1.4.3133SEM and HRTEM images of varying magnification and schematic 

drawings of sinistrorse CuO nanoflowers (S-CuO) synthesized with (S)-(−)-APP at 

synthesis times of 75 min (a) and 135 min (b). (a1−c1) Peony-like CuO nanoflowers 

with randomly stacked nanopetals. 

 

1.4.4 Chiral SiO2 Nanoparticles 

Che and co-workers developed an in vitro mineral model system 

composed of a DNA template, a magnesium (II) ion chirality-inducing 

agent, an N-trimethoxysilylpropyl-N,N,N-trimethylammonium 

chloride co-structure directing agent, and a tetraethoxysilane SiO2 

source that self-assembled into enantiomeric impeller-like helical 

DNA–SiO2 complexes, as shown in Figure 1.4.32.65 A LH impeller-

like helical architecture with RH DNA chiral packing was synthesized 
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at a low reaction temperature (0 °C), whereas a RH architecture was 

produced at a high temperature (25 °C), as shown in Figure 1.4.33.66 

Figure 1.4.34 shows that the impeller-like chiral DNA–SiO2 

assemblies (CDSAs) exhibit water-dependent inversion of optical 

activity; that is, their optical activity responses in a dry state are 

opposite to their optical activity responses in a wet state, owing to the 

chirality of DNA layers and twisted helical arrays of adjacent DNAs 

with opposite handedness.67 This method can also be used to grow 

optically active chiral SiO2 films on quaternary ammonium-modified 

silicon substrates by exploiting the strong electrostatic interaction 

between the negatively charged phosphate groups of DNA and 

positively charged quaternary ammonium groups. Owing to the LH 

two-dimensional (2D) square p4mm-structured DNA chiral packing, 

impeller-like helical architectures are RH. These composite films 

exhibit strong optical activity at 295 nm and 400–800 nm.68  

 

 

Figure 1.4.3234Schematic presentation of the synthesis of impeller-like helical 

DNA-silica complexes. 
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Figure 1.4.3335Illustration of the macroscopic enantiomeric helical morphologies 

and corresponding opposite DNA chiral packing of the impeller-like helical DNA-

silica complexes (IHDSCs). 

 

 

Figure 1.4.3436Schematic drawings of the LH chiral arrangement of DNA layers 

and RH twisted helical arrays of DNA molecules in the R-CDSA. 

 

Chiral mesoporous SiO2 (CMS) can be prepared by the self-

assembly of a surfactant (sodium dodecyl sulfate), a co-structure 

directing agent (trimethoxysilylpropyl-N,N,N-trimethylammonium 

chloride), a bulk SiO2 constituent tetraethoxysilane (Si(OEt)4)), and a 
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binapthyl-based chiral dopant. The morphology and size of hollow 

SiO2 NPs can be manipulated by changing the ratio of the anionic 

surfactant to the cationic co-structure directing agent. When this ratio 

is 1:1, the nanotubes exhibit a uniform helical twist in the presence of 

a chiral dopant.69 Homogeneous chiral colloid SiO2 nanostructures can 

be synthesized through sol-gel chemistry based on an organic self-

assembled template, as shown as Figure 1.4.35. By acidifying the 

Si(OEt)4 solution to pH 3.8–6.0, the supramolecular chirality of the 

template can be controlled and a suspension of discrete helical and 

twisted SiO2 nanoribbons is easily generated.70 

   

 

Figure 1.4.3537Sol-gel quick transcription of twisted and helical ribbons from self-
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assemblies of 16-2-16 tartrate. (a) Chemical formula of 16-2-16 tartrate, organic 

self-assembled (b) twisted ribbons and (c) helical ribbons. After the 

polycondensation of prehydrolyzed Si(OEt)4, silica (d) twisted and (e) helical 

nanoribbons are obtained. At a mesoscopic level, (f) they form an entangled 3D 

network, and macroscopically, (g) gel formation is observed. 

 

Jin and co-workers fabricated a novel type of chiral SiO2 (Figure 

1.4.36) with high temperature resistance via a process at neutral pH 

and under ambient conditions. Chiral crystalline catalytic templates 

are used to generate fibrous and thin nanoribbon structures. Unlike 

CMS, which exhibits helical chirality, chiral SiO2 structures do not 

exhibit a topologically characteristic helix.71 Consequently, 

geometrical chiral blocks in chiral SiO2 may be distributed randomly 

in the its walls. Che and co-worker used CMS ribbons to synthesize 

chiral metal oxide NPs, as shown in Figure 1.4.37.72     

 

 

Figure 1.4.3638Representation of geometrically ordered chiral blocks distributed 

randomly through the silica wall and bounded chromophores. 
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Figure 1.4.3739a) Helical arrangement of the amino groups (blue spheres) induced 

by the helical propeller-like packing of the chiral amphiphiles (yellow) due to 

paired electrostatic interaction; b) the chirality imprinted in a helical arrangement 

of the amino groups remained on the mesopore surface after removal of the chiral 

amphiphiles by extraction; c) helical arrangement of metal ions (red spheres) 

formed through coordination bonding with helically arranged amino groups; d) 

helical arrangement of metal oxide nanoparticles (green spheres) in helical pores of 

chiral mesoporous silica ribbons. 

 

SiO2 NPs with helicene can also be used for the resolution of non-

crystalline substances. These optically active NPs are grafted with (P)-

1,12-dimethyl-8-methoxycarbonylbenzo-[c]-phenanthrene-5-

carboxyamide with a diameter of 70 nm. By exploiting the different 

rates of precipitation of enantiomers, ee values of up to 61% (for (S)-

2,2-dimethyl-1-phenyl-1-propanol) can be achieved.73 Chiral SiO2 

NPs can also be used for recognizing the molecular shape of double-

helical oligomers precipitated from solutions.74 

 

1.4.5 Chiral Hybrid Nanoparticles 

Xia and co-workers formulated a novel chiral assay technique based 

on near-infrared (NIR) fluorescent probes that exploit the transfer of 

fluorescence resonance energy of L- or D-cysteine-modified QDs and 

gold NRs to an analyte (Figure 1.4.38). The fluorescence responses of 
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these two types of chiral nanoscale assemblies can enable accurate 

determination of the enantiomeric composition and concentration of 

the analyte. Even if the analyte’s content of either enantiomer is as 

low as 10%, this method can quantify the analyte’s chiral 

composition.75 Fisher and co-workers combined low-temperature 

shadow deposition with nanoscale patterning to generate 3D shapes 

with feature sizes as small as 20 nm (Figure 1.4.39). Because this 

approach is compatible with a wide range of materials, it can be used 

to form anisotropic designer nanocolloids containing any combination 

of plasmonic, magnetic, semiconducting, dielectric, and alloying 

materials. These materials can also function as chiral metafluids with 

CD and tunable chiroptical properties.76 

 

 
Figure 1.4.3840Schematic Illustration of Nonexclusive QD/GNR Based 

fluorescence resonance energy transfer Sensors for Chiral Assays in Two Individual 

Systems. 
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Figure 1.4.3941Hybrid nanoparticles with progressively lower symmetry. 

Columns from left to right show: C∞v nano-barcodes, CS nano-zigzags combining 

magnetic, semiconducting and insulating materials, and the lowest possible 

symmetry C1 nanohooks with defined chirality. First row, structure models. TEM 

images (second row) and false-colour elemental maps (third row) of the same 

regions generated by analysing EF-TEM images using the three-window technique. 

Colour code (and corresponding core-loss edges): red, aluminium (Al L2,3 for nano-

barcodes, Al K for nanohooks); blue, silver (Ag M4,5); yellow, titanium (Ti L2,3); 

green, silicon (Si L2,3); purple, nickel (Ni L2,3); cyan, copper (Cu L2,3). 

 

Furthermore, Che and co-workers attempted to endow pure 

inorganic materials with chiroptical properties by dispersing small 

amounts of achiral Ag NPs into highly ordered CMS. Three types of 

chiral materials were generated: (i) Ag-CMS-as, which has a surface 

of helical hexagonal rods, (ii) (Ag-CMS-cal)-cal, which has a chiral 

channel orientation, and (iii) (Ag-CMS-ex)-cal, which has a helical 
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arrangement of aminopropyl groups on the surface of its mesopores 

(Figure 1.4.40). These structures exhibit plasmonic CD signals and 

three types of optical responses originating from the asymmetric 

plasmon–plasmon interactions of achiral Ag NPs in three types of 

chiral environments.77 

 

 

 

 

Figure 1.4.4042Illustration of Ag NPs synthesized, as well as reduction and 

subsequent calcination. CMS-as: synthesized with electrostatic interaction between 

the head-group of chiral surfactants and the amino group of APES. (i) Ag-CMS-as: 

synthesized by the reduction of AgNO3 onto the chiral surface of CMS-as. (ii) 

CMS-cal: calcined first; NH2-CMS-cal: functionalized with an amino group by 

introducing APES; Ag-CMS-cal: synthesized by the subsequent reduction of 

AgNO3 into the chiral pores of NH2-CMS-cal; (Ag-CMS-cal)-cal: large Ag NPs 

aggregates were embedded into the purely inorganic CMS by calcination. (iii) 

CMS-ex: extracted first; Ag-CMS-ex: synthesized by subsequent reduction of 

AgNO3 into the amino group helically arranged chiral pores of CMS-ex; (Ag-CMS-

ex)-cal: large Ag NPs aggregates embedded into the purely inorganic CMS by 

further calcination. 
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Oda and co-workers prepared Au NP/SiO2 NH hybrid structures 

(Figure 1.4.41) by sol-gel polycondensation on self-assembled 16–2–

16 L-tartrate amphiphiles that are functionalized with (3-

aminopropyl)triethoxysilane or (3-mercaptopropyl)triethoxysilane. 

The quantity of adsorbed Au NPs and their homogeneity were 

influenced by their size, the nature of the functional groups on the 

SiO2 surfaces, and the chemical nature of the stabilizing agents.78 Xu 

and co-workers observed chirality in metal–semiconductor and QD 

dimer structures (Figure 1.4.42). These hybrid nanostructures are 

composed of Au, Ag NPs, and three types of DNA and exhibit a 

distinct diverse chiroptical effect. The semiconductor dimers exhibit a 

weak CD signal at approximately 600 nm, and enhanced signals are 

observed after coupling with Au or Ag NPs.79 

 

 

Figure 1.4.4143 (A) Typical TEM image from the tilt series used to reconstruct the 

volume of a silica helix. (B) Examples of longitudinal (left) and transversal (right) 

slices extracted from the reconstruction, taken at equidistant distances. (C and D) 
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3D models obtained by the tomographic analysis of the silica helix and silica–gold 

nanohybrid (10 nm) structure, respectively. 

 

 

Figure 1.4.4244Schematics of self-assembled chiral dimers. 

 

However, despite the considerable amount of research that has been 

performed on the fabrication, properties, and applications of inorganic 

CNPs, several problems remain to be solved. For example, chiral 

nanomaterials possess 3D stereo-chirality, and thus characterizing them 

via 2D-imaging techniques may not be accurate. Moreover, the use of 

chiral nanomaterials consisting of polyelements to flexibly tune 

chiroptical and enantioselective effects and achieve more designable 

functionalities remains to be explored. In the biological domain, it is 

necessary to explore combinations of chiral biomolecules and other 

materials to generate strong CD signals. Additionally, considering the 

cost and scale of syntheses, recycling strategies must be established to 

recover the biological templating molecules for use in subsequent 

syntheses of the NP superstructures, followed by the release or removal 

of the biological templating agents.   

There is also a need for the development of heterogeneous 

asymmetric photocatalytic systems with high catalytic efficiencies and 
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stereoselectivities in a wide range of reactions. Thus, a novel approach 

was established to develop polyelemental chiral metal NPs with tunable 

chiroptical activity and enantioselective effects. This approach 

combines two technologies: GLAD and GRRs. 

 

1.5. Glancing Angle Deposition (GLAD) 

The GLAD technique can generate micro- or nanoscale columnar 

structures. The size and morphology of the resulting columns can be 

easily controlled by using a computer to control the movement of the 

substrate and monitoring the thickness by the quartz crystals. The 

substrate motion is defined by two parameters: the deposition angle а, 

which is the angle between the incident flux and substrate normal; and 

the rotation angle φ, as shown in Figure 1.5.1a. Figure 1.5.1b shows a 

GLAD-capable physical vapor-deposition system, which consists of a 

substrate platform, a deposition source, and a directable vapor plume. 

Figure 1.5.2 shows the four typical columnar structures that can be 

generated by GLAD. When the substrate is held at an oblique angle 

without substrate rotation, tilted columnar structures are formed 

(Figure 1.5.2a). Similarly, by rotating the substate by 180° at a certain 

growth height, zig-zag columns can be generated (Figure 1.5.2b). 

However, if the substrate is slowly and continuously rotated, helical 

columns are formed (Figure 1.5.2c). The amount of the vertical 

growth in each 360° rotation is defined as the pitch of the helices. 

When the substrate is rapidly rotated, the pitch approaches the 

diameter of the column. In this case, vertical columns are formed 
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instead of helical structures (Figure 1.5.2d).80 

 

 
Figure 1.5.145 (a) Definition of the deposition angle а and the substrate rotation 

angle φ. The deposition plane is defined by plane containing the incident flux 

direction and the substrate normal. (b) The GLAD apparatus as it is typically 

implemented in a standard physics vapor deposition system. Substrate movement 

is accomplished by two independent motors. The motors are computer controlled, 

receiving feedback from thickness monitors. 

 

 

Figure 1.5.246Archetypal GLAD fabricated microstructures, (a) tilted columns, (b) 

zig-zag columns, (c) helical columns, and (d) vertical columns. The particular 

microstructure is determined by the substrate movement during deposition, with 

substrate rotation being used to “shadow sculpt” the columns. 
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1.5.1 GLAD with Fast Substrate Rotation (FSR) 

In GLAD, the helical pitch (P) and pitch number (n) can be directly 

controlled (the relationship between P and n is presented in Formula 

(1)). The coil diameter (D) and wire diameter (d) increase as P increases. 

In the helical columns, the minimization of P is constrained by the 

geometrical prerequisite of P > d.81,82 Moreover, because of the 

thermally activated surface diffusion of the adatoms, d increases as 

substrate temperature increases. Fisher and co-workers reported that 

liquid nitrogen can be used to maintain a temperature as low as -170 °C 

that decreases the P of a helical column to approximately 20 nm.83 

However, helical columns with a sub-10 nm P remain challenging to 

obtain because of the limitations of extremely low-temperature cooling 

systems. Thus, to decrease P to the sub-10 nm level, the geometrical 

limit of helices must be neglected. Considering this aspect, GLAD with 

FSR was established to fabricate NPs with hidden chirality.84 

P = H/n   (1)  

where H is the height of the helices. 

 

1.5.2. Layer-by-Layer GLAD (LbL GLAD) 

To expand the compositional space in the inorganic CNPs, a novel 

GLAD technique with three steps was developed: LbL-GLAD. In this 

process, chiral metallic NPs are first subjected to GLAD-FSR. Then, 

the resulting columns are subjected to deposition without substrate 

rotation to give them a thin film layer. Subsequently, the GLAD-FSR is 

repeated. LbL -GLAD does not afford a heterogeneous nanostructure; 
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rather, it generates heat that drives the diffusion of the middle layer to 

generate binary alloy structures.85 

 

1.6. Galvanic Replacement Reactions (GRRs) 

GRRs can be used to extend the compositional space in NPs. GRRs 

are electrochemical replacement reactions that involve two metals with 

different reduction potentials, with this difference being the reaction 

driving force. A GRR is thus a redox reaction: the metal with the lower 

reduction potential serves as a sacrificial template and loses electrons 

at the anode, whereas the metal with the higher reduction potential 

receives the electrons lost by the oxidized metal and is deposited at the 

cathode. In 2002, Xia and co-workers group first reported a GRR 

between Ag and chloroauric acid. 

The process of a GRR is illustrated by considering the reaction 

between a Cu wire and an aqueous solution of silver nitrate (AgNO3). 

As shown in Figure 1.6.1 (left), the reaction is initiated when these 

components are combined. The inset shows the two half reactions: a Cu 

atom loses two electrons to become Cu2+, and two Ag+ in the solution 

receive the electrons lost by the Cu atom to become Ag atoms that 

deposit on the surface of the Cu wire. After a 10-min reaction, the 

colorless AgNO3 solution becomes blue due the presence of Cu2+, 

whereas the Cu wire is covered with a gray layer of Ag.86  

Total reaction: 

Cu(s) + 2Ag+(aq) = Cu2+(aq) + 2Ag(s) (2) 

Reaction at the anode: 



50 

 

Cu(s) = Cu2+(aq) + 2e- (3) 

Reaction at the cathode 

Ag+(aq) + e-(aq) = Ag(s) (4) 

 

Figure 1.6.147Photographs of a glass vial containing AgNO3 solution (left) 

immediately after the insertion of a Cu wire and (right) after the galvanic 

replacement reaction had proceeded for 10 min. The insets show atomic models 

used to illustrate the mechanism involved in the galvanic replacement reaction 

between Cu and AgNO3.  

 

1.7. Circularly Polarized Luminescence (CPL) and 

Circular Dichroism (CD) 

Natural light can be considered unpolarized light as its component 

emissions are uncorrelated and its polarization varies temporally. 

However, technically, light is only unpolarized if it is a mixture of two 

independent oppositely polarized streams, with each stream having half 

of the total intensity. According to its light-wave characteristics, 

polarized light can be classified as elliptically, partially, linearly, or 

circularly polarized light. When unpolarized light passes through a 

linear polarizer, linearly polarized light is generated. When this linearly 
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polarized light passes through a quarter-wave retarder, circularly 

polarized light is obtained, as shown as Figure 1.6.1A.87 

CPL and CD should be simultaneously considered as both 

phenomena depend on the intensity of circularly polarized light. CPL 

reflects the differential emission intensity of the left and right-CPL 

associated with chiral luminescent samples (Figure 1.6.1B), whereas 

CD reflects the differential absorption of LH and RH circularly 

polarized light (Figure 1.6.1C). When measuring CPL, the light source 

is generally unpolarized light; in contrast, when measuring CD, the light 

source is typically LH and RH circularly polarized light that is 

alternately generated by a xenon lamp. This is because during the CPL 

measurement, the influence of polarized light must be eliminated to 

enable the detection of the true CPL signals. Consequently, if a chiral 

system has CD signals, CPL signals may not be detected. However, if a 

chiral system has CPL signals, CD signals may be detected.88  

The primary observables in a CPL spectrum are as follows. 

The primary observables in CPL spectra are the emission circular 

intensity differential 

𝐶𝑃𝐿 = ∆𝐼 =  𝐼𝐿 −  𝐼𝑅 (5) 

Where IL and IR denote respectively the intensity of left (L)- and right 

(R)-handed circularly polarized light. 

The emission dissymmetry factor 

𝑔𝐶𝑃𝐿 = 2∆𝐼/𝐼 (6) 

Where 𝐼 represent the total intensity of LH and RH circularly polarized 

light, defined as Eq. 7 

𝐼 =  𝐼𝐿𝐶𝑃 + 𝐼𝑅𝐶𝑃 (7) 
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Therefore, the final definition of 𝑔𝐶𝑃𝐿 is 

𝑔𝐶𝑃𝐿 = 2
 (𝐼𝐿𝐶𝑃− 𝐼𝑅𝐶𝑃)

(𝐼𝐿𝐶𝑃+ 𝐼𝑅𝐶𝑃)
 (8) 

CPL spectroscopy is the emission analogue of CD spectroscopy, the 

primary observables in the CD spectra, 

𝐶𝐷 = ∆𝐴 =  𝐴𝐿𝐶𝑃 − 𝐴𝑅𝐶𝑃 (9) 

where 𝐴𝐿𝐶𝑃 and 𝐴𝑅𝐶𝑃 are the different absorption of LCP and RCP, 

respectively. And 

𝑔𝐶𝐷 = 2∆𝐴/𝐴 (10) 

while, 𝐴 =  𝐴𝐿𝐶𝑃 + 𝐴𝑅𝐶𝑃 (11) 

Therefore, the final definition of 𝑔𝐶𝐷 is 

𝑔𝐶𝐷 = 2
(𝐴𝐿𝐶𝑃− 𝐴𝑅𝐶𝑃)

(𝐴𝐿𝐶𝑃+ 𝐴𝑅𝐶𝑃)
 (12) 

According to Lambert-Beer law, ∆𝐴 is as a function of incident light 

wavelength, which could be calculated by 

∆𝐴 =  ∆𝜀𝐶𝑙 = (𝜀𝐿𝐶𝑃 − 𝜀𝑅𝐶𝑃)𝐶𝑙 (13) 

where C is the molar concentration, l is the path length, 𝜀𝐿𝐶𝑃 and 𝜀𝑅𝐶𝑃 

are the molar extinction coefficients for LCP and RCP light, 

respectively. 

Experimentally, CD is commonly measured in degrees of ellipticity 𝜃, 

given by 

𝑡𝑎𝑛𝜃 = (𝐸𝑅𝐶𝑃 − 𝐸𝐿𝐶𝑃)/(𝐸𝑅𝐶𝑃 + 𝐸𝐿𝐶𝑃) (14) 

where 𝐸𝑅𝐶𝑃 and 𝐸𝐿𝐶𝑃 are the magnitudes of the electric-field vectors 

of RCP and LCP, respectively. As 𝑡𝑎𝑛𝜃 is very small, it approximately 

equals to the angle 𝜃 in unit of radians. Given the intensity of light, I, 

is proportional to the square of the electric-field vector, it could be 

derived as 
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𝜃(𝑟𝑎𝑑𝑖𝑎𝑛𝑠) = (√𝐼𝑅𝐶𝑃 − √𝐼𝐿𝐶𝑃 )/(√𝐼𝑅𝐶𝑃 + √𝐼𝐿𝐶𝑃  ) (15) 

According to Lambert-Beer law, 

 𝐼 =  𝐼0𝑒−𝐴𝑙𝑛10 (16) 

Then the ellipticity could be written as 

𝜃(𝑟𝑎𝑑𝑖𝑎𝑛𝑠) = (𝑒
(

∆𝐴

2
)𝑙𝑛10

− 1 )/(𝑒
(

∆𝐴

2
)𝑙𝑛10

+ 1 ) (17) 

As ∆𝐴 <<1, after neglecting the high-order terms and expanding the 

exponentials, Eq. 17 leads to 

𝜃(𝑑𝑒𝑔𝑟𝑒𝑒𝑠) =  ∆𝐴 (𝑙𝑛10/4)(180/𝜋) (18) 

Combining Eq. 13 and 18, 

𝜃(𝑚𝑑𝑒𝑔) = 32982∆𝜀𝐶𝑙 (19) 

According to Eq. 9, 10, 18, 19, 𝑔𝐶𝐷 could be written as 

𝑔𝐶𝐷 = 2 (
𝜃(𝑚𝑑𝑒𝑔)

32982𝐴
) ≈

𝜃(𝑚𝑑𝑒𝑔)

16500𝐴
=  𝐶𝐷/(16500𝐴) (20) 

where 𝜃(𝑚𝑑𝑒𝑔) or 𝐶𝐷 and the “extinction” or 𝐴 could be directly 

obtained from CD spectra. 

 

 

Figure 1.7.148A) The relationship between unpolarized light, and linearly and 
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circularly polarized light. B, C) Schematic illustration of CD (B) and CPL (C). 

 

In addition to organic CPL-active materials, several inorganic CPL-

active materials with high photoluminescence quantum yield (QY) and 

high luminescence dissymmetry factor exist. Studies have mainly 

focused on four categories of materials: chiral metallic NPs, chiral 

nanocarbons, chiral semiconductor NPs, and chiral perovskites. 

 

1.7.1. CPL from Chiral Metallic Nanoparticles 

  Chiral Ag nanoclusters capped with a bidentate α-dihydrolipoic 

acid (DHLA), exhibiting mirror image CPL profiles, and the optical 

activity exhibits a linear response to the ee of ligand. Ag nanoclusters 

exhibit a strong emission with a maximum at 660 nm and an emission 

QY of 7.6%. These Ag nanoclusters exhibit intense CPL signals at the 

fluorescence maxima, positive and negative CPL signals are observed 

with the peak at 660 nm. The glum value at 660 nm is about 2 x 10-3 for 

both R- and S-structures.89 A novel enantiomeric pair of superatomic 

Ag-alkynyl nanoclusters, R-/S-Ag17, have been synthesized, they 

possess C3 symmetry and have a QY of 8.0% in the near-infrared 

region. Concomitantly, a maximum glum value of R-/S-Ag17 at 745 nm 

is measured to be around ± 1.2 x 10-3. The combination of a series of 

optical experiments and theoretical calculations indicate that the CPL 

originates from transitions between superatomic P and S orbits.90 

  Metal NPs could also be used for the enhancement of CPL. The 

self-assembly of Au@SiO2 triangular nanoprisms (TNPs) and 

fluorophores (sulforhodamine 101 and methylene blue) in the chiral 
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cellulose NCs films (Figure 1.7.2) has enhanced the glum value from -

0.055 to -0.085. This enhancement originates from the chiral cellulose 

NC templates, which provide the chirality of the fluorophores to emit 

enhanced CPL.91 The helical plasmonic NRs (HPNRs) are prepared by 

first a wet chemical method through modifying the Au NRs with 4-

aminothiophenol and cysteine molecules, then the deposition of Au 

and Ag atoms, as Figure 1.7.3 shows. The dominant exposed {110} 

and {111} facets come from the deposition of Ag and Au atoms, and 

the chirality comes from the cysteine molecules. By taking advantage 

of Chlorin e6 molecules as fluorescent guests, the chiral HPNRs- 

Chlorin e6 complex could exhibit CPL response with a glum value of 

0.01, which is larger than most reported induced-CPL systems.92 

Another possible approach to synthesize CPL-active metal materials is 

to apply the defect-engineering strategy to prepare defective crystals. 

The crystals are enantiomers (CO3)@Ag24(S
tBu)10(L-/D-

proline)8(NO3)4(H2O), which serve as the precursor matrixes. Besides, 

four achiral dye molecules including FL-Na, RB-Na, Na2CF351 and 

3-BSPDI, which have different emission colors, are doped into 

crystals to prepare four pairs of defective crystals (Figure 1.7.4). 

These crystals exhibit full-color CPL with a high glum value of 3 x 10-3, 

which originates from the weak interactions to enable the chirality 

transfer from chiral Ag clusters to dopants for inducing CPL.93 
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Figure 1.7.249a) Scheme for the fabrication of metal-enhanced CPL films. b) 

Extinction spectra of Au TNPs with different sizes. c) Scheme for CPL emission of 

metal-enhanced CPL films. 

 

Figure 1.7.350(A) Schematic diagram of growth procedure of L-HPNR and D-

HPNR. (B) Analysis of crystal facets from high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) images along the [100] and 

[110] zone axis. 
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Figure 1.7.451Schematic Illustration of the Co-assembly of Anionic Dye Molecules 

and L-Ag24. 
 

1.7.2. CPL from Nanocarbons 

A CD-based co-assembly system, which is consisted of a chiral L-/D-

glutamic acid gelator as the chiral source and nitrogen-doped carbon as 

fluorophores (Figure 1.7.5), is to realize chirality transfer and chiral 

amplification. This CPL-active system could form co-gel in specific 

solvents with nanotube structures. The co-gel of L-/D-glutamic acid 

gelator induce the negative and positive CPL signal under 360 nm 

irradiation, and the glum value of L- and D-co-gel are 4 x 10-3 and 2 x 10-

3, respectively. And in this system, the CPL signal could be adjusted by 

changing the excitation wavelength.94  

Two novel chiral conjugated macrocycles ([4]cyclo-2,6-anthracene; 

[4]CAn2,6), as (−)/(+)-(12,4) carbon nanotube segments are synthesized 

by using a bottom-up assembly approach and subsequent reductive 
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elimination reaction, and then the enantiomers are separated by high-

performance liquid chromatography (HPLC). These new tubular CNT 

segments exhibit large absorption and the enantiomers show CPL 

signals, and the absolute magnitude of the│glum│ value is 0.1 (Figure 

1.7.6).95 The new chiral C70 derivative (X70A) are prepared by reacting 

bis-borylated xanthene with C70 and a successful optical resolution, 

which is shown as Figure 1.7.7. X70A can exhibit CPL signals in 

toluene with a maximum glum value of 7.0 x 10-3 at approximately 690 

nm.96 

 

 

 
Figure 1.7.552Schematic illustration of the excitation-dependent fluorescence and 

CPL. 
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Figure 1.7.653CPL spectrum of the molecule (-)-(12,4)AAAA-[4]CAn2,6 (red) and 

(+)-(12,4)BBBB-[4]CAn2,6 (green) in CH2Cl2 (1.0 x 10-5 M), Imaging conditions: 

Excitation wavelength 350 nm, HT volt 550 V. 

 
Figure 1.7.754Schematic representation of the short distance tether-directed remote 

functionalization of C70. (a) Ball-and-stick model of C70 with carbon labels: a (red), 

b (orange), c (yellow), d (green), and e (purple). (b) Sequential reaction of the 

tethered-substrate with C70, which is bound to carbon a in the first addition reaction. 

Here, the second addition reaction is limited to the β site. The reaction leads to chiral 

racemic products given the equivalence of the β sites on the two sides adjacent to 

the α site. (c) Reaction of C70 with bis-borylated xanthene 1 to afford X70n. 

cod = cyclooctadiene. 
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1.7.3. CPL from Chiral Semiconductor Nanoparticles 

A water-soluble CdS QD is prepared in a rhombic dodecahedral 

protein, horse spleen ferritin, which is composed of 24 -helix-rich 

subunits with exterior and interior diameters of 12 nm and 8 nm, as a 

hollow chiral template (Figure 1.7.8). This QD can exhibit significant 

LH CPL emissions, there are an intense band at 498 nm with a glum = 

4.4 x 10-3 and a broad band at 780 nm with a glum = 3.5 x 10-4. And 

these two emissions are from direct transition band (498 nm) and 

surface-trapping sites (780 nm), respectively, the quantified CPL 

signal of the former one is almost 13 times greater than that from the 

latter, although the apparent emission is dominated by the latter one.97 

L- and D-cysteine-capped CdSe QDs have been generated from the 

phase transfer ligand exchange of oleic acid capped CdSe QDs and 

trioctylphosphine oxide-OA capped CdSe QDs. The glum value of L- 

and D-cysteine-capped CdSe QDs are small: +0.003 and -0.004, 

respectively, as usual for chiral organic chromophores and metal 

complexes.57 CdSe are also used to avoid the quenching of CdS’s CPL 

activity. In this work, L- and D-cysteine-capped CdSe-dot/CdS-rods 

(DRs) are successfully prepared with tunable CD and CPL behaviors 

(Figure 1.7.9). The maximum glum is 4.666 x 10-4, and the ratio of CdS 

shell to the CdSe core will influence the glum value, to some extent, 

CD and CPL prefer smaller the absorption ratio of shell to core value. 

Moreover, the CD and CPL activities are also sensitive to the 

concentration of chiral cysteine, the excess of chiral cysteine 

molecules may inhibit CD and CPL responses.98 
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Another example of core-shell CdSe/CdS NCs is obtained to study 

absorption and luminescence properties of NCs with various shapes 

including tadpoles with one to three tails, nanoflowers and dot/rods 

(DRs), as Figure 1.7.10 shows. To synthesize these various structures, 

CdSe/CdS NCs with different morphologies are fabricated in the 

organic phase, then ligand-exchanged with L- and D-cysteine to 

generate L- and D-Cys-CdSe/CdS NCs in the aqueous phase. The 

observed CD and CPL responses are closed related to the geometrical 

characteristics of these structures, like the shell thickness. The CPL 

activity is only associate with the CdSe core, and the samples with high 

photoluminescence QY and thin CdS shell are the most efficient in the 

CPL activity. Among 6 different shapes of CdSe/CdS NCs, the DRs 

structure with 0.2 nm CdS shell and a ratio of 2.7 has the maximum glum 

of 8.46 x 10-4 at the wavelength of 584.9 nm.99 

This chiral-ligand-induced method has also been used into prepare 

2D colloidal CdSe/CdS nanoplatelets, as shown in Figure 1.7.11, their 

CD and CPL responses are sensitive to their intrinsic geometrical 

properties and surrounding chiral medium. In this method, the shell 

growth rate could be controlled, and the induced chiroptical activity is 

related to the formation of shell. A glum of 5.29 x 10-4 has been obtained 

at the maximum among all these CdSe/CdS nanoplatelets.100 Due to the 

color purity and high brightness, fluorescent semiconductor quantum 

NCs have been developed to induce CPL, however, only weak signals 

are received. In order to increase the intensity of CPL from these 

nanostructures, a new solid film by incorporating CdSe/CdS quantum 

rods into the cellulose NCs, has been produced, as shown in Figure 
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1.7.12. A wide region of the photonic band gap from UV to infrared 

could be obtained through adjusting the electrostatic repulsion, which 

leads to adjustable intensity of CPL. When cholesteric liquid crystal 

template’s photonic band gap overlaps with the photoluminescence 

band, the highest glum of 0.45 could be achieved.101  

Besides the CdSe or CdSe/CdS NCs (QDs), CdSe core and ZnS shell 

QDs achiral nanostructures have also been applied in the CPL-active 

material field. L-BGAc and D-BGAc, two enantiopure hydrogelators, 

function as chiral source. Semiconductor QDs are doped into 

hydrogelators to obtain CPL properties, QDs/D-BGAc samples lead to 

a positive CPL signal, while QDs/L-BGAc samples lead to a negative 

CPL signal. As these hydrogels exhibit in five colors from blue to red, 

the CPL cover the whole of visible light from 400 nm to 750 nm, with 

a maximum glum of 3.26 x 10-2, which is shown in Figure 10.102 Another 

example of semiconductor QDs doped chiral cellulose NCs films is to 

use ZnS/CdSe QDs, as Figure 7 shows, which has tunable CPL 

wavelengths and controllable glum values from -0.48 to -0.21. This high 

glum value is attributed to the glycerol content controlled photonic band 

gaps and handedness in the films.103  

Recently, a new method named Langmuir-Schaeffer technique has 

been applied to prepare chiral CdSe/CdS nanorod films. By 

compressing the parallel barriers, the CdSe/CdS NRs will become 

aligned spontaneously at the air-liquid interface. Then by transferring 

through a clean quartz substrate, one layer of CdSe/CdS NRs is 

obtained. By clockwise or anticlockwise rotating the layer of CdSe/CdS 

NRs, LH or RH chiral films are achieved, which is shown in the Figure 
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8. CPL signal could be obtained by this film with a highest glum value 

of 0.0997.104 By using the same method, combining inorganic nonchiral 

NiMoO4·xH2O nanowires with multicolored CdSSe@ZnS core-shell 

QDs (Figure 9), not only tunable and intense CPL has been successfully 

acquired, but a giant glum up to 0.25 is achieved.105 

 

 

 
Figure 1.7.855CdS NPs prepared in ferritin and CPL emiision before and after 

laser photoetching. 

 
Figure 1.7.956(Left) CD spectrum of the L- and D-Cys-CdSe/CdS DRs. (Middle) 

Schematic illustration of the chiral Cys-CdSe/CdS DRs. The red particle represents 

the CdSe core; the yellow rod-like shell represents the CdS shell, and the purple 

ligands are the chiral cysteine molecules. (Right) CPL spectrum of the L- and D-

Cys-CdSe/CdS DRs. 
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Figure 1.7.1057Mechanism of ligand-induced shape variations. By changing the 

composition of the ligands, various anisotropic shapes such as nanoflowers, 

tadpoles with one to three tails, and DRs can be obtained. 

  

 
Figure 1.7.1158Growth mechanism of island-like shell CdSe/CdS nanoplatelets. 

The one-pot growth process is divided into three stages: In the first stage, the island-

like shell forms on the surface of CdSe nanoplatelets. And then, in the second stage, 

a thin shell forms in between all the islands. Last, this thicker overall shell further 

grows with time. 

 

 
Figure 1.7.1259Schematic illustration of the self-assembled cellulose nanocrystal–

quantum rod composite solid film. The quantum rods bind onto fibrillary cellulose 
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nanocrystals by electrostatic interactions in aqueous suspension. When above a 

critical concentration, the cellulose nanocrystals are self-assembled to form the 

lyotropic cholesteric liquid crystal phase with a LH helical structure. The helical 

ordering is preserved upon drying to form a solid chiral film. The composite chiral 

film enables RCP emission due to the forbidden propagation of LCP light.  

 

 
Figure 1.7.1360(a) Molecular structure of the gelators and the construction of the 

used QDs; a schematic diagram about QDs-hydrogel showing CPL activity under 

UV 365 nm irradiation. The QDs with CdSe core and ZnS shell capped with 2-

aminoethanethiol hydrochloride are used in this work. (b) The morphology of the 

corresponding cogel upon white light irradiation. (c) The photo of the cogel upon 

365 nm UV light. (d) Fluorescence spectra of the QDs/BGAc cogels; λex  = 360 nm. 

(e) Symmetric CPL spectra of the QDs/BGAc cogels; λex = 360 nm. [BGAc] = 6 

mg mL−1; [QDs] = 0.2 mg mL−1. 
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Figure 1.7.1461Illustration of L-CPL reflection and R-CPL emission of CPL 

photonic films through the co-assembly of CNCs and semiconductor QDs. 

 

 

Figure 1.7.1562Fabrication procedure for the CdSe/CdS nanorod solution chiral 

films. (a) The dispersal of the CdSe/CdS nanorod solution at the air-liquid interface 

in a Langmuir trough. (b) Compression of the barriers to attain aligned CdSe/CdS 

nanorod film at the air–liquid interface followed by transfer of the assembled film 

onto a quartz substrate with the horizontal transfer approach. The transfer was 

repeated n times to attain films with n layers. (c) Rotation of the substrate with an 

angle θ for the second step to attain two types of chiral film. The transfer was 

repeated n times. (d) Representation of the chiral films with opposite handedness 

with films containing n+n layers. 

 

 

Figure 1.7.1663Scheme of fabricating QD-doped CPCs through layer-by-layer 

Langmuir–Schaefer co-assembly of colloidal nanowires and QDs. 

 

1.7.4. CPL from Chiral Perovskites 

Perovskite structures are based on the MeX6 octahedrons, in which 

Me is usually a transition metal and X is halogen or oxygen. There is a 

long-time history of macroscale perovskite, however, little attention has 
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been paid to nanoscale perovskites. Nowadays, the scientists start to 

attach into this field, for many of perovskites, they have CD responses, 

although not all of them are CPL-active. Metal halide perovskite 

nanocrystals with chiral ligands have a lot of advantages like extensive 

tunability and high photoluminescence quantum efficiency to be as a 

CPL light source. Luther’s group generate pronounced and controllable 

CPL responses from colloidal formamidinium lead bromide (FAPbBr3) 

NCs with the help of chiral surface ligands, as Figure 1.7.17 shows. In 

the synthesis, by using (R)-2-octylamine instead of oleylamine as chiral 

ligand, small and monodisperse NCs have been obtained to realize high 

CPL with a glum of 6.8 x 10-2.106 

  The first example of two-photon absorption-based upconverted 

circularly polarized luminescence (UC-CPL) is reported by Duan’s 

group, by using colloidal NCs of cesium lead bromides (CsPbBr3) with 

chiral α-octylamine capping ligands. The resulting NCs produce glum up 

to 7.0 X 10-3 and a two-photon absorption up to 3.68 x 104 GM at 800 

nm.107 On the base of the first example of UC-CPL, the same group 

further study the related structure by using a polar-solvent-free method 

for large-scale synthesis of chiral CsPbBr3 perovskite NCs (Figure 

1.7.18). The upconversion NPs and perovskite NC hybrid 

nanomaterials with UC-CPL responses has been successfully fabricated, 

and due to the special structure after converting, the glum value has been 

enhanced up to a maximum glum = 4.5 x 10-3.108 Duan’s group has also 

successfully used electric-field-regulated energy transfer to enhance 

UC-CPL via steering the photonic bandgap, as Figure 1.7.19 shows. 

Through mixing certain amount of CsPbBr3 perovskite NCs in the 
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chiral nematic liquid crystal, an extremely large glum = 1.1 has been 

obtained. It could be owing to locate the emission peak of CsPbBr3 

perovskite NCs at the center of the photonic bandgap of the nematic 

liquid crystal.109 

Amine-containing lipid are used to replace some of the surface 

ligands of the as-synthesized CsPbX3 (X = Cl, Br, I, Cl/Br, and Br/I) 

perovskite NCs, as they are capped with oleic acid and oleyl amine. The 

resulting co-assemblies show PL and CPL responses with full color-

covering wide, as Figure 1.7.20 shows, and a maximum glum of 7.3 x 

10-3 has been obtained.110 In another report, through a hot-injection 

approach, CsPbX3 (X = Br or I) NCs or NRs are synthesized, which 

have the emission from blue to green to red. CsPbBr3 NRs are used for 

the blue emission, while CsPbBr3 NCs are used for the green emission 

and the red emission is from CsPbI3. These NCs or NRs have high 

photoluminescence QY, like 50% for blue, 83% for red and 92% for 

green. Then by the cholesteric superstructure stack based on cholesteric 

liquid crystals, CPL are successfully achieved on the above CsPbX3 

NCs or NRs with a │glum│of 1.6.111 

Nanofiber-based chiral silica is also used as chiral domains, by 

coupling different luminescent achiral dyes, perovskite NCs and 

aggregation-induced emission luminogens, the CPL-active systems 

have been constructed. When coupling with achiral dyes, a maximum 

glum of 5.0 x 10-3 has been obtained, while coupling with MAPbBr3, only 

a glum of 2.0 x 10-3 could be obtained.112 By using the chiral organic 

cation mixed with CsBr, Ruddlesden–Popper chiral perovskite thin 

films (Figure 1.7.21) with a glum of 3 x 10-3 have been produced. CPL 



69 

 

of these perovskite thin films might be originated by charges in the 

photogenerated Wannier exciton. The results suggest the chiral organic 

ligands used for the films impart chirality in the electronic structure, 

breaking the symmetry and allowing the excess of handedness.113 

Hybrid organic-inorganic perovskites have attracted a lot of attention 

in the CPL field, however, by incorporating various halogen to partially 

substitute chiral organic cations, the effects of chiral molecules for the 

optical properties are first studied. MBA has been chosen as the chiral 

ligands to construct derivatives including 1-(4-iodophenyl) ethanamine 

(IMBA), 1-(4-bromophenyl) ethanamine (BrMBA), 1-(4-chlorophenyl) 

ethanamine (ClMBA), and 1-(4-fluorophenyl) ethanamine (FMBA). 

For these derivatives, F-substituted perovskites have the weakest CD 

and CPL intensities, while Cl-substituted perovskites show the highest 

intensities. This phenomenon may be attributed to the varied magnetic 

transition dipole of perovskites, the rotatory strength of perovskites 

arranged in the order of (FMBA)2PbI4 < (MBA)2PbI4 < (IMBA)2PbI4 < 

(BrMBA)2PbI4 < Cl(MBA)2PbI4, as Figure 1.7.22 shows.114 

Ferroelectrics have also been used to induce CPL in the perovskites. R- 

and S-3-(fluoropyrrolidinium)MnBr3 with CPL response is the first 

example of enantiomorphic perovskite ferroelectrics, the glum of the two 

enantiomers are ± 6.1 x 10-3 from 550 nm to 725 nm.115 
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Figure 1.7.1764Two synthetic methods to transfer chirality to perovskites: ligand-

controlled synthesis and post-ligand treatment. 

 

 
Figure 1.7.1865Chirality and UC-CPL in UCNP@PKNC system. The composite 

system showed weak green circularly polarized emission by directly exciting the 

PKNC. The UC-CPL of composite was obtained by exciting the UCNP. The energy 

transfer between UCNP and PKNC amplified the green CPL with a four-fold 

magnification of glum value excited by 980 nm laser. (R/S)-α-aminooctane could 

induce an asymmetric distortion of the surface lattice of perovskite nanocrystal. 
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Figure 1.7.1966By incorporating an appropriate amount of upconversion NPs and 

CsPbBr3 perovskite NCs into nematic liquid crystal, upconverted circularly 

polarized luminescence (UC-CPL) through the radiative energy transfer process 

could be implemented. To achieve high glum value of UC-CPL as well as enhanced 

emission intensity, CsPbBr3 perovskite NCs, and upconversion NPs were used as 

the energy acceptor and donor, whose emission spectra were located at the center 

and edge of photonic bandgap of nematic liquid crystal, respectively. Due to the 

weaker emission of upconversion NPs after applying the electric field, the UC-CPL 

emission could be switched off. It could be recovered multiple cycles by applying 

a mechanical force. Thus, a voltage-force regulated switch of UC-CPL could be 

realized.  

 

 

Figure 1.7.2067a) Fluorescence spectra of the corresponding CsPbX3 NCs doped 

DGAm (λex = 310 nm for all but 340 nm for CsPbBrxI3−x and CsPbI3 samples); the 

solvents is hexane, [DGAm] = 9.2 mM, [CsPbX3 NCs] = 1.1 mg mL−1; CsPbCl3 

NCs (blue line), CsPbClxBr3−x NCs (cyan line), CsPbBr3 NCs(green line), 

CsPbBrxI3−x NCs (orange line), CsPbI3 NCs (red line). b) Mirror-image CPL spectra 

of the corresponding coassembly samples, λex =310 nm. 
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Figure 1.7.2168Schematics of optical excitation in Ruddlesden–Popper perovskite 

films. 

 

 
Figure 1.7.2269(a) CD spectra of the R- (blue), S- (red) and rac- (black) fabricated 

hybrid organic inorganic perovskite films including (MBA)2PbI4, (FMBA)2PbI4, 

(ClMBA)2PbI4 (BrMBA)2PbI4 and (IMBA)2PbI4 series as depicted in the figure. 

CPL spectra of the R-form (black) and S-form (red) fabricated films (b) 

(FMBA)2PbI4 (c) (ClMBA)2PbI4 (d) (BrMBA)2PbI4 and (e) (IMBA)2PbI4. 

 

Although research has been done about the CPL since long time ago, 

there are still several problems need to be solved, for example, as the 

glum max is ±1, the glum values that could be obtained now are still too 

low to be used in the application. Besides the glum value, the quantum 

efficiency is also quite important if these CPL-active materials want 

further applied in the CPL-related field. In this thesis, CdSe as a 

luminescent semiconductor material, are chosen to be fabricated into 

chiral nanostructures, so as to combine the chirality with its intrinsic 
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luminescent properties to construct CPL-active structure for an apply 

study of CdSe nanohelices.  

 

1.8. Localized Surface Plasmon Resonance (LSPR) 

LSPR occurs when the surface plasmon in an NP is confined and its 

size is comparable to or smaller than that of the wavelength of the light 

exciting the plasmon. Several parameters influence the LSPR, such as 

electron density and mass, and the size and shape of the charge.116 LSPR 

can enhance near-particle electric fields, although this enhancement 

diminishes with increasing distance from a particle surface. LSPR of 

noble metal and semiconducting NPs typically occurs at visible 

wavelengths and in the near- and mid-infrared regions, respectively.117 

 

 

Figure 1.8.170Schematic diagrams illustrating a localized surface plasmon. 

 

In this thesis, I will introduce according to the following order: first, 

the introduction part; second, chirality transfer in GRR and the 

compositional extension to binary CNPs; third, the compositional 

extension to ternary CNPs; fourth, the compositional extension to 
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semiconductor CNPs and the related CPL phenomenon. 
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Chapter 2.  Chirality Transfer in Galvanic Replacement 

Reactions 

(This chapter is fully cited from my own published paper “Chirality 

transfer in Galvanic Replacement Reactions”, Junjun Liu, Ziyue Ni, 

Proloy Nandi, Utkur Mirsaidov, and Zhifeng Huang, Nano Letters, 

2019, 19(10), 7427-7433, DOI: 10.1021/acs.nanolett.9b03117) 

 

In this chapter, a GRR-mediated chirality transfer phenomenon has 

been confirmed, through this process, chiral metals with desired 

material, composition and morphology could be easily engineered. 

CNPs with intrinsic structural chirality were selected as a chiral 

sacrificial templates (CSTs) on which the GRR was performed to 

generate diverse alloy CNPs with an engineerable composition and 

mesoporous morphologies, besides the evolution of the chirality 

transfer was studied. And in the earlier Earth environment, there are all 

inorganic compounds, especially minerals, in order to better simulate 

the earlier Earth environment, we prefer to choose the elements in the 

minerals like Cu, Ag, Au, Pt and some semiconductor materials. 

 

2.1. Monometallic CNPs serve as CSTs 

A close-packed array of CNPs made of Cu (Figure 2.1.1) and Ag 

(Figure 2.1.2) was fabricated by GLAD with FSR,118,119 to function as 

the CST. The CST has a height (H) of ≈100 nm, and the Cu and Ag 

CNPs have a nominal pitch (P) of ≈25 nm and ≈10 nm, respectively. 

The CNPs appear not to exhibit a helicity at the nanoscale due to small 
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P (inset in Figure 1a-I, Figure 2.1.3a-I and 2.1.3b-I; inset in Figure 

2.1.2a-I, Figure 2.1.4a-I and 2.1.4b-I), and are polycrystalline with 

dominant (111) (Figure 2.1.1d-I, and Figure 2.1.4e-I). The Cu CNPs 

exhibit localized surface plasmon resonance (LSPR) with the transverse 

mode at ≈600 nm (Figure 2.1.1a-I).120 Optical activity of a chiral matter 

is typically characterized by CD, denoting the differential absorption of 

LH and RH circularly polarized light. Resonantly, the Cu CNPs exhibit 

bisignate transverse CD signals in a wavelength range of 500-800 nm 

(marked by orange background, Figure 2.1.1b-I). The Ag CNPs display 

LSPR with the transverse mode at a wavelength range of ≈370 nm and 

weak longitudinal mode in the visible region (Figure 2.1.2a-I).118 

Resonantly, the Ag CNPs exhibit bisignate transverse CD signals in a 

wavelength region of 320-400 nm (marked by gray background, Figure 

2.1.2b-I), and weak monosignate longitudinal CD signals in the visible 

region. Counterclockwise and clockwise substrate rotation led to 

sculpturing LH and RH CSTs, respectively. Changing the CST’s 

chirality from RH to LH has a negligible effect on the LSPR spectrum, 

but gives rise to a flip of their CD signals around the zero-CD axis, 

illustrating that the Cu and Ag CNPs exhibit intrinsic structural 

chirality.121 The Cu and Ag CNPs exhibit an anisotropy g-factor of 

0.004-0.008 in their chiroplasmonic wavelength range (Figure 2.1.1c-I 

and 2.1.2c-I). 
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Figure 2.1.171GRR of Cu CNPs (with a nominal helical pitch P of ∼25 nm, and a 

height H of ∼100 nm), as a function of reaction duration (t): (I) 0, (II) 4, and (III) 

24 h. The GRR is performed in an aqueous solution (containing 20 μmol/L AgNO3) 

stirred at a rate of 380 rpm to generate Cu1−xAgx CNPs at room temperature. 

UV/visible spectra: (a) extinction; (b) CD; (c) anisotropic g-factor. LSPR and 

resonant plasmonic CD spectra ascribed to Cu and Ag are marked by orange and 

gray backgrounds, respectively. (a−c) Blue lines: the GRR of RH Cu CNPs. Red 

lines: the GRR of LH Cu CNPs. Insets: (a) SEM top-down images of the RH-Cu 

CNPs as a function of t (scale bars: 200 nm). (d) XRD spectra of the RH-Cu CNPs 

as a function of t. (e) HAADF-STEM images and the corresponding EDS atomic 

percentage mapping of Cu and Ag (produced by the GRR of the RH-Cu CNPs), as 

a function of t (scale bars: 20 nm). (f) Plot of the stoichiometric x and (1−x) of 

Cu1−xAgx CNPs (produced by the GRR of the RH-Cu CNPs) versus t, evaluated 

from XPS characterization (Figure 2.1.3c,d). (g) Histograms of the diameter D of 

the RH-Cu0.08Ag0.92 CNPs (fabricated at t of 24 h, blue columns) and the RH-Ag 

CNPs (Figure 2.2.2, gray columns), fitted by Gaussian function (represented by 

blue and black lines, respectively). 
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Figure 2.1.272GRR of Ag CNPs (with a P of ∼10 nm and H of ∼100 nm), as a 

function of t: (I) 0, (II) 1, and (III) 3 h. The GRR is performed in a saturated NaCl 

solution (containing 20 μmol/L HAuCl4) stirred at a rate of 380 rpm to generate 

Ag1−xAux CNPs at room temperature. UV/visible spectra: (a) extinction; (b) CD; (c) 

anisotropic g-factor. LSPR and resonant plasmonic CD spectra ascribed to Ag, 

Ag1−xAux and Au are highlighted by gray, light yellow, and brownish yellow 

backgrounds, respectively. (a−c) Blue lines: the GRR of the RH-Ag CNPs. Red 

lines: the GRR of the LH-Ag CNPs. Insets: (a) SEM top-down images of the RH-

Ag CNPs as a function of t (scale bars: 100 nm). (d) HAADF-STEM images and 

the corresponding EDS atomic percentage mapping of Ag and Au (produced by the 

GRR of the RH-Ag CNPs), as a function of t (scale bars: 20 nm). (e) Plot of the 

stoichiometric x and (1−x) of Ag1−xAux CNPs (produced by the GRR of the RH-Ag 

CNPs) versus t, evaluated from XPS characterization (Figure 2.1.4 c, d). 

 

Figure 2.1.373Characterization of the GRR of the RH-Cu CNPs (as shown in Figure 
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2.1.1) as a function of t (I: 0 h; II: 4 h; III: 24 h): (a) TEM; (b) SEM tilted images; 

(c, d) XPS. XPS spectra: (c) Cu 2p; (d) Ag 3d. Gradually darkening colors represent 

an elongation of the GRR (from I to III). 

 

 
Figure 2.1.474Characterization of the GRR of the RH-Ag CNPs (as shown in 

Figure 2.1.2) as a function of t (I: 0 h; II: 1 h; III: 3 h): (a) TEM; (b) SEM tilted 

images; (c, d) XPS; (e) XRD. XPS spectra: (c) Ag 3d; (d) Au 4f. Gradually 

darkening colors represent an elongation of the GRR (from I to III). (e) The peaks 

of silicon wafer, on which the Ag CNPs are deposited, are marked by asterisk. 

 

2.2. GRR of Monometallic CNPs and the related 

characterization 

At room temperature the GRR of the Cu CNPs were performed in an 

aqueous solution containing 20 μmol/L AgNO3, stirred at a rate (Rs) of 

380 rpm for 24 h. According to electrode potential (Table 2.2.1), the Cu 

CNPs oxidize and dissolve, accompanied by a reduction of Ag+ ions 

and precipitation of Ag on the Cu CNPs. The GRR process was solidly 

verified by the following characterizations. First, XRD characterization 

shows that the 4-h GRR makes the peaks of Cu (111) and (200) reduce 

in amplitude and causes those of Ag (111) and (200) to emerge (Figure 

2.1.1d-II versus 2.1.1d-I). After the GRR lasting for 24 h, the peak of 
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Cu (200) disappears and the Ag peaks dominate in the polycrystalline 

GRR products (Figure 2.1.1d-III). Second, element maps obtained 

using energy-dispersive spectroscopy (EDS) shows that the GRR 

results in alloying the Cu CNPs with Ag, and further continuation of the 

GRR leads to an increase of the Ag atomic percentage and a decrease 

of the Cu atomic percentage in the GRR products (Figure 2.1.1e-I, II 

and III). Third, XPS characterization (Figure 2.1.3 c, d) reveals that the 

stoichiometric x of the GRR products Cu1-xAgx tends to increase with 

GRR duration (t), and the 4- and 24-h GRR result in x of 0.74 and 0.92, 

respectively (Figure 2.1.1f). EDS element mapping shows the 

stoichiometric x has an average value of 0.82 and 0.86, respectively. 

EDS element mapping reveals the stoichiometric x of individual CNPs, 

and XPS characterizes an average x at the surfaces of the CNPs in a 

close-packed array. Considering this difference, these results are in 

good agreement. Note that the XRD peak at 2θ of ≈44°could be ascribed 

to both Ag (200) and Cu (111). Based on the XPS data, this peak is 

assigned to Ag (200) and Cu (111) after the 4-h GRR (Figure 2.1.1d-II), 

and mostly to Ag (200) after the 24-h GRR (Figure 2.1.1d-III). Fourth, 

the 4-h GRR results in simultaneous detection of the Cu and Ag 

transverse LSPR signals (marked by orange and gray backgrounds, 

respectively, Figure 2.1.1a-II), while the Ag transverse LSPR signals 

were mainly observed after the 24-h GRR (marked by gray background, 

Figure 2.1.1a-III). Fifth, on resonant with the LSPR, the Ag CD signals 

become detectable after the 4-h GRR (Figure 2.1.1b-II and 2.1.1c-II) 

and dominant after the 24-h GRR (Figure 2.1.1b-III and 2.1.1c-III). 

Changing the CST’s handedness from LH to RH flips the CD spectrum 
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of the GRR products around the zero-CD axis. Furthermore, under the 

same conditions, the GRR of achiral Cu nanoparticles results in achiral 

products without optical activity (Figure 2.2.1). It is illuminated that the 

GRR of the CSTs enables a generation of alloy CNPs. It should be noted 

that the Ag CNPs with a P of ≈25 nm, fabricated by GLAD, exhibit the 

XPS and XRD spectra in a good agreement with those of the 

Cu0.08Ag0.92 CNPs generated by the 24-h GRR (Figure 2.2.2d versus 

black line in Figure 2.1.3d, and Figure 2.2.2e versus Figure 2.1.1d-III, 

respectively). The RH-Ag CNPs exhibit negative, positive and negative 

CD signals ascribed to the bisignate transverse modes in the UV region 

and the monosignate longitudinal mode in the visible region, 

respectively (blue line, Figure 2.2.2b). The LH-Ag CNPs display a CD 

spectrum that is a mirror image to that of the RH-Ag CNPs with respect 

to the zero-CD axis (red line, Figure 2.2.2b). Such a dispersive CD 

profile is in good agreement with that of the Cu0.08Ag0.92 CNPs, 

especially for the bisignate transverse Ag modes (Figure 2.1.1b-III). It 

is illustrated that the GRR of the LH- and RH-Cu CNPs generates the 

LH- and RH-Cu0.08Ag0.92 CNPs, respectively, i.e., chirality transfer 

from the CSTs to the products through the GRR. Compared to the Ag 

CNPs, the Cu0.08Ag0.92 CNPs exhibit the broader bisignate transverse 

CD modes with a red shift and the monosignate longitudinal CD mode 

without an evident peak at a wavelength of roughly 500 nm, probably 

owing to the GRR-induced Cu alloying. On one hand, the Cu alloying 

makes the chiroplasmonics Ag modes have a red shift, and the 

longitudinal Ag mode may redshift out of the CD detection wavelength 

range. On the other hand, the binary Cu0.08Ag0.92 CNPs and the Ag 
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CNPs have a diameter D of 124.3 ± 37.5 nm and 73.7 ± 20.3 nm 

(represented in average value standard ± deviation), respectively 

(Figure 2.1.1g). The Cu alloying in the Ag CNPs causes an evident 

increase in size distribution (i.e., standard deviation of 37.5 nm for the 

Cu0.08Ag0.92 CNPs versus 20.3 nm for the Ag CNPs) to broaden the 

chiroplasmonics Ag modes, and the chiroplamonic broadening effect 

may make the longitudinal CD peak not detectable. 

 

Table 2.2.11Cathodic and anodic half-cell reactions involved in the GRR of Cu and 

Ag CNPs functioning as chiral sacrificial templates (CST), with standard electrode 

potential (E0, versus standard hydrogen electrode or SHE) at 25°C. 
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Figure 2.2.175GRR of achiral Cu NPs (with a nominal thickness of 30 nm) in an 

aqueous solution (containing 20 μmol/L AgNO3) stirred at a rate of 380 rpm at room 

temperature, as a function of t: (I) 0 h; (II) 7 h. UV/visible spectra: (a) extinction; 

(b) CD; (c) anisotropic g-factor. LSPR of Cu and Ag are highlighted by orange and 

gray backgrounds, respectively. 
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Figure 2.2.276GLAD of Ag CNPs (with a P of ~25 nm and H of ~100 nm). 

UV/visible spectra: (a) extinction; (b) CD; (c) anisotropic g-factor. Blue lines: RH-

Ag CNPs; red lines: LH-Ag CNPs. Characterization of the RH-Ag CNPs: (d) XPS 

(Ag 3d); (e) XRD. 

 

Such a chirality transfer generally occurs in the GRR of the CSTs 

made of the Ag CNPs in an aqueous electrolyte containing AuCl4
- and 

PdCl4
2- (Table 2.2.1). The GRR of the Ag CNPs at 20 μmol/L HAuCl4 

lasting for 1 and 3 h results in generating polycrystalline (Figure 2.1.4e) 

Ag0.14Au0.86 and Ag0.04Au0.96 (Figure 2.1.2e, and Figure 2.1.4c, d) CNPs 

with intrinsic structural chirality (Figure 2.1.2a-c, I-III), respectively. 

These GRR-generated alloy CNPs display mesoporous morphology 

(Figure 2.1.2d II-III, and Figure 2.1.4a-II, a-III, b-II, b-III), consistent 

with the previous report on the fabrication of mesoporous NPs through 

the AuCl4
--mediated GRR of Ag NPs.122 The GRR evolution leads to an 

increase of x in the products Ag1-xAux CNPs (Figure 2.1.2e), and 

consequently results in the red shift of the plasmonic CD modes 

(marked by the gray → light yellow → brownish yellow background, 

Figure 2.1.2b I-III). The red shift induced by the 3-h GRR is partially 

beyond the CD detection wavelength range so that the bisignate CD 

modes (as shown in Figure 2.1.2b-II) could not be fully monitored in 

Figure 2.1.2b-III. The RH/LH-Au CNPs, deposited by GLAD, exhibits 

a dispersive CD profile (Figure 2.2.3b) in good agreement with that of 

the Ag0.14Au0.86 CNPs produced by the 1-h GRR (Figure 2.1.2b-II), 

illustrating the GRR-mediated chirality transfer. Compared to the Au 

CNPs with solid morphology, the binary mesoporous Ag0.14Au0.86 CNPs 

display the broader bisignate CD modes. The chiroplasmonics 
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broadening is possibly contributed from an increase of the CNPs’ size 

distribution (Figure 2.2.3f) and the porosification in the binary CNPs. 

In addition, under the same conditions, the GRR of achiral Ag NPs 

results in achiral nanoparticles with no optical activity in the UV-visible 

region (Figure 2.2.4), further supporting that the CSTs play an essential 

role in the chirality transfer. 

 

 
Figure 2.2.377GLAD of Au CNPs (with a P of ~10 nm and H of ~100 nm). 

UV/visible spectra: (a) extinction; (b) CD; (c) anisotropic g-factor. Blue lines: RH-

Au CNPs; red lines: LH-Au CNPs. SEM top-down images: (d) LH-Au CNPs; (e) 

RH-Au CNPs. (f) Histograms of the diameter D of the RH- Ag0.14Au0.86 CNPs 

(black columns, fabricated at t of 1 h in Figure 2.1.2) and the RH-Au CNPs (blue 

columns). The fitting with Gaussian function (represented by black and blue lines, 

respectively) reveals that the RH-Ag0.14Au0.86 and RH-Au CNPs have a D of 97.1 ± 

22.3 and 35.7 ± 13.3 nm, respectively. The binary CNPs exhibit a size distribution 

(22.3 nm) larger than the Au CNPs (13.3 nm). 
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Figure 2.2.478GRR of achiral Ag NPs (with a nominal thickness of 30 nm) in a 

saturated NaCl solution (containing 20 μmol/L HAuCl4) stirred at a rate of 380 rpm 

at room temperature, as a function of t: (I) 0 h; (II) 3 h. UV/visible spectra: (a) 

extinction; (b) CD; (c) anisotropic g-factor. LSPR of Ag and Au are highlighted by 

gray and brownish-yellow backgrounds, respectively. 

 

The chirality transfer also occurs in the GRR of the Ag CNPs with 

PtCl4
2- to generate the hollow Ag0.85Pt0.15 CNPs (Figure 2.2.5) and that 

with PdCl4
2- to produce the mesoporous Ag0.82Pd0.18 CNPs (Figure 

2.2.6). In these cases, the GRR leads to small x in the Ag1-xPtx and Ag1-

xPdx CNPs because, once the stable ratio alloys are formed, the 

electrochemical driving force for the GRR would be eliminated.123 It 

should be noted that the hollow CNPs are generally produced by the 

GRR of the Ag CNPs. The electrochemical reduction to precipitate one 

metallic atom (Au, Pt, and Pd) requires consuming two or three 

electrons, and the oxidation of one Ag atom only provides one electron 

(Table 2.2.1). Consequently, the precipitation of one metallic atom on 
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the Ag CSTs leads to dissolving two or three Ag atoms in the CSTs, 

explaining the formation of mesoporous CNPs (inset in Figure 2.1.2a-

I-III, Figure 2.1.4a,b I-III, inset in Figure 2.2.5a I-III, Figure 2.2.5d,e I-

III, inset in Figure 2.2.6a I-III, and Figure 2.2.6d,e I-III).124,125 In the 

case of the Cu CSTs, the dissolution of one Cu atom causes the 

precipitation of two Ag atoms (Table 2.2.1), leading to the generation 

of the solid Cu1-xAgx CNPs (inset in Figure 2.1.1a I-III, and Figure 

2.1.3a, b I-III).126 

 

Table 2.2.22Evaluation of ICT (chirality transfer index) in the GRR of the RH-Cu 

CNPs (as shown in Figure 2.3.1), as a function of AgNO3 concentration (C), 

temperature (T), stirring rate (RS) and reaction duration (t). 
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Figure 2.2.579GRR of Ag CNPs (with a P of ~10 nm and H of ~100 nm), as a 

function of t: (I) 0, (II) 2, and (III) 4 h. The GRR is performed in a saturated NaCl 

solution (containing 20 μmol/L K2PtCl4) stirred at a rate of 380 rpm to generate Ag1-

xPtx CNPs at room temperature. UV/visible spectra: (a) extinction; (b) CD; (c) 

anisotropic g-factor. LSPR and resonant plasmonic CD spectra ascribed to Ag are 

highlighted by gray background. (a-c) Blue lines: the GRR of the RH-Ag CNPs; 

red lines: the GRR of the LH-Ag CNPs. Insets: (a) SEM top-down images of the 

RH-Ag CNPs as a function of t (scale bars: 200 nm). TEM images of the GRR of 

(d) the RH-Ag CNPs and (e) the LH-Ag CNPs, as a function of t. XRD spectra of 

the RH-Ag CNPs as a function of t: (f) Ag 3d; (g) Pt 4f. Gradually darkening colors 

represent an elongation of the GRR (from I to III). (h) Plot of the stoichiometric x 

and (1-x) of Ag1-xPtx CNPs (produced by the GRR of the RH-Ag CNPs) versus t. 
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Figure 2.2.680GRR of Ag CNPs (with a P of ~10 nm and H of ~100 nm), as a 

function of t: (I) 0, (II) 0.5, and (III) 1 h. The GRR is performed in a saturated NaCl 

solution (containing 20 μmol/L K2PdCl4) stirred at a rate of 400 rpm to generate 

Ag1-xPdx CNPs at room temperature. UV/visible spectra: (a) extinction; (b) CD; (c) 

anisotropic g-factor. LSPR and resonant plasmonic CD spectra ascribed to Ag are 

highlighted by gray background. (a-c) Blue lines: the GRR of the RH-Ag CNPs; 

red lines: the GRR of the LH-Ag CNPs. Insets: (a) SEM top-down images of the 

RH-Ag CNPs as a function of t (scale bars: 100 nm). TEM images of the GRR of 

(d) the RH-Ag CNPs and (e) the LH-Ag CNPs, as a function of t. XRD spectra of 

the RH-Ag CNPs as a function of t: (f) Ag 3d; (g) Pd 3d. Gradually darkening colors 

represent an elongation of the GRR (from I to III). (h) Plot of the stoichiometric x 

and (1-x) of Ag1-xPdx CNPs (produced by the GRR of the RH-Ag CNPs) versus t. 

 

2.3. Optimization of GRR conditions from three 

dimensions 

It is of fundamental significance to study the role of GRR in 

chirality transfer. When the CSTs are composed of the Ag CNPs, the 

GRR-induced precipitation of AgCl will complicate the GRR evolution, 
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although the GRR was performed in a saturated NaCl solution to 

dissolve the precipitated AgCl (Figure 2.1.2, and Figure 2.2.5, Figure 

2.2.6). Therefore, we chose the AgNO3-mediated GRR of the Cu CNPs 

(Figure 2.1.1) to study the GRR evolution, because there is no 

precipitation of copper salts because of their high solubility in an 

aqueous solution. To effectively study the GRR evolution, it is a 

prerequisite to maximize the GRR-mediated chirality transfer by 

engineering the GRR conditions in term of the AgNO3 concentration 

(C), reaction temperature (T), and RS. The chirality transfer from the 

CSTs to the GRR products can be quantitatively evaluated by 

calculating chirality transfer index (ICT), according to  

𝐼CT =  
𝐴g,Ag

𝐴g,Cu
    (2) 

Where Ag, Cu represents the integrated area of the anisotropic g-factor 

peak of the transverse CD mode of the Cu CNPs, marked by the orange 

shadow region in Figure 2.3.1a. Ag, Ag is the integrated area of the 

bisignate anisotropic g-factor peaks of the transverse CD mode of Ag 

in the GRR products Cu1-xAgx CNPs, e.g., marked by the black shadow 

region in Figure 2.3.1b. Systematic engineering of the diverse GRR 

conditions leads to maximizing ICT to be 0.81, at C of 40 μmol/L, RS of 

380 rpm and T of 30 °C (Figure 2.3.1c, and Table 2.2.2). 
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Figure 2.3.181Optimization of the GRR-mediated chirality transfer from the RH-

Cu SCTs (with a P of ∼25 nm and H of ∼100 nm). The GRR is performed in an 

aqueous solution lasting for a sufficient duration (refer to Table 2.2.2) to generate 

Ag CNPs, as a function of AgNO3 concentration (C), temperature (T), and stirring 

rate (Rs). Anisotropic g-factor spectra of the GRR (at a C of 20 μmol/L, T of 25 °C, 

and Rs of 380 rpm) of the RH-Cu CNPs at different GRR durations of (a) 0 and (b) 

24 h. (a) The anisotropic g-factor signals in the wavelength region of 380−650 nm 

are fitted by Gaussian function, composed of a dielectric CD peak (in the short 

wavelength region) and transverse CD peak (in the long wavelength region, marked 

by the shadow region). Chirality transfer index (ICT) is defined as a ratio of Ag,Ag 

(integrated area of the bisignated anisotropic g-factor peaks of the transverse CD 

mode of the GRR-generated Ag CNPs, marked by the shadow region in panel b) 

and Ag,Cu (integrated area of the anisotropic g-factor peak of the transverse CD mode 

of the Cu CNPs, marked by the shadow region in panel a). (c) Plot of ICT as a 

function of C, T, and Rs. 

 

2.4. Evolution Study of GRR (Using the Cu CNPs with 

AgNO3 Reactions as an Example) 

 

Under the optimized GRR conditions, the GRR evolution was 

monitored as a function of reaction duration t (Figure 2.4.1). XPS 

characterization (Figure 2.4.2a-d) reveals that the stoichiometric x of 

the Cu1-xAgx CNPs tends to saturate at x = 0.98 after 5 h (Figure 2.4.1e 
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and Figure 2.4.2e). Therefore, the GRR evolution was studied at t ≤7 h. 

Throughout the GRR, the products generated from the LH-Cu CSTs 

exhibit the dispersive CD signals that are roughly mirror images to 

those of the products fabricated from the RH-Cu CSTs with respect to 

the zero-CD axis (Figure 2.4.1c), because of the GRR-mediated 

chirality transfer from the CSTs to the products. Considering the LSPR 

and resonant CD modes of Cu at the wavelength of 500-800 nm 

(highlighted by orange background, Figure 2.4.1b-d) and those of Ag at 

the wavelength of 330-500 nm (marked by gray background, Figure 

2.4.1b-d), the GRR evolution results in an increase of the stoichiometric 

x in the products Cu1-xAgx CNPs (Figure 2.4.1e and Figure 2.4.2e) and 

causes the chiroplasmonics signals to have a blue shift (Figure 2.4.1b-

d, I-VII). SEM characterization (Figure 2.4.1a) reveals that the average 

diameter D of the GRR-treated CNPs increases slowly from 64 to 76 

nm at the initial GRR stage (t ≤1.5 h), and dramatically to 418 nm at t 

= 2h, followed by a gradual increase to 476 nm at t = 7 h (Figure 2.4.1f). 

The GRR-mediated increase in the CNP’s size results from the fact that 

the dissolution of one Cu atom in the Cu CSTs results in the 

precipitation of two Ag atoms. Throughout the GRR process, the CNPs 

display the solid morphology (Figure 2.4.1a I-VII). Although it is not 

clear, the structural chirality of the CST CNPs may originate from the 

chiral lattices at the atomic scale.127 The replacement of Cu atoms at the 

chiral lattices with Ag atoms can account for the chirality transfer. At 

present, however, the EDS element mapping lacks the atomic resolution, 

which makes imaging such a chirality transfer through the GRR 

challenging. 
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Figure 2.4.182Evolution of chirality transfer from the Cu CSTs to Ag CNPs, 

through the GRR of the Cu CNPs (with a P of ∼25 nm and H of ∼100 nm) in an 

aqueous solution (containing 40 μmol/L AgNO3) stirred at a rate of 380 rpm at 30 

°C, as a function of t: (I) 0, (II) 1, (III) 1.5, (IV) 2, (V) 3, (VI) 5, and (VII) 7 h. (a) 

SEM top-down images, in terms of the GRR of the RH-Cu CNPs. UV/visible 

spectra: (b) extinction; (c) CD; (d) anisotropic g-factor. Blue lines: the GRR of the 

RH-Cu CNPs. Red lines: the GRR of the LH-Cu CNPs. LSPR and resonant 

plasmonic CD spectra of Cu and Ag are highlighted by orange and gray 

backgrounds, respectively. (e) Plots of the stoichiometric x and (1−x) of the 

Cu1−xAgx CNPs (produced by the GRR of the RH-Cu CNPs) versus t. The plots are 

fitted by a logistic function, represented by solid lines. (f) Plot of the diameter (D) 

of the Cu1−xAgx CNPs (produced by the GRR of the RH-Cu CNPs) versus t. Inset: 

D histograms (brown columns, t = 0 h; gray columns, t = 7 h) fitted by Gaussian 

function (represented by solid lines) to evaluate D as an average value ± standard 

deviation (represented as error bars in panel f). 
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Figure 2.4.283Evolution of the GRR of (a, b) the RH- and (c, d) LH-Cu CNPs as a 

function of t (from 0 to 7 h, as shown in Figure 2.4.1), characterized by XPS: (a, c) 

Ag 3d; (b, d) Cu 2p. (e) Plots of the stoichiometric x and (1-x) of Cu1-xAgx CNPs 

(produced by the GRR of the LH-Cu CNPs) versus t, fitted by logistic function 

(represented by solid lines). 

 

Evaluating the anisotropic g-factor reveals that the GRR-mediated 

chirality transfer generally causes a decrease in the CNPs’ chiroptical 

activity (Figure 2.1.1c, I-III; Figure 2.1.2c, I-III; Figure 2.4.1d, I-VII; 

Figure 2.2.5c, I-III; Figure 2.2.6c, I-III). Fast substrate rotation during 

GLAD leads to the formation of metastable chiral lattices in the CST 

CNPs. Exposed to chemical energy released by the GRR, the metastable 

chiral lattices in the CSTs or duplicated in the GRR products may be 

prone to undergoing a relaxation to achiral lattices. Furthermore, it is 

highly possible that the chirality transfer could not completely occur 

during the GRR, especially disturbed by the GRR-induced 

porocification in the Ag CSTs. These factors account for the GRR-

mediated weakening of the chiroptical activity, but the chiroptical 

weakening does not prohibit us from discovering the chirality transfer 

through the GRR. 

 

2.5. Conclusion and Perspectives 

  In summary, we show that the chirality of a monometallic CNP 

template transfers to a nanoparticle that is formed through the GRR. 

Such a GRR-mediated chirality transfer is a general phenomenon, 

resulting in the formation of binary alloy CNPs with engineerable 

material property, composition, and morphology. Our results clearly 
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show that the GRR can be used to add an additional component (i.e., 

structural chirality) into NPs, to enrich our fundamental understanding 

of the GRR principle. Furthermore, we devise a versatile method to 

fabricate mesoporous/hollow alloy CNPs that allows us to control the 

metal type and composition fully. These hollow alloy CNPs are 

different to be synthesized by the other techniques that were reported to 

produce NPs with intrinsic or chiral ligand-induced structural chirality. 

Our study paves the way to developing various chirality-related 

applications in asymmetric catalysis, enantio-differentiation, enantio-

separation, bio-detection and bioimaging. 
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Chapter 3.  Extension of Compositional Space to the 

Ternary in Alloy Chiral Nanoparticles through Galvanic 

Replacement Reactions 

(This chapter is fully cited from my own published paper 

“Extension of Compositional Space from the Binary to Ternary in 

Chiral Nanoparticles”, Ziyue Ni, Yuanmin Zhu, Junjun Liu, Lin Yang, 

Peng Sun, Meng Gu, Zhifeng Huang, Adv. Sci., 2020, 7(23), 2001321 

DOI: 10.1002/advs.202001321) 

 

In this chapter, metal chiral nanoparticles (CNPs), composed of 

atomically chiral lattices, are an emerging chiral nanomaterial showing 

unique asymmetric properties. Chirality transmission from the host 

CNPs mediated with galvanic replacement reactions (GRRs) has been 

carried out to extend their compositional space from the unary to binary. 

Further compositional extension to, e.g., the ternary is of fundamental 

interest and in practical demand. 

A thin layer of metals with high electrode potential (e.g., Au) was 

doped into the unary Cu CNPs through layer-by-layer GLAD (or LbL-

GLAD) to form the binary Cu:Au CNPs.128 The dopant Au, which is 

resistant to the galvanic oxidation/dissolution in a given electrolyte, 

serves as structural scaffold to assist the chirality transmission from the 

CST Cu CNPs mediated with the GRR, leading to the formation of 

ternary CNPs (such as Cu:Au:Pt, and Cu:Au:Ag). The composition of 

the ternary CNPs was facilely tuned as a function of GRR duration (t). 

The GRR evolution and ambient aging of the ternary CNPs were 
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studied, and the kinetics of the GRR-Mediated chirality transfer was 

quantitatively evaluated. Doping the unary CNPs with “inert” metals is 

a facile approach to extend the compositional space from the binary to 

ternary in alloy CNPs through the mediation of GRRs, which is in 

fundamental demand to study the composition-determined properties 

and chirality-associated applications of alloy CNPs. 

3.1. Binary Cu:Au CNPs (Serving as the CSTs) 

  To assist the chirality transmission from the host Cu CNPs mediated 

with the GRR, Au was doped in the host to generate binary Cu:Au 

CNPs that will serve as the CSTs to generate ternary CNPs through the 

GRR. The three-step LbL-GLAD was carried out to sandwich an achiral 

Au layer with a nominal thickness TAu of 20 nm between the two host 

Cu CNPs, each of which had a nominal P ≈ 10 nm and H ≈ 50 nm. It 

was formed the binary Cu:Au nanostructures composed of solid 

solutions (Figure 3.1.1d-I). The average at% of Cu and Au, evaluated 

by high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) with energy-dispersive spectroscopy 

(EDS) mapping, were 79% and 21%, respectively, that is, the binary 

Cu0.79Au0.21 (Figure 3.1.1h). The binary nanostructures appear not to 

show a helicity at the nanoscale due to small P (inset in Figure 3.1.1a-

I; Figure 3.1.2a-I, b-I), and are polycrystalline with dominant crystal 

orientation directions along Cu<111> and Au<111> (Figures 3.1.2d-I 

and 3.1.3a). 

The Cu:Au nanostructures exhibit localized surface plasmon 

resonance (LSPR) with the transverse mode at ≈ 583 nm (Figure 3.1.1a-
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I). Circular dichroism (CD) has been widely used to characterize the 

optical activity of a chiral matter, denoting the differential 

absorption/extinction of LH and RH circularly polarized light. On 

resonance with the transverse LSPR, the binary Cu:Au nanostructures 

show the broad bisignate CD signals in the visible/near infrared region 

(at a wavelength > 400 nm, or the chiroplasmonics range, Figure 3.1.1b-

I). Changing the chirality of the host Cu CNPs from RH to LH has a 

negligible effect on the LSPR (or extinction) spectrum (Figure 3.1.1a-

I), but causes a flip of their CD signals around the zero-CD axis (Figure 

3.1.1b-I), illustrating that the binary Cu:Au nanostructures are optically 

active. The CD spectrum of the LH-binary CNPs appeared not to be 

mirror image with that of the RH ones with respect to the zero-CD axis, 

mainly due to the GLAD mechanic asymmetry of the substrate rotation 

in clockwise and counterclockwise. We have reported that the chirality 

can be effectively transferred from the host CNPs to the dopant M using 

the LbL-GLAD, due to the diffusion of M into the chiral lattices of the 

host that is promoted by the GLAD-induced heating effect.128 The 

thermally diffused M atoms are spatially located in the chiral fashion 

duplicated from the chiral lattices of the host CNPs, i.e., the chiral 

alloying effect. The chiral alloying was observed in the binary Cu:Au 

nanostructures. Compared to the host Cu CNPs, the binary Cu:Au 

nanostructures exhibit an additional CD peak at the wavelength of ≈ 

540 nm. This CD peak is in well agreement with that monitored in the 

unary Au CNPs. Note that the agreement lies in not only the wavelength 

location of the peak, but also the sign: the RH/LH Au CNPs display the 

positive/negative CD signals at ≈ 520 nm, respectively, in coincident 
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with that the Au alloying in the RH/LH Cu CNPs gives rise to the 

positive/negative CD signals at the ≈ 540 nm, respectively. It is clearly 

illuminated that the dopant Au shows the chirality duplicated from the 

host Cu CNPs. Hence, the chiral alloying effect is confirmed in the 

binary Cu:Au nanostructures, that is the formation of the binary 

RH/LH-CNPs composed of the RH/LH chiral lattices of both the host 

Cu and dopant Au, respectively. Note that the chiral alloying of the host 

with dopant Au causes the red shift (i.e., from 520 to 540 nm) in the CD 

signals of dopant Au, owing to the change in the refractive index of the 

medium surrounding the dopants.129 The CNPs containing high density 

of the atomically chiral lattices will have large anisotropy g-factor. The 

binary Cu0.79Au0.21 CNPs exhibit an anisotropy g-factor of 0.005-0.045 

in the chiroplasmonics wavelength range (Figure 3.1.1c-I). 
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Figure 3.1.184Formation of ternary Cu:Au:Pt CNPs, through the GRR of binary 

Cu:Au CNPs in an aqueous electrolyte containing 10 μmol·L−1 K2PtCl4, as a 

function of reaction duration (t): (I) 0, (II) 5, and (III) 9 h. In the CST binary CNPs, 

the nominal pitch (P) of the host Cu is ≈10 nm and the nominal thickness of Au 

(TAu) is 20 nm. The GRR was performed at room temperature through stirring the 

electrolyte at a rate of 380 rpm, to generate ternary Cu:Au:Pt CNPs. UV/visible 

spectra: a) extinction, b) CD, c) anisotropic g-factor. a–c) Blue lines: the GRR of 

right-handed (RH) binary CNPs; red lines: the GRR of left-handed (LH) binary 

CNPs. Green backgrounds are used to mark the LSPR and CD (or chiroplasmonic) 

signals associated with the precipitating Pt. Insets: (a-I, a-II, a-III) SEM oblique 

images of the samples. d) HAADF-STEM images and the corresponding EDS 

atomic percentage (or at%) mapping of Cu (in red), Au (in yellow), Pt (in green), 

and their mixtures, as a function of t (scale bar: 20 nm). XPS spectra of the binary 

CNPs treated by the GRR as a function of t: e) Cu 2p, f) Au 4f, g) Pt 4f. (e–g) 

Gradually darkening colors represent an elongation of the GRR from (I) 0 h to (III) 

9 h. h) Plot of the mean at% of Cu, Au, and Pt in the CNPs versus t, evaluated from 

the EDS at% mapping of more than five individual CNPs. Error bars represent the 

standard deviation (SD). (i-III) HRSTEM image of the portion of the ternary CNP 

highlighted by red dash square in (d-III). Insets in (a-I, II, III) and (d–i): the GRR 

of the RH-binary CNPs. 

 

 

Figure 3.1.285GRR of RH-binary Cu:Au CNPs in an aqueous electrolyte 

containing 10 μmol/L K2PtCl4 (Figure 3.1.1), as a function of t: (I) 0, (II) 5, and (III) 

9 h. (a) TEM images of the samples (scale bars: 20 nm). (b) SEM top-down images 
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of the samples (scale bars: 100 nm). (c) Histograms of the diameter D (monitored 

with the SEM top-down images) of the CNPs formed by the GRR of the Cu:Au 

CNPs as a function of t, fitted with the normal distribution. D was statistically 

evaluated to be (I) 62 ± 14 nm, (II) 58 ± 14 nm, and (III) 68 ± 16 nm. (d) XRD 

spectra of the Cu:Au CNPs treated by the GRR as a function of t. The peaks marked 

by an asterisk are assigned to silicon on which the Cu:Au CNPs were deposited. 

 
Figure 3.1.386HRTEM image of RH-binary Cu:Au CNPs treated with the GRR, in 

an aqueous electrolyte containing 10 μmol/L K2PtCl4 (Figure 3.1.1), as a function 

of t: (a) 0, (b) 5, and (c) 9 h. 

 

3.2. Ternary Cu:Au:Pt CNPs 

At room temperature the CSTs made of the binary Cu0.79Au0.21 CNPs 

were treated with the GRR in 10 μmol·L-1 K2PtCl4, which was 

continuously stirred at a rate of 380 rpm for as long as 9 h. According 

to electrode potential (Table 3.2.1), the host Cu will be oxidized and 

dissolved in the electrolyte, and the simultaneous reduction of PtCl4
2- 

anions will lead to the precipitation of Pt on the binary CNPs. Au has 

an electrode potential (+0.93 V) higher than that of PtCl4
2-/Pt (+0.76 V), 
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so that the chiral dopant Au will not be oxidized during the GRR. The 

GRR-mediated replacement of Cu with Pt was verified by the X-ray 

photoelectron spectroscopy (XPS) characterization, where the XPS 

signals of Cu 2p decreased in their amplitude (Figure 3.1.1e) and those 

of Pt 4f rose (Figure 3.1.1g) with elongating the GRR. The 

characterization of HAADF-STEM with EDS mapping showed that the 

5 and 9 h GRR resulted in the generation of the ternary Cu0.85Au0.13Pt0.02 

and Cu0.23Au0.56Pt0.21 (Figure 3.1.1h). It is interesting to find that the 9 

h GRR causes an increase of the at% of Au in the ternary nanoproducts 

compared to that of the CSTs (Figure 3.1.1f, h). One Cu atom could be 

oxidized to either one Cu+ or Cu2+ cation in the GRR, through donating 

either one or two electrons, respectively (Table 3.2.1). If the host Cu 

atoms were oxidized to Cu+ cations, the precipitation of one Pt atom 

(resulting from accepting two electrons) would lead to the dissolution 

of two Cu atoms, so that the nonreacted Au would increase in its atomic 

percent in the ternary nanoproducts. By contrast, if Cu was oxidized to 

Cu2+ cations, the dissolution of one Cu atom would be accompanied 

with the precipitation of a Pt atom, and thus there would be no change 

in the at% of Au. Consequently, it can be derived that in the GRR of the 

Cu:Au CNPs, the host Cu is oxidized to Cu+ cations (Table 3.2.1). We 

also found that the 5 h GRR made the at% of Cu rise from 79% in the 

CSTs to 85% in the ternary nanoproducts, apparently not in coincide 

with GRR-mediated dissolution of the host Cu. We will discuss this 

phenomenon in Section 2.5. 

 

Table 3.2.13Cathodic and anodic half-cell reactions with standard electrode 
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potential (E0, versus standard hydrogen electrode or SHE) at 250C. The anodic 

reactions marked in gray do not occur in the GRR of Cu and Cu:M (M: Au, Ag, and 

TiO2) CNPs (functioning as chiral sacrificial templates or CST) in a given 

electrolyte studied in this work. 

 

 

The replacement of Cu with Pt tends to initially occur at the surfaces 

of the binary CNPs, and Au mainly exists in the cores (Figure 3.1.1d-

II). Then the replacement gradually happens from the external to the 

internal portions (Figure 3.1.1d-III). Cu and Pt atoms appear to form 

the solid solutions, and there is segregation of Au atoms in the 

Cu0.23Au0.56Pt0.21 NPs. The ternary nanoproducts appear to be partially 

mesoporous (inset in Figure 3.1.1a-II, III; Figure 3.1.2b-II, III) and tend 

to slightly increase in their diameters with the evolution of GRR (Figure 

3.1.2c). The ternary NPs are polycrystalline with dominant crystal 

orientation directions along <111> of the three elements (Figure 3.1.1i-

III; Figure 3.1.2d-II, III and 3.1.3b, c). 

Importantly, the GRR nanoproducts show the CD signals flipping 

around the zero-CD axis with switching the helicity of the binary CSTs 

from the LH to RH (Figure 3.1.1b-II,III), illustrating that the 
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nanoproducts are CNPs inherently having optical activity. Compared to 

the CSTs, the ternary CNPs show an additional LSPR peak at the 

wavelength of ≈360 nm and a CD peak on resonance with the additional 

LSPR peak (marked by green background, Figure 3.1.1a-II, III, b-II, 

III). The resonant CD peak has positive/negative sign at the 

wavelengths of 300–500 nm as a result of the GRR of the LH/RH-CSTs, 

respectively. The emerging LSPR and CD signals are proposed to be 

assigned to the precipitating Pt. To verify this hypothesis, unary Pt 

CNPs were deposited by GLAD-FSR showing broad CD signals at the 

wavelengths of 200–800nm (Figure 3.2.1). The LH/RH Pt CNPs exhibit 

positive/negative CD signals at the wavelengths of 300–500 nm, 

respectively, in good agreement with the CD signals of the ternary 

Cu:Au:Pt CNPs. It illustrates that the GRR-induced emerging CD peak 

is assigned to Pt, and the precipitating Pt atoms tend to duplicate the 

chirality of the CSTs, that is, the GRR of the LH/RH-binary Cu:Au 

CNPs enables the formation of the LH/RH-ternary Cu:Au:Pt CNPs in 

which the three elements all exhibit the LH/RH-chirality, respectively. 

In the other word, the GRR can effectively mediate the chirality transfer 

from the binary to ternary CNPs, which has also been observed from 

the unary to binary CNPs.130 The Pt-related CD peaks in the ternary 

CNPs appear to have blue shift compared to the unary Pt CNPs, 

probably owing to the ternary alloying in the CNPs. The elongation of 

GRR from 5 to 9 h leads to the amplification of the anisotropic g-factor 

of Pt and simultaneously weakens the bisignate optical activity of the 

binary metals at the wavelengths of 500–800 nm (Figure 3.1.1c I–III), 

as a result from the chiral replacement of Cu with Pt. When the binary 
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CSTs and ternary CNPs were dispersed in water, there was only one 

CD peak detected at the wavelengths of 500–800 nm (Figure 3.2.2). 

Different from the dispersed CNPs, in the close-packed arrays of the 

vertically protruding CNPs there is the chiroplasmonic coupling of 

neighboring CNPs and the CD spectrum was monitored at the incident 

along the growth axes of the protruding CNPs. Therefore, it can be 

derived that the bisignate Cu:Au CD peaks originate from the 

chiroplasmonic coupling and/or the anisotropic growth orientation of 

the CNPs. 

  Note that the current nano-characterization technique could not 

provide the elemental mapping at the atomic resolution. Given that the 

structural chirality of the CNPs originates from the atomically chiral 

lattices, it is very challenging to disclose the GRR-mediated evolution 

of the chirality transfer in the binary CNPs at the atomic scale. 
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Figure 3.2.187GLAD of unary Pt CNPs, having the nominal P of ≈10 nm and H of 

≈50 nm. UV/visible spectra: (a) extinction; (b) CD. Blue lines: RH; red lines: LH. 

 

 
Figure 3.2.288Optical activity of (I, II) the RH-binary Cu:Au CNPs and (III, IV) 

the RH-ternary Cu:Au:Pt CNPs, (I, III) vertically protruding on sapphires and 

dispersed in DI water. UV/visible spectra: (a) extinction; (b) CD; (c) anisotropic g-

factor. To well disperse the CNPs, the CNPs were modified with surfactant 

cetrimonium bromide (CTAB) and then ultrasonicated in DI water. However, the 

CNP aggregation could not be effectively prevented, so that the dispersed CNPs 
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showed very weak CD signals. 

 

3.3. Ternary Cu:Au:Ag CNPs 

The chirality transmission from the binary to ternary CNPs was also 

observed in the GRR of the Cu0.79Au0.21 CNPs in 20 μmol·L−1 AgNO3. 

It was at the AgNO3 concentration of 20 μmol·L−1 that the chirality 

transfer from Cu to Ag was maximized.130 The oxidation and 

dissolution of the host Cu, accompanied with the reduction of Ag+ 

cations and the resultant precipitation of Ag on the binary CNPs (Table 

3.2.1), lead to the generation of the ternary Cu:Au:Ag CNPs (Figure 

3.3.1). Au has an electrode potential (+0.93 V) higher than that of Ag 

(+0.80 V), so that the chiral dopant Au is resistant to the galvanic 

oxidation and dissolution. The GRR lasting for 2 and 7 h resulted in the 

formation of Cu0.45Au0.17Ag0.38 and Cu0.06Au0.22Ag0.72 CNPs (Figure 

3.3.1i), respectively, which were optically active (Figure 3.3.1a–c, I–

III). The ternary CNPs were polycrystalline with dominant crystal 

orientation directions along <111> of the three elements (Figure 3.3.1e-

II, III; Figure 3.3.2d). The replacement of Cu with Ag starts to take 

place at the surfaces of the binary CNPs, and Au mainly exists in the 

cores (Figure 3.3.1d-II). Then the replacement gradually happens from 

the external to the internal portions, and there is segregation of Ag and 

Au in the ternary CNPs (Figure 3.3.1d-III). The GRR gives rise to a 

decrease of the Cu at% and increase of the Ag at%, and notably the Au 

at% has no obvious change with the GRR (Figure 3.3.1f–i). It further 

verifies the anodic oxidation of the host Cu to Cu+
 cations, so that the 

dissolution of a Cu atom results in transferring one electron to reduce 



108 

 

one Ag+
 cation and thus causes the precipitation of one Ag atom. It 

accounts for no change in the at% of the inert Au in the CNPs. 

 
Figure 3.3.189Generation of ternary Cu:Au:Ag CNPs, through the GRR of binary 

Cu:Au CNPs in an aqueous electrolyte containing 20 μmol·L−1 AgNO3, as a 

function of t: (I) 0, (II) 2, and (III) 7 h. In the CST binary CNPs, the nominal P of 

the host Cu is ≈10 nm and TAu is 20 nm. The GRR was performed at 30 °C through 

stirring the electrolyte at a rate of 380 rpm, to generate ternary Cu:Au:Ag CNPs. 

UV/visible spectra: a) extinction, b) CD, c) anisotropic g-factor. (a–c) Blue lines: 

the GRR of RH-Cu:Au CNPs; red lines: the GRR of LH-Cu:Au CNPs. Sky blue 

backgrounds are used to mark the chiroplasmonic signals of the precipitating Ag. 

Insets: (a-I, a-II, a-III) SEM oblique images of the samples. d) HAADF-STEM 

images (in black and white) and the corresponding EDS at% mapping of Cu (in red), 

Au (in yellow), Ag (in sky blue), and their mixtures, as a function of t (scale bar: 

20 nm). e) HRSTEM images of the portions of the ternary CNPs marked by red 

dash squares in (d). XPS spectra of the binary CNPs treated with the GRR as a 

function of t: f) Cu 2p, g) Au 4f, h) Ag 3d. (f–h) Gradually darkening colors 

represent an elongation of the GRR from (I) 0 h to (III) 7 h. i) Plot of the mean at% 

of Cu, Au, and Ag in the CNPs versus t, evaluated from the EDS at% mapping of 

more than five individual CNPs. Error bars represent SD. Insets in (a-I, II, III) and 

(d–i): the GRR of the RH-binary CNPs. 
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Figure 3.3.290GRR of RH-binary Cu:Au CNPs in an aqueous electrolyte 

containing 20 μmol/L AgNO3 (Figure 3.3.1), as a function of t: (I) 0, (II) 2, and (III) 

7 h. (a) TEM images of the samples (scale bars: 25 nm). (b) SEM top-down images 

of the samples (scale bars: 200 nm). (c) Histograms of the diameter D (monitored 

with the SEM top-down images) of the CNPs formed through the GRR of the binary 

CNPs as a function of t, fitted with the normal distribution. D was statistically 

evaluated to be (I) 62 ± 14 nm, (II) 58 ± 15 nm, and (III) 152 ± 48 nm. (d) XRD 

spectra of the binary CNPs treated by the GRR as a function of t. The peaks marked 

by an asterisk are assigned to silicon on which the Cu:Au CNPs were deposited. 

 

Additional LSPR and the resonant CD signals at the wavelength of ≈ 

390 nm were monitored in the GRR evolution (marked by sky blue 

background, Figure 3.3.1a-II, b-II, a-III, b-III), assigned to the 

transverse chiroplasmonic mode of the precipitating Ag.118 The GRR of 

the LH/RH Cu0.79Au0.21 CNPs caused the emerging transverse CD mode 

of Ag to have negative/positive sign, respectively. The LH/RH unary 

Ag CNPs, deposited by GLAD-FSR, show the transverse CD mode at 

the wavelength of ≈370 nm with negative/positive sign, respectively 
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(marked by sky blue background, Figure 3.3.3). It is strongly illustrated 

the GRR-mediated chirality duplication from the binary CSTs to Ag, 

that is, the GRR of the LH/RH binary CNPs produces the LH/RH Ag 

in the ternary CNPs, respectively. It is the chiral alloying that gives rise 

to the formation of the ternary Cu:Au:Ag CNPs where the three 

elements exhibit the same chirality at the atomic scale. Compared to the 

unary Ag CNPs, the Cu0.06Au0.22Ag0.72 CNPs, as a result from the 7 h 

GRR, exhibit the broader transverse CD mode of Ag with a red shift. 

The chiral alloying of the binary Cu:Au CNPs with Ag causes the 

change in the refractive index of the Ag’s medium, accounting for the 

CD red shift. The GRR made the CNPs rise in their diameter from 62 ± 

14 nm of the binary CNPs to 152 ± 48 nm (represented in average value 

± standard deviation, Figure 3.3.2a–c). The GRR-induced increase in 

the diameter distribution (i.e., the standard deviation of 48 nm vs 14 nm) 

results in broadening the CD profile. The ternary Cu:Au:Ag CNPs are 

less optically active than their CSTs (Figure 3.3.1c-III and c-II vs Figure 

3.3.1c-I), probably ascribed to the relaxation of the metastable chiral 

lattices to thermodynamically stable achiral structures stimulated by 

chemical energy released by the GRR, as well as to the incomplete 

chirality transmission through the GRR.130 
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Figure 3.3.391GLAD of unary Ag CNPs, having the nominal P of ≈10 nm and H 

of ≈100 nm. UV/visible spectra: (a) extinction; (b) CD. (a, b) Blue lines: RH; red 

lines: LH. The transverse chiroplasmonic mode of Ag is highlighted by sky blue 

background. Inset: (a) SEM tilted image of LH-Ag CNPs. 

 

Although the GRR of the unary Cu CNPs in the K2PtCl4 or HAuCl4 

electrolyte could not enable the formation of the binary Cu:Pt (Figure 

3.3.4) or Cu:Au (Figure 3.3.5) CNPs through chirality transfer, 

respectively, the chiral doping of the Cu CNPs with Au successfully led 

to the GRR-mediated chirality transmission (Figure 3.1.1; Figure 3.3.6). 

Hence, it is the doped Au that plays a vital role in the GRR-mediated 

chirality transmission from the Cu CNPs. Au with relatively high 

electrode potential is resistant to the anodic oxidation/dissolution in the 

given electrolytes, and thus we hypothesize that the dopant Au serves 

as a structural scaffold to assist the GRR-mediated chirality transfer. 
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Figure 3.3.492GRR of unary Cu CNPs in an aqueous electrolyte containing 10 

μmol/L K2PtCl4, as a function of reaction duration (t): (I) 0, (II) 5 h. The Cu CNPs 

have the nominal P of ≈10 nm. The GRR was performed at room temperature 

through stirring the electrolyte at a rate of 380 rpm. UV/visible spectra: (a) 

extinction; (b) CD. (a, b) Blue lines: the GRR of RH-Cu CNPs; red lines: the GRR 

of LH-Cu CNPs. Insets: (a-I, a-II) SEM oblique (in the upper center) and top-down 

(in the upper right) images of the samples (scale bars: 100 nm). (c) XRD spectra of 

the Cu CNPs treated by the GRR as a function of t. The peaks marked by an asterisk 

are assigned to silicon on which the Cu CNPs were deposited. XPS spectra of the 

Cu CNPs treated with the GRR as a function of t: (d) Cu 2p; (e) Pt 4f. (d, e) 

Gradually darkening colors represent an elongation of the GRR from (I) 0 h to (II) 

5 h. (f) TEM image of a Cu CNP treated by the GRR lasting for 5 h. Insets in (a-I, 

II) and (c-f): the GRR of the RH-Cu CNPs. The 5-h GRR caused the generation of 

binary Cu:Pt NPs without optical activity (b-II), indicating no chirality transfer 

from the Cu CNPs mediated with the GRR. 
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Figure 3.3.593GRR of unary Cu CNPs in an aqueous electrolyte containing 10 

μmol/L HAuCl4, as a function of t: (I) 0, (II) 2 h. The Cu CNPs have the nominal P 

of ≈10 nm. The GRR was performed at room temperature through stirring the 

electrolyte at a rate of 380 rpm. UV/visible spectra: (a) extinction; (b) CD. (a, b) 

Blue lines: the GRR of RH-Cu CNPs; red lines: the GRR of LH-Cu CNPs. Insets: 

(a-I, a-II) SEM oblique (in the upper center) and top-down (in the upper right) 

images of the samples (scale bars: 100 nm). (c) XRD spectra of the Cu CNPs treated 

by the GRR as a function of t. The peaks marked by an asterisk are assigned to 

silicon on which the Cu CNPs were deposited. XPS spectra of the Cu CNPs treated 

by the GRR as a function of t: (d) Cu 2p; (e) Au 4f. (d, e) Gradually darkening 

colors represent an elongation of the GRR from (I) 0 h to (II) 2 h. (f) TEM image 

of a Cu CNP treated with the 2-h GRR. Insets in (a-I, II) and (c-f): the GRR of the 

RH-Cu CNPs. The 2-h GRR caused the generation of binary Cu:Au nanoparticles 

with no optical activity (b-II), indicating no chirality transfer from the Cu CNPs 

mediated with the GRR. 
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Figure 3.3.694GRR of binary Cu:Au CNPs in an aqueous electrolyte containing 10 

μmol/L HAuCl4, as a function of t: (I) 0, (II) 1, and (III) 3 h. In the binary CNPs, 

the nominal P of the host Cu is ≈10 nm and TAu is 20 nm. The GRR was performed 

at room temperature through stirring the electrolyte at a rate of 380 rpm. UV/visible 

spectra: (a) extinction; (b) CD; (c) anisotropic g-factor. (a-c) Blue lines: the GRR 

of RH-Cu:Au CNPs; red lines: the GRR of LH-Cu:Au CNPs. Insets: SEM (a-I, a-

II) oblique and (a-III) top-down images of the samples (scale bars: 200 nm); (b-I, 

b-II, b-III) TEM images of the samples (scale bars: 20 nm). (d) XRD spectra of the 

binary CNPs treated with the GRR as a function of t. The peaks marked by an 

asterisk are assigned to silicon on which the Cu:Au CNPs were deposited. XPS 

spectra of the Cu:Au CNPs treated with the GRR as a function of t: (e) Cu 2p; (f) 

Au 4f. (e, f) Gradually darkening colors represent an elongation of the GRR from 

(I) 0 h to (III) 3 h. (g) Histograms of the diameter D (monitored with the SEM top-

down images) of the CNPs formed by the GRR of the binary CNPs as a function of 

t, fitted with the normal distribution. D was statistically evaluated to be (I) 62 ± 14 

nm, and (II) 74 ± 16 nm. The 3 h-GRR caused the CNPs to aggregate together (inset 

in a-III), preventing from the statistical evaluation of D. Insets in (a-I, II, III; b-I, II, 

III) and (d-g): the GRR of the RH-binary CNPs. Elongating the GRR led to the 

decrease of the Cu at% (e) and the increase of the Au at% (f), and the 3 h-GRR 

enabled the generation of the binary CNPs having optical activity (c-III). It is 

illustrated that the dopant Au assist the GRR-mediated chirality transmission from 

the host Cu CNPs to Au. 
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3.4. Functions of the Dopant Au in the CSTs 

To verify the hypothesized function of the dopant Au, alternatively 

Ag was doped in the host Cu CNPs to generate the binary Cu:Ag CNPs 

(Figure 3.4.1a-I, b-I). In a 10 μmol·L−1 K2PtCl4 electrolyte, the GRR of 

the binary Cu:Ag CNPs could not mediate the chirality transfer to 

generate the ternary Cu:Ag:Pt CNPs (Figure 3.4.1). Ag has a relatively 

low electrode potential (+0.22 V, Table 3.2.1) in an electrolyte 

containing Cl− anions, so that the dopant Ag will be oxidized and 

dissolved in the electrolyte. Without the scaffold of the dopant Ag, the 

GRR could not effectively mediate the chirality transfer from the host 

Cu CNPs. 

 

 

Figure 3.4.195GRR of binary Cu:Ag CNPs in an aqueous electrolyte containing 10 

μmol/L K2PtCl4, as a function of t: (I) 0, (II) 20 min, and (III) 1 h. In the binary 
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CNPs, the nominal P of the host Cu is ≈10 nm and TAg is 20 nm. The GRR was 

performed at room temperature, through stirring the electrolyte at a rate of 380 rpm. 

UV/visible spectra: (a) extinction; (b) CD. (a-c) Blue lines: the GRR of RH-Cu:Ag 

CNPs; red lines: the GRR of LH-Cu:Ag CNPs. Sky blue backgrounds are used to 

mark the LSPR and CD signals of the dopant Ag. Insets: (a-I, a-II, a-III) SEM 

oblique images of the samples (scale bars: 200 nm). XPS spectra of the Cu:Ag 

CNPs treated with the GRR as a function of t: (c) Cu 2p; (d) Ag 3d; (e) Pt 4f. (c-e) 

Gradually darkening colors represent an elongation of the GRR from (I) 0 h to (III) 

1 h. Insets in (a-I, II, III) and (c-e): the GRR of the RH-binary CNPs. The 1-h GRR 

caused the nano-products to show very weak optical activity (b-III), indicating no 

effective chirality transfer from the host Cu CNPs mediated with the GRR. 

 

Furthermore, Au was replaced with TiO2 being doped in the host Cu 

CNPs (Figure 3.4.3a-I, b-I, c-I). TiO2 has an electrode potential of 

+0.762 V in an acidic electrolyte (Table 3.2.1), and thus is also resistant 

to the oxidation in the K2PtCl4 electrolyte. TiO2 can function as the 

structural scaffold and thus lead to the formation of the Cu:TiO2:Pt 

CNPs through the GRR (Figure 3.4.3a–c (II–III), d–f). The TiO2 CNPs, 

deposited by GLAD-FSR, show the chiroptical region in the 

wavelength range of 200–400 nm due to electronic transitions under 

asymmetric electric fields,131 and the CD signals are positive/negative 

for the LH/RH chirality, respectively (Figure 3.4.2a, b). Alloying the 

host Cu CNPs with TiO2 makes the TiO2-related chiroptical region 

extend to 200–520 nm (highlighted by light green background, Figure 

3.4.3a-I, b-I, c-I). In this chiroptical region, doping TiO2 in the LH/RH-

Cu CNPs leads to the CD signals with positive/negative sign, 

illuminating that TiO2 is induced to have the LH/RH chirality, 

respectively, i.e., the chiral alloying of the CSTs with TiO2. Note that 

the chiroptical region of the chirally doped TiO2 overlaps with that of 
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Pt but does not with that of Cu (Figure 3.1.1c-II, III). The galvanic 

replacement of Cu with Pt, through the GRR of the Cu: TiO2 CNPs, 

causes the gradual increase in the average optical activity (evaluated by 

the anisotropic g-factor) of individual nanoproducts with elongating the 

GRR at the wavelengths <580 nm (Figure 3.4.3c-II, III; Figure 3.4.2c, 

highlighted by green background), because the precipitating Pt 

duplicated with the LH/RH chirality of the CSTs also show the 

positive/negative CD signals, respectively. 

These controlled experiments clearly verify that the 

electrochemically inert materials (such as Au) function as the structural 

scaffold to assist the GRR-mediated chirality transfer from the host Cu 

CNPs to another metal, resulting in the formation of the ternary CNPs. 
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Figure 3.4.296GLAD of TiO2 CNPs, having the nominal P of ≈10 nm and H of ≈50 

nm. UV/visible spectra: (a) extinction; (b) CD. (a, b) Blue lines: RH; red lines: LH. 

The transverse chiroplasmonic mode of TiO2 is highlighted by light green 

background. (c) Overlay of (c-I, II, III) in Figure 3.4.3. The transverse chiroptical 

mode of TiO2 and the precipitating Pt is highlighted by green background. 

 

 
Figure 3.4.397Production of Cu:TiO2:Pt CNPs, through the GRR of Cu:TiO2 CNPs 

in an aqueous electrolyte containing 10 μmol·L−1 K2PtCl4, as a function of t: (I) 0, 

(II) 5, (III) 9 h. P of the host Cu is ≈10 nm, and the nominal thickness of TiO2 is 20 

nm. The GRR was performed at room temperature through stirring the electrolyte 

at a rate of 380 rpm, to generate Cu:TiO2:Pt CNPs. UV/visible spectra: a) extinction, 

b) CD, c) anisotropic g-factor. (a–c) Blue lines: the GRR of RH-Cu:TiO2 CNPs; red 

lines: the GRR of LH-Cu:TiO2 CNPs. (a–c): (I) Light green background is used to 

mark the chiroplasmonic signals of TiO2; (II, III) green background is used to mark 

the chiroplasmonic signals of TiO2 and the precipitating Pt. Insets: (a-I, a-II, a-III) 

SEM oblique images of the samples. XPS spectra of the Cu:TiO2 CNPs treated by 

the GRR as a function of t: d) Cu 2p, e) Ti 2p, f) Pt 4f. (d–f) Gradually darkening 

colors represent an elongation of the GRR from (I) 0 h to (III) 9 h. Insets in (a-I, II, 

III) and (d–f): the GRR of the RH-Cu:TiO2 CNPs. 

 

3.5. Kinetics of the Au-Assisted Chirality Transfer 

It is of fundamental importance to study the kinetics of the Au 

assisted chirality transfer. TAu was tailored to be 2 (Figure 3.5.1), 10 
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(Figure 3.5.2), and 20 nm (Figure 3.1.1) in the binary CSTs, which were 

treated with the GRR in 10 μmol·L−1
 K2PtCl4 at room temperature. Only 

a portion of the precipitating Pt duplicate the chiral lattices of the CSTs, 

so that it is not appropriate to study the chirality transfer kinetics 

through evaluating the GRR-mediated change in the Pt composition. 

Instead, the integrated area of the anisotropic g-factor peak assigned to 

the precipitating chiral Pt (Ag, Pt, in units of nm) was measured (e.g., 

inset in Figure 3.5.1c-II, c-III) as a function of the helical handedness 

of the binary CSTs, TAu, and t, summarized in Figure 3.5.3a, b. 

Although the binary CSTs showed the dielectric g-factor peak in the 

wavelength region of 250–400 nm (Figure 3.1.1c-I; Figures 3.5.1c-I 

and 3.5.2c-I) partially overlapping with that of the precipitating Pt in 

the ternary CNPs, the integrated area of the dielectric g-factor peak is 

negligible and thus it will not affect the kinetic evaluation. The kinetics 

of the Au-assisted chirality transmission from the binary Cu:Au CNPs 

to the precipitating Pt was quantitatively evaluated with monitoring Ag, 

Pt as a function of t in the range of 0–9 h, given that Ag, Pt is proportional 

to the amount of the precipitating chiral Pt. The plots of Ag, Pt versus t 

(Figure 3.5.3a, b) were well fitted with 

Ag, Pt = a (ekt − 1)        (2) 

where k is the reaction rate coefficient (in units of h−1), and a is the pre-

factor (in units of nm). At t = 0 h, there is no chirality transfer and thus 

Ag, Pt = 0. Equation (2) illustrates that the Au assisted chirality transfer 

from the Cu:Au CNPs is the first-order reaction. The fitting shows that 

the pre-factor a tends to linearly rise with an increase of TAu at a slope 

of 2.2 and 3.0 for the GRR of the RH- and LH-CSTs, respectively 
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(Figure 3.5.3c). By contrast, k has not obvious change with TAu, with 

an average value of 0.33 and 0.29 h−1
 at room temperature for the GRR 

of the RH- and LH-CSTs, respectively (Figure 3.5.3d). In principle, the 

GRR should follow the first-order kinetics independent on the chirality 

of the CSTs. Note that GLAD-FSR enables the deposition of the close 

packed arrays of the binary CNPs with wide distribution of the helical 

structures and uncontrollable structural defects, probably accounting 

for the observed difference in a and k for the GRR of the LH- and RH-

Cu:Au CNPs. 

 

 

Figure 3.5.198GRR of binary Cu:Au CNPs (TAu = 2 nm) in an aqueous electrolyte 

containing 10 μmol/L K2PtCl4, as a function of t: (I) 0, (II) 5, and (III) 9 h. The 

GRR was performed at room temperature through stirring the electrolyte at a rate 

of 380 rpm, to generate ternary Cu:Au:Pt CNPs. UV/visible spectra: (a) extinction; 

(b) CD; (c) anisotropic g-factor. (a-c) Blue lines: the GRR of RH-Cu:Au CNPs; red 

lines: the GRR of LH-Cu:Au CNPs. Green backgrounds are used to mark the 

chiroplasmonic signals of the precipitated Pt. Insets: (a-I, a-II, a-III) SEM oblique 

images of the samples (scale bars: 100 nm); (c-II, c-III) the calculation of the 

integrated area of the anisotropic g-factor peaks highlighted with orange dash 

squares. XPS spectra of the Cu:Au CNPs treated with the GRR as a function of t: 

(d) Cu 2p; (e) Au 4f; (f) Pt 4f. (d-f) Gradually darkening colors represent an 
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elongation of the GRR from (I) 0 h to (III) 9 h. Insets in (a-I, II, III) and (d-f): the 

GRR of the RH-binary CNP. 

 

Figure 3.5.299GRR of binary Cu:Au CNPs (TAu = 10 nm) in an aqueous electrolyte 

containing 10 μmol/L K2PtCl4, as a function of t: (I) 0, (II) 5, and (III) 9 h. The 

GRR was performed at room temperature through stirring the electrolyte at a rate 

of 380 rpm, to generate ternary Cu:Au:Pt CNPs. UV/visible spectra: (a) extinction; 

(b) CD; (c) anisotropic g-factor. (a-c) Blue lines: the GRR of RH-Cu:Au CNPs; red 

lines: the GRR of LH-Cu:Au CNPs. Green backgrounds are used to mark the 

chiroplasmonic signals of the precipitated Pt. Insets: (a-I, a-II, a-III) SEM oblique 

images of the samples (scale bars: 100 nm). XPS spectra of the binary CNPs treated 

by the GRR as a function of t: (d) Cu 2p; (e) Au 4f; (f) Pt 4f. (d-f) Gradually 

darkening colors represent an elongation of the GRR from (I) 0 h to (III) 9 h. Insets 

in (a-I, II, III) and (d-f): the GRR of the RH-binary CNPs. 

 

The chirality transfer rate (r) was calculated by differentiating Ag, 

Pt with respect to t and summarized in Figure 3.5.3e, f, in terms of the 

GRR of the RH- and LH-binary CNPs, respectively. r generally 

increases with thickening the sandwiched Au layers at a given t. At t of 

5 h, for example, r for the GRR of the RH-binary CNPs increases from 

19.1 nm·h−1 at TAu = 2 nm to 37.7 nm·h−1 at TAu = 10 nm and 112.7 

nm·h−1 at TAu = 20 nm; and the GRR of the LH-CSTs shows an increase 

of r from 24.3 nm·h−1 at TAu = 2 nm to 47.9 nm·h−1 at TAu = 10 nm and 
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124.6 nm·h−1 at TAu = 20 nm. The CSTs of the binary Cu:Au CNPs are 

composed of the solid solution (Figure 3.1.1d). The larger the TAu, the 

more Au chirally dissolved in the solvent Cu. More structural scaffolds 

of the chiral Au lattices in the host Cu CNPs is favored for the GRR-

mediated chirality transfer, resulting in larger r. 

 

 

Figure 3.5.3100Kinetics of the Au-assisted chirality transfer. The GRR of binary 

Cu:Au CNPs in an aqueous electrolyte containing 10 μmol·L−1 K2PtCl4, as a 

function of t: (I) 0, (II) 5 h, and (III) 9 h. TAu in the binary CNPs is 2, 10, 20 nm. 

The GRR was performed at room temperature, through stirring the electrolyte at a 

rate of 380 rpm. Plots of Ag,Pt (denoting the integrated area of the anisotropic g-

factor peak associated with the precipitating chiral Pt) versus t, as a function of TAu: 

a) the GRR of RH-Cu:Au CNPs, b) the GRR of LH-Cu:Au CNPs. c) Plots of the 

pre-factor a versus TAu, which are linearly fitted. d) Plots of the reaction rate 

coefficient k versus TAu. (c,d) Blue squares: the GRR of RH-Cu:Au CNPs; red 

squares: the GRR of LH-Cu: Au CNPs. e,f) Plots of the chirality transfer rate r 

versus TAu and t: (e) the GRR of RH-Cu:Au CNPs and (f) the GRR of LH-Cu:Au 

CNPs. 
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The evolution of the Au-assisted GRR is proposed in Figure 3.5.4. 

Due to lacking the atomic resolution of the elemental mapping, the 

chiral lattice patterns are unknown. Here, the wavelike chiral lattices30 

are used to present the chiral lattices in the binary CSTs (Figure 3.5.4a) 

and the ternary products (Figure 3.5.4b, c). Initially, the chiral Cu 

lattices in the Cu:Au solid solutions are replaced with metal M (Pt and 

Ag), which occurs in the external portions of the CSTs (Figure 3.5.4b). 

Meanwhile, the Au chiral lattices in the template solid solutions are 

galvanically resistant to the GRR. The precipitating M atoms tend to 

aggregate in a chiral pattern duplicating that of the Au chiral lattices, 

and thus the Au chiral lattices function as the chiral scaffold to support 

and guide the GRR-mediated chirality transmission. Concurrently, the 

inert Au chiral lattices tend to aggregate in the cores by occupying the 

interior holes generated by the galvanic dissolution of Cu atoms and 

some Au peels off from the CSTs (Figure 3.5.4b), accounting for the 

decrease of the Au at% from 21% in the CSTs to 13% after the 5 h GRR 

in 10 μmol·L−1 K2PtCl4 (Figure 3.1.1h) and to 17% after the 2 h GRR 

in 20 μmol·L−1 AgNO3 (Figure 3.3.1i). The 5 h GRR of the Cu0.79Au0.21 

CNPs only causes the precipitation of 2 at% Pt (Figure 3.1.1h) so that 

the loss of Au is superior to the Cu dissolution, resulting in an increase 

of the Cu at% from 79% in the CSTs to 85% in the ternary Cu:Au:Pt 

CNPs. By contrast, the 2 h GRR gives rise to the precipitation of 38 at% 

Ag; hence, the Cu oxidation is superior to the loss of Au, accounting 

for the decreases of the Cu at% to 45% in the ternary Cu:Au:Ag CNPs. 

Then the replacement of Cu with metal M gradually takes place from 

the external to the internal portions (Figure 3.5.4c), to form the ternary 
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CNPs with phase segregation. 

 

 

Figure 3.5.4101Schematic illustration of the GRR-mediated chirality transfer from 

a) the binary Cu0.79Au0.21 CSTs to b,c) the ternary Cu:Au:Pt CNPs, as a function of 

GRR duration. 

 

3.6. Ambient Aging of the Ternary CNPs 

Chiroptical stability of the ternary CNPs is of fundamental interest 

for the exploration of potential applications in, for instance, asymmetric 

catalysis. The ternary Cu:Au:Pt CNPs were selected to study, because 

the three compositional metals widely function as catalysts. 

Spontaneous oxidation of the Cu:Au:Pt CNPs in the ambient conditions 

was monitored as a function of aging duration within 6 weeks. 

Characterized with XPS, the ternary surfaces contain Cu+, Cu2+, and 

Pt2+ cations due to the spontaneous oxidation and Au is inert to the 

oxidation (Figure 3.6.2d–f and 3.6.3d–f). To quantitatively evaluate the 

surface oxidation, the at% ratio of the metallic cations (Mn+: Cu+, Cu2+, 

and Pt2+) to inert Au atoms was evaluated as a function of aging duration. 

For the Cu0.85Au0.13Pt0.02 CNPs, the at% ratio of Cu2+/Au linearly rises 



125 

 

within the 3-week aging at a slope of 1.7 per week, and then reaches at 

a plateau of 7.3 from 3 to 6 weeks (Figure 3.6.1a). Differently, the at% 

ratio of Cu+/Au has a linear increase within the 4-week aging at a slope 

of 0.8 per week, followed by a slight decrease in the 6th week. The at% 

ratio of Pt2+/Au barely varies within the 6-week aging, in spite of a 

slight increase in the 4th week. It is illustrated that at the ternary CNP 

surfaces Cu is oxidized to Cu2+ faster than to Cu+ in the first 3 weeks 

(because the electrode potential ECu
2+

∕Cu < ECu
+
∕Cu, Table 3.2.1) and then 

the Cu oxidation is prohibited, and Pt has good resistance to the ambient 

oxidation due to its relatively high electrode potential (Table 3.2.1). For 

the Cu0.23Au0.56Pt0.21 CNPs, the at% ratio of Cu+/Au linearly rises within 

the 6-week aging at a slope of 3.0 per week and the antioxidation of Pt 

was also observed (Figure 3.6.1c). Surprisingly, the at% ratio of 

Cu2+/Au tends to linearly reduce within the 3-week aging at a slope of 

−2.4 per week, followed by a linear increase from 3 to 6 weeks at a 

slope of 2.1 per week. The reason is still ambiguous. Compared to the 

Cu0.85Au0.13Pt0.02 CNPs, the Cu0.23Au0.56Pt0.21 CNPs have the faster 

oxidation of Cu to Cu+ at the CNP surfaces. 
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Figure 3.6.1102Ambient aging of the ternary RH-CNPs. a,b) Cu0.85Au0.13Pt0.02 

(Figure 3.1.1b-II). c,d) Cu0.23Au0.56Pt0.21 CNPs (Figure 3.1.1b-III). (a,c) Plots of the 

at% ratio of Mn+/Au (Mn+: Cu+, Cu2+, and Pt2+) as a function of aging duration. Solid 

lines represent the linear fitting within different aging durations. (b,d) UV/visible 

Anisotropic g-factor spectra of the ternary CNPs as a function of aging duration. 

The broad Pt-related peaks are highlighted with green background. Inset: (b) the 

integrated area of the broad Pt-related peaks as a function of aging duration. 

 

Furthermore, the optical properties of the ternary Cu:Au:Pt CNPs 

were monitored to show that the ambient aging has a negligible effect 

on the extinction (Figure 3.6.2a and 3.6.3a) but obviously affect the 

chiroptical activity in terms of the anisotropic g-factor (Figure 3.6.1b, 

d). For the Cu0.85Au0.13Pt0.02 CNPs, the Pt-related optical activity 

(highlighted with green background in Figure 3.6.1b) tends to be 

amplified in the first 3 weeks and then quickly suppressed with the 

aging in the next three weeks (inset in Figure 3.6.1b). Considering the 

antioxidation of Pt and the oxidation of Cu, this broad peak can be 

assigned to the Cu:Pt alloy. Moreover, the bisignate peaks (at the 

wavelength >500 nm) assigned to the binary host Cu:Au CNPs tend to 



127 

 

have an upshift with the aging. By contrast, the Cu0.23Au0.56Pt0.21 CNPs 

show the stabilization of the optical activity after the 3-week aging 

(Figure 3.6.1d).High composition of the inert elements (Au and Pt) is 

favored for the ternary Cu:Au:Pt CNPs to have the antiaging optical 

activity. The comparison (Figure 3.6.1a vs Figure 3.6.1b, and Figure 

3.6.1c vs Figure 3.6.1d) illuminates the decoupling of the compositional 

oxidation and the chiroptical evolution. 

 

 

Figure 3.6.2103Ambient aging of the ternary RH-Cu0.85Au0.13Pt0.02 CNPs (Figure 

3.6.1a, b). UV/visible spectra of (a) Extinction and (b) CD, as a function of aging 

duration. XPS spectra as a function of aging duration: (c) O1s; (d) Cu2p; (e) Pt4f; 

(f) Au4f.  

Note that the XPS peaks of all the metallic elements tend to decrease in amplitude 

with the ambient aging (Figure 3.6.2d–f and Figure 3.6.3d–f). It is well known that 

XPS has the detection depth < 10 nm, so that the continuous oxidation at the CNP 

surfaces causes the shrinkage of the metallic at% within the detection depth, 

accounting for the above-mentioned phenomena in the XPS spectra. Furthermore, 

the composition of the ternary Cu0.85Au0.13Pt0.02 and Cu0.23Au0.56Pt0.21 CNPs was 

evaluated using the EDS mapping, which enables the detection of the entire 

composition of the CNPs. In contrast, the results shown in Figure 3.6.1a, c were 

evaluated using XPS that only provides the surface composition. As a result, the 

XPS-monitored at% ratio at the surfaces during the oxidation deviates from the 
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original composition of the ternary CNPs characterized using the EDS mapping. 

 

 
Figure 3.6.3104Ambient aging of the ternary RH-Cu0.23Au0.56Pt0.21 CNPs (Figure 

3.6.1c, d). UV/visible spectra of (a) Extinction and (b) CD, as a function of aging 

duration. XPS spectra as a function of aging duration: (c) O1s; (d) Cu2p; (e) Pt4f; 

(f) Au4f. 

 

The Cu0.23Au0.56Pt0.21 CNPs possess the aging-stabilized optical 

activity, while there are Pt (II) and the continuous oxidation of Cu to 

Cu(I) at the surfaces. It is indicated that the Cu0.23Au0.56Pt0.21 CNPs 

promisingly function as the asymmetric catalyst. On the one hand, the 

ternary CNPs consist of the atomically chiral lattices at the surfaces 

where molecular substrates will enantiospecifically adsorb,132 which is 

the prerequisite to induce the asymmetric synthesis. The aging-

stabilized optical activity results from the preservation of the chiral 

lattices with the aging, which is indispensable to maintain the 

asymmetric catalytic activity. On the other hand, it has been well known 

that Cu (I) and Pt (II) play a catalytic role in, for example, the 

enantioselective arylation of benzylic radicals133 and the asymmetric 
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aldol and silylcyanation reactions,134 respectively. The ternary 

Cu0.23Au0.56Pt0.21 CNPs will serve as the asymmetric catalyst with no 

assistance of chiral ligands. 

 

3.7. Conclusion 

In conclusion, a thin layer of galvanically “inert” dopants, such as 

Au, is doped in the host Cu CNPs using LbL-GLAD to generate the 

binary Cu:Au CNPs in which the dopants diffuse into the host to form 

the solid solutions and duplicate the atomic chirality of the host, due to 

the heating-induced chiral alloying effect. The “inert” dopants serve as 

the structural scaffold to assist the chirality transmission from the host 

Cu CNPs to the third metals (M: Pt and Ag) cathodically precipitating 

on the CNPs, leading to the formation of the ternary Cu:Au:M CNPs 

where the three constituent metals show the same atomic chirality as 

the host Cu CNPs. The ternary CNPs are polycrystalline with dominant 

crystal orientation directions along <111> of the three components, and 

their compositions are tailored with engineering the GRR duration. In 

the evolution of the Au-assisted GRR of the binary Cu:Au CNPs, the 

precipitating M starts to galvanically replace the host Cu at the surfaces 

of the binary CNPs and the dopant Au tends to aggregate in the cores, 

followed by the continuous replacement of the host Cu with M in the 

internal portions of the CNPs. There is phase segregation in the ternary 

CNPs.More scaffold Au dopants are favored for the faster chirality 

transfer through the GRR. The Au-assisted chirality transfer from the 

host Cu CNPs follows the first-order kinetics with the k of ≈0.3 h−1 at 
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room temperature. The Cu0.23Au0.56Pt0.21 CNPs contain Cu(I) and Pt(II) 

at the surfaces and have the aging-stabilized optical activity, 

promisingly functioning as the asymmetric catalysts. This work enables 

further understanding of the GRR-mediated chirality transfer, and 

provides the extension of compositional space from the binary to 

ternary of alloy CNPs that may pave the way toward enhancing the 

functions of prominent chirality-associated applications in the fields of 

enantio-differentiation, enantio-seperation, asymmetric catalysis, 

bioimaging, and bio-detection. 
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Chapter 4. Optical activity varies with the change of size 

for semiconductor nanoparticles 

Different types of chiral semiconductor NPs must be synthesized to 

clarify the interactions between semiconducting chiral surfaces and 

chiral molecules. Thus, as part of the work performed for this thesis, 

CdSe was used to fabricate chiral nanostructures through GLAD. These 

GLAD-fabricated CdSe CNPs exhibited regularly varying features in 

their chiroptical spectra as their nominal P increased. Moreover, P 

influenced the crystallinity of CdSe CNPs. 

    

4.1. GLAD of CdSe Chiral Nanoparticles 

A close-packed array of CNPs made of CdSe (Figure 4.1.1) was 

fabricated by GLAD. The height H was ≈800 nm, and the nominal pitch 

(P) was ≈800 nm. The CNPs exhibited helicity (Figure 4.1.1a, d, e, f, g) 

and were polycrystalline with dominant <101> (Figure 4.1.1c). The 

optical activity of a chiral material is typically characterized by CD. 

Spetrum exhibits bisignate CD signals at 250–370 nm and 370–750 nm. 

Counterclockwise and clockwise substrate rotation led to the sculpting 

of LH and RH CdSe CNPs, respectively. The change in the CNP 

chirality from RH to LH did not considerably influence the spectral 

curves but led to the inversion of the CD signals around the zero-CD 

axis. This result highlighted that the CdSe CNPs exhibit intrinsic 

chirality.  

The structure of the CdSe CNPs were verified by the following 

techniques. First, X-ray diffraction (XRD) showed that the CdSe CNPs 
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had peaks of <100>, <101>, <102>, <103>, <112>, and <203>, with a 

dominant <101> peak. Second, the SEM and TEM images (Figure 

4.1.1d, e, f, g) revealed the morphology and structure of CdSe CNPs. 

Their diameters increased as they grew, and a flocculent surface was 

observed on the top half of the particles.  

 

 

Figure 4.1.1105Optical response of RH-n1-754 and LH-n1-743 CdSe NHs. GLAD 

of CdSe CNPs. UV/visible spectra: (a) extinction; (b) CD. Blue line: RH-CdSe 

CNPs; red lines: LH-CdSe CNPs. Characterization of the RH-CdSe CNPs: (c) xrd. 

(d, e) top-view SEM (scale bar: 200 nm), for LH-CdSe CNPs (d), for RH-CdSe 

CNPs (e). (f, g) TEM (scale bar: 100 nm), for LH-CdSe CNPs (f), for RH-CdSe 

CNPs (g). 

 

4.2. Chiroptical responses of CdSe CNPs with various 

pitches 

    The optical spectra of CdSe CNPs were monitored as a function of 

P in one-turn rotation (Figure 4.2.1). The LH-CdSe CNPs exhibited CD 

signals that were mirror images of those of RH-CdSe CNPs, with 
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respect to the zero-CD axis (Figure 4.2.1b). This result was attributable 

to the intrinsic structural symmetry of the CNPs. Except for the spectra 

of CNPs with P ≈200 nm, the CD spectra exhibited two peaks (Figure 

4.2.1b), and the left CD peaks exhibited a red shift as P increased from 

239/243 nm to 332 nm. Additionally, the right CD peaks changed with 

P, although no clear trends were observed. 

 

 

Figure 4.2.1106UV/visible spectra characterization of LH-(red lines) and RH-CdSe 

CNPs (blue lines) with nominal P as inset top right labels show: (a) extinction, (b) 

CD. Tilt-view SEM images of CdSe CNPs: (c) LH-CdSe CNPs, (d) RH-CdSe CNPs. 

(e) Photo images of LH-CdSe CNPs on the sapphire (1.5 x 1.5 cm2). 

 

    SEM (Figure 4.2.1c, d) showed that the total H of the CNPs 

increased from 163/160 nm to 754/743 nm, which is comparable to the 

design H. This similarity is attributable to losses due to mechanical 

friction and mismatch between the electron-beam hitting rate and 

substrate rotation rate of GLAD. The helicity increased as the P of the 

CNPs increased, as shown in Figures 4.2.1c, d VII-I. The top-view SEM 
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images (Figure 4.2.3) showed that the diameter D of the CNPs increased 

as they increased in length. SEM energy dispersive X-ray spectroscopy 

(Figure 4.2.2) showed that the stoichiometry of CdxSe1-x CNPs was 

stable (x ≈ 0.4). The x values of LH- and RH-CdSe CNPs ranged from 

39 to 42 and from 37 to 42, respectively (Tables 4.2.1 and 4.2.2). 

 

 

Figure 4.2.2107Atomic percentage of Cd & Se in the LH- or RH-Cd0.4Se0.6 helices 

with different P and n=1 from SEM EDX results. a) Atomic percentage of Cd atom 

in the Cd0.4Se0.6 helices, b) Atomic percentage of Se atom in the Cd0.4Se0.6 helices. 
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Figure 4.2.3108(a) XRD spectra of LH-CdSe CNPs as a function of P: (I) 743 nm, 

(II) 660 nm, (III) 574 nm. (IV) 486 nm, (V) 403 nm, (VI) 267 nm, (VII) 160 nm. 

(b) Top-view SEM images of LH-CdSe CNPs as a function of P. 

 

Table 4.2.14Atomic ratio of Se & Cd in the LH-Cd0.4Se0.6 Helices with different P 

and n=1 from SEM EDX 

 

 

Table 4.2.25Atomic ratio of Se & Cd in the RH-Cd0.4Se0.6 Helices with different P 

and n=1 from SEM EDX 

 

 

XRD (Figure 4.2.3) showed that the H of the CNPs influenced 

their crystallinity. The XRD spectra of the LH-CdSe CNPs with P ≈160 

nm and 267 nm exhibited small peaks. As P increased to 403 nm, five 

peaks of CdSe <100>, <101>, <102>, <103>, and <112> were observed, 

and as P increased to 660 nm, an additional CdSe <203> peak appeared. 

 

4.3. CPL for CdSe Nanohelices 

  Because CdSe is a photoluminescent material, it can exhibit 

CPL. Many researchers have used cadmium sulfide or CdSe to enhance 

the intensity of CPL exhibited by materials.98,100 However, chiral 

ligands such as Cys are typically used in the synthesis of these materials, 

which may restrict further enhancement of the luminescence 
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dissymmetry. In contrast, CdSe CNPs generated by GLAD have 

controllable structures and sizes, which can lead to CPL enhancement. 

With the increase of the pitch of CdSe nanohelices, the intensity of CPL 

first increase and then decrease, and at the pitch = 600 nm, CPL reach 

at the maximum (Figure 4.3.1).  

 

Figure 4.3.1109PL and CPL spectra characterization of LH-(red lines) and RH-CdSe 

CNPs (blue lines) with nominal P as inset bottom labels show: (a) P = 200 nm, (b) 

P = 300 nm, (c) P = 400 nm, (d) P = 500 nm, (e) P = 600 nm, (f) P = 700 nm, (g) 

P = 800 nm, and (I) PL spectra, (II) CPL spectra.  

 

When it comes to the g value of CdSe CNPs (Figure 4.3.2), it is 

also related with the change of P. when P = 200 nm, the g value of RH 

and LH CdSe CNPs are 0.0043 and 0.0055, respectively. And when P 

increase to 300 or 400 nm, the g value reach at 10-2 level. Moreover, 

when P equal to or larger than 500 nm, the g value come to 10-1 level, 
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which is a quite large number in the CPL-active materials. In the variety 

of P for the CdSe CNPs, g value gets the maximum when P = 600 nm, 

a g value of 0.15 and 0.13 for RH and LH CdSe CNPs is obtained, 

respectively. 
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Figure 4.3.2110|glum| of LH-(red lines) and RH-CdSe CNPs (blue lines) with nominal 

P from 200 nm to 800 nm.  

 

4.4. Conclusion 

This analysis highlights that the chiroptical activities of CdSe 

CNPs changed with variations in the P of these CNPs. This P-related 

optical response diversification is a general phenomenon that is 

observed in not only metal CNPs but also in semiconducting CNPs. The 

results demonstrate that the P and structural chirality influenced the 

crystallinity of CdSe CNPs. This finding enriches our fundamental 

understanding of semiconducting CNPs. Furthermore, we used a one-

step method to generate semiconductor CNPs with flocculent surfaces, 
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which enabled investigation of the interaction between chiral molecules 

and various chiral surfaces. These photoluminescent semiconducting 

CNPs can also be used in applications involving CPL. The CPL of CdSe 

CNPs have also been studied with the increase of P, and the maximum 

of g value when P = 600 nm is 0.15 and 0.13 for RH and LH CdSe 

CNPs, respectively. 
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Chapter 5. Conclusions and Perspectives 

5.1. Conclusion 

In this research, a combination of the GRR and GLAD and a wide 

range of inorganic materials were used to generate unary, binary, and 

ternary CNPs, such as Cu, Ag, CdSe, Cu–Ag, Ag–Au, Ag–Pt, Ag–Pd, 

Cu–Au–Pt, and Cu–Ti–Pt NPs. Novel methods were developed for the 

synthesis of inorganic chiral NPs based on a mechanism mediated by 

chirality transfer. Many innovative structures and morphologies were 

obtained, which can be applied in future investigations. 

To examine the possibility of chirality transfer from one metal to 

another, GRRs were performed between unary Cu and Ag CNPs. This 

can transfer chirality from Cu to Ag to generate binary (Cu–Ag) CNPs. 

Additionally, porous Ag–Au, Ag–Pt and Ag–Pd CNPs were generated 

using this technique. This GRR-mediated component-addition enriches 

our understanding of the principle of GRRs. 

Moreover, ternary CNPs were obtained via this GRR-mediated 

chirality transfer technique. First, a thin layer of a dopant such as Au 

and TiO2 was doped onto Cu CNPs to generate a sacrificial template for 

used in a GRR. Then, a third metal (such as Pt or Ag) was added to the 

CNPs to fabricate ternary CNPs (Cu–Au–Pt or Cu–Au–Ag NPs). In 

addition, LbL-GLAD was implemented to synthesize binary (Cu–Au) 

CNPs by exploiting heating-induced chiral alloying. The Au or TiO2 

layer functioned as the structural scaffold to facilitate the chirality 

transfer during the GRR. Owing to the high electrode potential of Au 

or TiO2, the GRR and the duplication of the atomic chirality of the host 
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only involved Cu and the third metal; however, phase segregation may 

occur in ternary CNPs. The presence of a larger amount of scaffold 

metal (Au) can lead to faster GRR-mediated chirality transfer, and 

reactions follow first-order kinetics with k ≈ 0.3 h-1. Moreover, the 

resulting Cu:Au:Pt CNPs contained Cu(I) and Pt(II) at the surface, 

which are age-stabilized in terms of optical activity and can thus 

facilitate asymmetric catalysis. 

In addition to unary, binary, and ternary metal CNPs, semiconducting 

CNPs such as CdSe can be generated through GLAD. LH and RH CdSe 

CNPs with various P from 200 nm to 800 nm were obtained with only 

one-turn rotation. CD spectra of CdSe helices confirmed that an 

increase in P influences their optical response, and the position of the 

CD peak continuously red shifts as P increases. Additionally, the 

crystallinity of CNPs was found to be related to their P. The relationship 

between the pitch and the g value of CPL from CdSe CNPs is obtained 

and a maximum g value of 0.15 appears when P = 600 nm for RH-CdSe 

CNPs. 

 

5.2. Perspectives 

5.2.1. Further Study of Chiral Lattices 

  After fabrications of various of inorganic CNPs, the origin of 

chirality in the CNPs need to be studied. First, a concept named chiral 

lattices has been come up to explain why the CNPs has the chirality 

without the obvious structure chirality. According to HRTEM, the 

wavelike chiral lattices are mirror images on the RH- and LH-structures, 
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which contribute to the intrinsic chirality. It probably originates from 

the lattices mismatch caused by the macroscopic shear force. On the 

basic of this hypothesis, deep studies like the chiral lattices in the 

mesoporous CNPs and how the chiral lattices can transfer from one 

metal to another will be done.  

 

5.2.2. Interaction between Inorganic Chiral Surfaces and 

Organic Molecules 

  According to our hypothesis of the origin of life, the chirality of 

organisms come from the inorganic compounds. In order to study this 

transformation, we first need to figure out the interaction between 

organic molecules and the chiral surfaces. On the basic of these various 

of inorganic CNPs, their reactions with organic molecules will be put 

on the agenda. Firstly, selecting proper organic molecules is an 

important step, during which the life-related molecules such as amino 

acids and sugars are in the first order. Secondly, every molecules and 

functional groups change during the reaction will be carefully studied, 

and the mechanisms will also be figured out. 

 

5.2.3. Further Study of CPL for Semiconducting CNPs 

  Fabrication of CdSe CNPs with chiroptical responses are related with 

the nominal pitch, and it is confirmed that with the increase of P the g 

values would also increase. A maximum g value exists at the certain P 

= 600 nm. It is interesting that when the P of CdSe CNPs reach to 800 

nm, the CPL intensity and the g value decreases compare to that of P = 
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600 nm, which is out of our expectation. Here come up a hypothesis 

that the g value of CPL with various P are influenced by two main 

factors, the first is the pitch of CNPs, and the second is that the defects 

at the surface of CNPs, which may trap the incident light and then 

decrease the luminescence. Therefore, it is vital to cover the defects at 

the CNPs’ surface and measure the g values to see whether the spectra 

have any change. Besides the pitch of CNPs, the turns of CNPs might 

also have the impact on the CPL intensity, so the further study on the 

different turns of CdSe CNPs’ CPL will also be carried on. 
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