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ABSTRACT 

Engineering Gold Nanorod-Based Plasmonic Nanocrystals for Optical Applications 

Jianfeng Huang 

Plasmonic nanocrystals have a unique ability to support localized surface plasmon 

resonances and exhibit rich and intriguing optical properties. Engineering plasmonic 

nanocrystals can maximize their potentials for specific applications. In this dissertation, we 

developed three unprecedented Au nanorod-based plasmonic nanocrystals through rational 

design of the crystal shape and/or composition, and successfully demonstrated their 

applications in light condensation, photothermal conversion, and surface-enhanced Raman 

spectroscopy (SERS). The “Au nanorod-Au nanosphere dimer” nanocrystal was 

synthesized via the ligand-induced asymmetric growth of a Au nanosphere on a Au 

nanorod. This dimeric nanostructure features an extraordinary broadband optical 

absorption in the range of 400‒1400nm, and it proved to be an ideal black-body material 

for light condensation and an efficient solar-light harvester for photothermal conversion. 

The “Au nanorod (core) @ AuAg alloy (shell)” nanocrystal was built through the epitaxial 

growth of homogeneously alloyed AuAg shells on Au nanorods by precisely controlled 

synthesis. The resulting core-shell structured, bimetallic nanorods integrate the merits 

of the AuAg alloy with the advantages of anisotropic nanorods, exhibiting strong, stable 

and tunable surface plasmon resonances that are essential for SERS applications in a 

corrosive environment. The “high-index faceted Au nanorod (core) @ AuPd alloy (shell)” 

nanocrystal was produced via site-specific epitaxial growth of AuPd alloyed horns at the 

ends of Au nanorods. The AuPd alloyed horns are bound with high-index side facets, while 
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the Au nanorod concentrates an intensive electric field at each end. This unique 

configuration unites highly active catalytic sites with strong SERS sites into a single entity 

and was demonstrated to be ideal for in situ monitoring of Pd-catalyzed reactions by SERS. 

The synthetic strategies developed here are promising towards the fabrication of novel 

plasmonic nanocrystals with fascinating properties for nanoplasmonics and nanophotonics. 
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Chapter 1. Introduction 

Maneuvering light has been definitely one of the most fascinating and influential 

achievements in science and technology. Today, humans have been enjoying the fruits, 

such as telescopes, microscopes, optical fibers,  spectrometers and more, of the relatively 

mature geometrical (ray) and physical (wave) optics in the daily life, but the research 

activity in the further pursuit of delicate control of light-matter interactions beyond the 

diffraction limit at the subwavelength scale has never been ceased, and contrarily, 

dramatically increased in the past decade, thanks to the rapid development of nanoscience 

and nanotechnology that has opened up many new possibilities towards the design and 

fabrication of nanomaterials.1-4 One unique property of some nanomaterials is their ability 

to support localized surface plasmon resonance (LSPR), which makes the confinement and 

manipulation of light at the nanometer scale readily possible. With this property, the 

nanomaterials exhibit rich and intriguing optical properties, holding great promise for 

advanced applications in nanomedicine, energy, sensing and more.5-7 This new research 

field that studies the fundamentals and applications of LSPR of nanomaterials has been 

deemed “nanoplasmonics”.8 

In this introductory chapter, I show some fundamentals of nanoplasmonics and the 

scope of this dissertation. I begin with a brief introduction of plasmonic nanocrystals the 

nature of LSPR in Section 1.1. From this starting point, various plasmonic effects and 

related applications of plasmonic nanocrystals are discussed in Section 1.2. After that, 

Section 1.3 concentrates on the effects of a set of parameters (i.e., size, shape, composition) 

on the plasmonic property. Based on these previous introductions, reasons for choosing 

gold nanorod as the seeds to growth other novel plasmonic nanocrystals are then given in 
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Section 1.4. Finally, the scope of this dissertation is presented at the end of this chapter 

(Section 1.5). 

1.1. Plasmonic Nanocrystals and Localized Surface Plasmon Resonance (LSPR)  

Plasmonic nanocrystals are a class of nanoparticles that sustain LSPR. To date, 

commonly employed plasmonic nanocrystals include metal nanoparticles mainly 

composed of Au and Ag, and more recently developed heavily-doped semiconductors, 

metal oxide and graphene. 9,10 While it can be expected that all the types of plasmonic 

nanocrystals will find their own specific niches, I choose metallic nanoparticles as the 

research topic in my work. 

A qualitative understanding of LSPR can be achieved by making an useful analogue to 

the mechanical resonance.2 In a mechanical resonance involving a simple harmonic 

oscillator, when the oscillator is displaced from its equilibrium position, it experiences a 

restoring force that induces a sinusoidal-type motion with a natural and characteristic 

frequency. When an external driving force is applied and in phase with the natural 

frequency, a mechanical resonance occurs, which results in a largest amplitudes of the 

oscillation and a maximum amount of mechanical energy from the external force absorbed 

by the oscillator. Similarly, in metals, the free electrons, which are often described as free-

electron plasma or solid-state plasma,11 move in a background of fixed positive ions (the 

vibrations of ions are ignored owing to their much larger mass than electrons). When being 

irradiated with an incident light, the free electrons are displaced relative to the ions by the 

electric field of the light. As a consequence, a restoring force arising from Coulomb 

attraction between electrons and ions leads to an oscillatory motion of the plasma with a 

characteristic frequency. Then, in case the light with its electric field component serving 
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as a sinusoidal driving force matches the plasma oscillation in frequency, an 

electromagnetic resonance is established. At such resonance, the metal structures absorb a 

maximum amount of electromagnetic energy from the incident radiation, and a largest 

amplitude of charge displacement is caused as well.  

An important term relevant to this electromagnetic resonance phenomenon is 

“plasmon”.  A plasmon is defined as a quantum quasi-particle representing the elementary 

excitations, or modes, of the collective oscillations of conduction band electrons in 

metals.12 Depending on where being excited, plasmons take different forms. For example, 

bulk plasmons correspond to bulk oscillation in a metal (Here, bulk refers to the three 

dimensions of a material being all larger than the wavelength λ of light). When being 

optically excited at a metal/dielectric interface, the plasmons are deemed surface plasmon-

polaritons (SPPs), and the corresponding resonance phenomenon is known as surface 

plasmon resonance (SPR). SPPs and bulk plasmons are quite different in at least two 

aspects: (i) SPPs form at the surface of a metal. Their frequency or intensity is significantly 

affected by the surface geometry and the surrounding environment (e.g., the refractive 

index of the dielectric). In contrast, bulk plasmons exist far away from the interface at the 

plasma frequency of a metal. (ii) Bulk plasmons are pure “plasmons” without photons 

coupled, while SPPs are mixed plasmon/photon excitations. 

Depending on the geometry of the supporting metals, two types of SPPs can be further 

classified: propagating SPPs (PSPPs) supported by a planar metallic surface (the metal 

surface is or can be approximated as a plane over the wavelength λ, Figure 1.1a) and 

localized SPPs (LSPPs) by a nanoparticle (the size is comparable or smaller than the 

wavelength λ, Figure 1.1b).13 In the case of PSPPs, incident light can be coupled into the 
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free conduction band electrons at the flat metallic surface through a prism or other 

approaches such as grating, roughness or point defect at metal surface. These techniques 

are necessary rather than optional, because a photon cannot directly excited the PSPP 

modes due to its smaller momentum than that of the PSPPs modes. The utilization of these 

techniques imparts the missing momentum or relaxes the conservation of momentum 

restrictions.12 Once PSPPs are excited, the resulting charge density waves propagate along 

all directions in the x-y plane of the interface, reaching distances on the order of 

micrometers. The electromagnetic radiation also extends in the z-direction normal to the 

interface, but the field falls off rapidly in an exponential fashion away from the surface, 

reaching roughly 200 nm into the surrounding dielectric medium.13  

 

Figure 1.1. Schematic diagrams illustrating (a) a propagating surface plasmon-polariton 

and (b) localized surface plasmon-polariton.13 

In the case of LSPPs, metal nanoparticles are too small to sustain a propagating wave 

any more. Light can directly interact with metal nanoparticles and becomes trapped at 

specific resonant wavelengths within a small volume surrounding the nanoparticle. This 

type of SPR appearing in metal nanoparticles is finally the LSPR that is relevant to 

plasmonic nanocrystals. Similar to PSPPs, the electric field of LSPPs also decays 
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exponentially with distance, but extending only several nanometers into the dielectric. As 

a result, electric fields that reside very close to the particle surface are tremendously 

enhanced, with the enhancement (LSPPs: 100‒1000 times of incident light) much larger 

than that of SPPs (PSPPs: 10‒100 times of incident light).  

Regardless of the difference, the electromagnetic energy in both types of SPPs is 

concentrated into subwavelength volumes at the surface of a metal, which overcomes the 

main constraint of classical optics-diffraction limit. 

1.2. Plasmonic Effects and Applications 

Excitation of LSPR endows the plasmonic nanocrystals with a number of exciting 

properties that are promising for a wide range of applications (Figure 1.2). One remarkable 

effect is a strong optical absorption at the resonant wavelength, which not only is 

responsible for the nanoparticles' brilliant color,14 but also makes these nanocrystals as 

efficient light-harvesting components that can be integrated in photovoltaic devices to 

significantly improve their performance.15 Because of the high concentration of light flux 

in small a volume, also built up is an intense electric field in the vicinity of the nanocrystal.  

Optical applications, such as surface-enhanced Raman spectroscopy (SERS), have been 

demonstrated to benefit dominantly from such enhanced electric field. For SERS, 

electromagnetic enhancement is the primary contribution mechanism.  Its magnitude (MEM, 

see Equation 1.1) relies on the local electric field (E) experienced by the analyte molecules 

approximately by a factor of E4:16 

MEM ≈ (
|E(ω)|

|E0|
)
2

(
|E(ω’)|

|E0|
)
2

≈ (
|E(ω)|

|E0|
)
4

          (1.1)  
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Where, E(ω) and E(ω') are the local E-fields at the incident frequency ω and the Stokes-

shifted frequency ω', respectively, and E0 is the E-field of the incident beam. Accordingly, 

if the target molecule is placed in the strong E-field surrounding the excited plasmonic 

nanocrystals, the Raman signal will be amplified tremendously by many orders of 

magnitude. For example, enhancement of 1014‒1015, which is high sufficiently to detect a 

single molecule, has been reported.17 

 

Figure 1.2. Schematic representation of radiative and nonradiative decay of localized 

surface plasmons in noble-metal nanoparticles and their potential applications. 

Following LSPR excitation, LSPPs decay rapidly (i.e., the collective oscillation of the 

conduction electrons dephases or loses coherence) on the timescale of 5-20 fs, either 

radiatively through resonant light scattering (i.e., re-emission of photons) or non-

radiatively through the creation of hot electron–hole pairs via Landau damping.18 The 

branching ratio between these two decay pathways is dictated by the radiance of the 

plasmon mode which for noble metal nanocrystals can be controlled by either modifying 

the particle's size and geometry or incorporating transition metals featuring strong 

intraband transitions.19 
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With the enhanced light-scattering ability, plasmonic nanocrystals have been utilized 

as optical contrast enhancement agent for bioimaging.20 When randomly dispersed in an 

optical system, they may also contribute to the development of random lasing by 

amplifying light through multiple light-scattering before the light escapes the system.21 

The hot electrons generated from plasmon decay rapidly (~100 fs) equilibrate with 

many lower energy electrons via electron-electron scattering (e.g., Auger transitions) to 

create a hot electron distribution. Subsequently, the hot electron distribution can be further 

cooled down through electron–phonon collisions at a time scale of 1−10 ps, ultimately 

leading to a rise in the lattice temperature. In a final step, the thermal energy dissipates into 

the surroundings, with the time scale (100 ps – 10 ns) dependent on the size and material 

of nanocrystals, and also the thermal conduction of the environment.19,22,23 

Because the hot electrons may exist beyond the lifetime of the plasmons, they stimulate 

a number of useful physical and chemical process. For example, they can inject into the 

lowest unoccupied molecular orbital (LUMO) of adsorbates on the metal surfaces to induce 

photoreactions,24,25 or into the conduction band of semiconductors chemically for 

photocatalytic water splitting26
 or physically for optoelectronic devices15 such as 

photodiodes,27 photodectectors,28 etc. The efficiency of these processes is apparently 

limited by repaid relaxation processes by which the energy of the hot electrons is converted 

to heat, but on the flip side, the local heating controlled by light has motivated many other 

practical applications, in particular, in the biomedical field, such as photoacoustic imaging, 

photothermal therapy and light-controlled drug release.29 
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1.3. Effects of Composition, Size and Shape on LSPR 

In order to fully exploit the potentials of plasmonic nanocrystals for specific 

applications, it is important to engineer their physical parameters (e.g., composition, size 

and shape) to achieve valuable control over the plasmonic properties.  

Selecting a suitable material composition is the first step. According to Mie theory 30   

that analytically solves Maxwell's equations for the optical response of small metallic 

spheres, one knows from the extinction cross section σext (Equation 1.2) that the resonance 

is established when ε'(λ) = −2 εm. 

𝜎𝑒𝑥𝑡 =
18𝜋𝑉𝜀𝑚

3/2

𝜆
 

𝜖′ ′ (𝜆)

[𝜀′(𝜆)+2𝜀𝑚]2  + 𝜀′′ (𝜆)2  
          (1.2) 

Where V is the particle volume; εm is the medium's dielectric constant; ε'(λ) and ε''(λ) are 

the real and imaginary part of the metal's dielectric function ε(λ) [ε(λ) = ε'(λ) + i ε'' (λ)], 

respectively. In theory, LSPR can be excited at any metal/dielectric interface in which the 

real part of the dielectric function of the metal and the dielectric constant of the dielectric 

material have opposite signs, in practical, however, not all metals are good for plasmonics. 

It requires the metal to have an appropriate dielectric function ε(λ).12  

(1) As a rule of thumb, ε'(λ) should satisfy −20 ≤ ε'(λ) ≤ −1, in order that LSPR can be 

excited in the visible and near-infrared. 

(2) ε''(λ) that characterizes the strength of the resonance, i.e., the larger the ε''(λ), the 

more lossy the LSPR, should be as small as possible to yield a strong resonance. 

Figure 1.3 lists the real part and imaginary part of the dielectric function of some metals.12 

Such metals as Al, Pd and Pt have been ruled out due to either the much absorption (e.g., 

Pd, Pt) or undesired resonance wavelength in the UV regime (e.g., Al). Although Li 
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exhibits desired properties across the visible range, it has not been used widely due to its 

super high chemical reactivity.  Based on overall considerations, Au and Ag are by far the 

two most popularly used metallic materials in plasmonics. In general, because the dielectric 

function of Ag is smaller than that of Au, Ag nanocrystals of a specific size and shape 

exhibit a blue-shifted and sharper LSPR compared to Au counterparts of the same size and 

shape. 

 

Figure 1.3. Overview of the real (left) and imaginary (right) parts of the dielectric function 

of a selection of metals that are plotted against wavelength.12 

Size is another pivotal factor that determines plasmonic properties including the ratio 

of absorption to scattering, the number of LSPR modes, the peak positon and linewidth of 

a LSPR mode, etc. According to Mie theory,30 the scattering(𝜎𝑠𝑐𝑎𝑡)  and absorption (𝜎𝑎𝑏𝑠)  

cross section of a nanoparticles (radius: r; 2πr << λ) varies as  r6 and r3, respectively.  

 𝜎𝑎𝑏𝑠 =  − 
8𝜋2

𝜆
𝑟3 Im [

𝑚2−1

𝑚2+2
]          (1.3)           

 𝜎𝑠𝑐𝑎𝑡 =   
128𝜋5

3𝜆4
 𝑟6  [

𝑚2−1

𝑚2+2
]2 = 

16

3
(
𝜋𝑟

𝜆
)3  

8𝜋2

𝜆
𝑟3 [

𝑚2−1

𝑚2+2
]2           (1.4)   
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Therefore, absorption dominates over scattering for small particles and vice versa. An 

example is shown in Figure 1.4, illustrating the calculated absorption, scattering and 

extinction spectra of a Ag nanosphere with a diameter of 40 and 140 nm.3 The optical 

response of 140-nm sphere is dominated by scattering. In contrast, the 40-nm sphere has a 

narrow LSPR peak, and its absorption and scattering cross sections are nearly equal. 

  

 

Figure 1.4. Calculated extinction (black), scattering (green), and absorption (red) spectra 

of Ag nanospheres of different diameters in water using Mie theory: (A) 40 nm and (B) 

140 nm.3  

Information also contained in Figure 1.4 is that the number of LSPR modes varies with 

the particle size. There is only one strong, sharp dipole mode at around 400 nm for the 40-

nm Ag sphere, whereas another broad quadruple mode at around 600 nm appears in 

addition to the dipole at 450 nm for the 140-nm Ag sphere. The origin that accounts for the 

optical excitation of multipole resonance is the retardation effect within the (large) 

nanocrystal. Such effect is caused by the slow response of conduction band electrons to 

incident fields, which leads to a phase mismatch between the effective charge oscillation 

and incoming light.1 Unlike multipole resonance that couples very weakly to free space 
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radiation, dipole resonance interacts strongly with radiation. For this reason, dipole modes 

and the higher order modes (e.g., quadrupole, octupole) are termed as bright and dark 

modes, respectively.  

Comparing the same dipole mode of the two spheres, one may also notice that the LSPR 

peak position of the larger sphere is red-shifted relative to that of the smaller sphere. This 

is because with the increase of the size, the charge separation on the nanoparticle increases, 

which results in a reduction of the restoring force for the dipole oscillation and thus a 

decrease in the resonance frequency or red-shift in wavelength.3    

The number and position of modes have dramatic influence on the resonance 

linewidth/sharpness. One the one hand, the presence of the high-order modes in large 

particles broadens the LSPR peak. One the other hand, the peak is red-shifted as the size 

increases. When the red-shift is significant enough, the broadening caused by interband 

transitions is possible to be avoided. In general, interband transitions contribute to the 

increased linewidth for small particles, whereas higher-order modes are responsible for 

increasing linewidth for large particles.7 

 

Figure 1.5. Calculated extinction spectra of a (a) Ag sphere of 40 nm in diameter using 

Mie theory, (b) cube of 40 nm in edge length and (c) octahedrons of 40 nm in edge length 

using DDA method.3 
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Despite the large effects of composition and size, their ability in manipulating the LSPR 

properties of quasi-spherical colloidal nanoparticles is limited. Shape instead is a versatile 

parameter that provides wider degree of control in designing plasmonic nanocrystals, as 

the breaking or reducing of shape symmetry of non-spherical nanoparticles enables the 

electrons to polarize in more than one way, which results in multiple LSPRs. A vivid 

example that involves a Ag sphere, cube and octahedron is shown in Figure 1.5.3 

Remarkably, the extinction spectra of the two lower-symmetry structure (i.e., cube and 

octahedron) both contain additional shoulder peaks beyond the strong dipole peak. 

Moreover, their LSPR positions undergo a red-shift relative to that of the sphere. A 

significant red-shift of up to 80 nm can be observed for the octahedron. Besides the far-

field spectra property, shape also has significant influence on the near-field close to the 

particle surface. This is in particular pronounced for nanocrystals with sharp shape features 

(e.g., corner, tip) which can effectively concentrate light into nanosized volumes and thus 

dramatically increase the field intensity. This phenomenon is also known as the “lightening 

rod effect” which has been widely used in field mediated or enhanced applications.31  

1.4. Gold Nanorod and Gold Nanorod-Based Plasmonic Nanocrystals 

To date, a myriad of plasmonic nanocrystals have been created.32 Among them, Au 

nanorods (AuNRs) have received particular interest due to their ease of colloidal synthesis, 

and splendid plasmonic properties such as synthetically adjustable plasmon energies and 

polarization sensitive optical responses.33 AuNRs exhibit two LSPR modes: one is the 

transverse LSPR mode associated with the electron oscillations along the transverse axis, 

and generally locates in the green range (~ 520 nm); the other is the longitudinal LSPR 

mode excited by light with a polarization along the longitudinal direction. The position of 
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the longitudinal mode is determined by the aspect ratio (i.e., the ratio of the rod length to 

the rod diameter), which can be synthetically tailored across a broad spectral range, 

covering the visible and near-infrared regions. Typically, the longitudinal mode is far from 

the interband transition range of gold (< ~ 600 nm), hence the plasmon damping is small, 

and large electric field can be generated around the rod ends under longitudinal excitation.  

 

Figure 1.6. TEM images of Au nanorod-based multimetallic nanostructures. (a) Au 

nanorod core–Au shell nanostructures in a dumbbell shape.34 (b) Au nanorod core–Ag shell 

nanostructures in a cuboidal shape.35 (c) Au nanorod–Pd shell nanostructures in a cuboidal 

shape.36 (d) Au nanorod decorated with Pt nanoparticles.37 (e) Au nanorod decorated with 

PdPt nanoparticles.38 (f) Au nanorod decorated with Ni nanoparticles.39 

Although AuNRs have been thoroughly exploited for miscellaneous applications,33 

further modification of AuNRs by applying a second metal to engineer the size, shape and 

composition can lead to distinct physical and chemical properties. Previously, a large 
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number of studies had been carried out on the development of Au nanocrystal-based 

multimetallic nanostructures, but most of them utilized generally isotropic Au 

nanoparticles (e.g., spheres, polyhedrons) as cores. To take advantage of the exceptional 

plasmonic properties of AuNRs, the procedures for Au nanoparticles were usually simply 

and routinely transferred to AuNRs. For example, AuNRs coated with Ag, Au, Pd, Pt, Ni, 

etc. have been created, which, as expected, generate distinct properties as compared with 

the original AuNRs (Figure 1.6).34-39 While these relatively simple nanostructures have 

been crucial for understanding the fundamentals of this field, constructing more complex 

structures with increased hierarchy will be necessary to realize the most useful and 

scientifically fruitful nanoarchitectures.2 However, how to design AuNR-based plasmonic 

nanocrystals to cater to this end remains a grand challenge.  

1.5. Scope of This Dissertation 

In this dissertation, I will present three unprecedented AuNR-based plasmonic 

nanocrystals that are designed for specific optical application and developed through a 

rational control of the shape or composition or both.  

Chapter 2 will focus on a monometallic Au nanorod-Au nanoparticle (AuNR-AuNP) 

dimer that was designed by employing a reverse biomimetic approach to possess an 

exceptional darkness due to its unique geometry which trapped light at the nanoscale with 

extreme efficiency. Broadband absorption measurements performed between 400−1300 

nm wavelengths with unpolarised light demonstrated that a microscopic filling fraction f = 

1.9 × 10−5 of nanostructures showed an almost ideal black−body absorption of 98%−99%, 

insensitive to light incident conditions. When deposited in thin films, this nanomaterial 

achieved remarkable performances of broadband absorption for any light input condition. 
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After the crystal structure and the AuNP's growth pathway on the AuNR seed were 

investigated, the mechanism of such an asymmetric growth of a secondary Au particle on 

a pre-synthesized AuNR was proposed. Finally, how to harness the structural darkness of 

this material for intriguing optical applications, including creation of a new source of light 

and photothermal conversion of solar light, were illustrated. The inexpensive 

wet−chemical synthesis developed in this work circumvented complex fabrication 

processes and opened pathways for large-scale applications of structurally dark 

nanomaterials. 

Chapter 3 will report a core-shell structured bimetallic nanorod (AuNR@AuAg) that 

had well-mixed Au and Ag atoms in the shell without discernible domains. The epitaxial 

growth of a homogeneously alloyed AuAg shell on Au nanorod seeds was enabled by a 

new synthetic strategy that involved a sufficiently slow addition of the precursors along 

with a suitable reducing agent. This degree of mixing allowed AuNR@AuAg to combine 

the high stability of Au with the superior plasmonic activity of Ag, thus outperforming pure 

Au nanostructures with comparable sizes and shapes (e.g., AuNR and AuNR@Au) in terms 

of the SERS activity, and other AuAg bimetallic core-shell structures with pure Ag shells 

(e.g., AuNR@Au@Ag and AuNR@Ag) in terms of the stability against oxidation by H2O2. 

Moreover, the longitudinal LSPR frequency of AuNR@AuAg could be readily tuned 

throughout the red wavelengths (~ 620−690 nm) by controlling the thickness of the AuAg 

alloy shell. The new synthetic strategy and the resulting nanocrystals developed held 

prospects for new possibilities in the synthesis and application of plasmonic nanocrystals. 

Chapter 4 will cover a high-index-faceted AuPd bimetallic core-shell nanostructure 

(HIF-AuNR@AuPd) that was synthesized through site-specific epitaxial growth of AuPd 
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alloy horns at the ends of Au nanorods. Using high-resolution electron microscopy and 

tomography, the complex three-dimensional morphology of HIF-AuNR@AuPd was 

successfully reconstructed, and the horns were identified to be bound with high-index 

{11l} (0.25 < l < 0.43) facets. With an electron beam probe, the distribution of localized 

surface plasmon over the HIF-AuNR@AuPd nanorods were visualized, showing that 

strong longitudinal surface plasmon resonance concentrated at the rod ends. The AuPd 

alloy horns that were bound with high-index Miller planes acted as active catalytic sites, 

while the ends of Au nanorods provided intense electric field for SERS. Such a unique 

configuration thus united highly active catalytic sites with strong SERS sites in a single 

entity and was ideal for in situ monitoring of catalytic reactions by SERS. Using the 

hydrogenation of 4-nitrothiophenol as a model reaction, its first-order reaction kinetics 

could be accurately determined by this platform. Interestingly, the superior catalytic 

activity of the rod ends relative to that of the rod bodies was also clearly identified, owing 

to the different SERS activities at the two positions. In comparison with other reported 

AuPd bimetallic nanostructures, HIF-AuNR@AuPd offered both higher catalytic activity 

and greater detection sensitivity. 
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Chapter 2. Thiol Ligand - Induced Asymmetric Growth of a Gold Nanosphere on 

Gold Nanorods: Broadband Absorption of a Black-Body for Creating a New Source 

of Light and Photothermal Conversion 

2.1. Introduction on Broadband Absorption and Black-Body 

Engineering broadband light absorbers that are insensitive to light incidence angle and 

polarization is of crucial importance in a large number of applications, such as energy 

harvesting with thermo/photovoltaics, detectors, cloaking devices, optical interconnects 

and beyond.1-9 The performances of an ideal broadband absorber are that of a black-body, 

a dark material that absorbs radiation at all angles, wavelengths and polarization, without 

exhibiting any transmission or reflection. A black-body can emit the same amount of 

energy that it absorbs,10 which makes it not only the perfect absorber, but also an ideal 

thermal source.11,12 Light absorbers available with the current technology, however, are 

still far from ideal black-body performances. To date, significant advances have been 

developed at the micro-scale, where several efforts have been made to improve broadband 

absorption for normal incidence conditions.13-18 The highest darkness achieved is reported 

with 99.95% absorption for carbon nanotubes with thicknesses of 800 µm, and broadband 

absorption between 98%−99% for thicknesses of 300−500µm under normal incidence.13,17 

The design of these media is typically guided by the principle of optimizing of light-matter 

interactions in a suitable resonant system of finite size, which represents the absorber.6,19 

With this project I endeavor to explore a different approach, which takes inspiration by 

natural structures that show an incredible whiteness, and thanks to the idea of chaotic 

energy harvesting,20 reverses the effect in a biomimetic material that is completely dark. 

The material is based on the random assembly of specific nanoparticles, which are totally 
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insensitive to angle of illumination, and can be fabricated in large scales with minimal 

costs.  

2.2. Design of Black-Body 

 

Figure 2.1. From a complex porous system to a nanostructured black-body for light. 

(a) Sketch of a porous material composed by a metallic cavity and a random network of 

pores, each made by an infinitely long waveguide. (b, left) Section along the plane (x′, y′) 

of the porous structure of panel (a) and associated light dynamics. (b, right) Transformed 

structure originated by applying a conformal mapping described by the transformation (x, 

y) = Ω(x′, y′) (see Methods for more details). In panel (b, left), the shaded area describing 

the pore is mapped into the curved area near the kissing point K. In panel (c) we illustrate 

our black-body structure, made by a collection of random scatterers, each represented by 

the nanostructure of panel (b, left). The structure in panel (c) is fully equivalent to the 

porous material of panel (a). 

Figure 2.1 illustrates on very simple physical grounds the designing idea of our 

material. The starting point of my discussion stems from the camouflage of a specific 

specie of beetle, the Cyphochilus. After millions of years of natural selection, this little 

animal developed a unique ability for the generation of ultra-brilliant shells.21 Such color 

is the result of disordered thin scales, which chaotically scatter light in all directions, thus 

generating a striking white color that keeps predators away. In order to reverse this effect, 
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we introduced a complex “porous” system (Figure 2.1a), which is constituted by a region 

of space (Figure 2.1a gradient blue area) with attached a random network of “pores” made 

by infinitely long, metallic waveguides. Light propagating in the space continuously 

bounces in the system (Figure 2.1a solid green line) until it reaches one of the pores. The 

left panel of Figure 2.1b shows a two dimensional projection of this dynamics along the 

plane (x′, y′). When impinging on a generic pore, some light is coupled into the waveguide 

channel departing from the pore, while the remaining energy is scattered back. Light 

entering into the waveguide (Figure 2.1a, b darker areas) never returns back, due to the 

infinite length of the channel, and is fully absorbed into the pore (Figure 2.1b, left panel, 

darker area). The disordered distribution of pores completely randomizes the reflections of 

light, providing a source of chaotic light scattering. In these conditions, the system 

dynamics is completely equivalent to a Brownian motion, where equivalent light particles 

diffuse in the system and generate an electromagnetic response that becomes almost 

independent of the input conditions.20 In the porous system of Figure 2.1b, the equivalent 

diffusion forces light to explore the distribution of pores with the same probability 

irrespective of the input conditions (frequency, angle of incidence and polarization), 

triggering a process of broadband absorption that creates a complete dark material. The 

structure of Figure 2.1a, in essence, exploits the chaotic scattering process observed in the 

camouflage of the Cyphochilus, using a complementary structure made by pores that do 

not allow light to escape. In order to transform the ideal design of Figure 2.1a into a 

realistic structure, we created a suitable illusion by mapping the single pore element of 

Figure 2.1b left into the finite nanostructure of Figure 2.1b right. The mapping is 

performed with transformation optics,22,23 by using a coordinate transformation (x, y) = 
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Ω(x′, y′) that “stretches” the space in order to emulate an infinitely long material (see 

Appendices 2.7.4). The two structures of Figure 2.1b display the same electromagnetic 

behavior. The nano-absorber illustrated in Figure 2.1b right encompasses a gold nanorod 

attached to a gold nanosphere, which mirrors the pores of the space (x′, y′) into the darker 

area shaded around the kissing point K. Light entering the pores in the transformed space 

(x, y) has the illusion to propagate into an infinitely long channel, which never terminates. 

The last ingredient to replicate the structure of Figure 2.1a is a disordered distribution of 

pores, which is essential to generate the equivalent Brownian motion and turn the two-

dimensional design of Figure 2.1b right into a three dimensional material. This is 

accomplished by creating a random collection of nano-absorbers (Figure 2.1c), each 

characterized by the structure of Figure 2.1b right. The two systems displayed in Figure 

2.1a and Figure 2.1c, despite the different appearance, are completely equivalent. In 

Figure 2.1c, light encompasses a random walk generated by the disordered distribution of 

nano-absorbers. Every time light reaches a nanostructure, a portion of light enters into the 

equivalent pore (i.e., darker area of Figure 2.1b) and never comes back. The remaining 

energy continues its random walk into the material and, after a sufficiently large number 

of scattering events, becomes fully absorbed in the system. It is worthwhile emphasizing 

that there is no theoretical limit to the absorption power of the waveguide pores, as they 

encompass channels of infinite length. However, non-idealities in the design of Figure 

2.1b right, such as surface roughness in the nanosphere, lead to the appearance in the space 

(x′, y′) of scattering objects inside the channel pores that produce unwanted reflections. It 

is important to consider this issue in the fabrication of these structures, in order to 

experimentally maximize the absorption power of the system. As illustrated in the 
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following, I developed a colloidal synthesis procedure that leads to excellent realizations 

of the ideal design, providing remarkable experimental performances. For simplicity, the 

nano-absorber illustrated in Figure 2.1b right is designated as “gold nanorod − gold 

nanoshphere” (AuNR−AuNS) dimer. 

2.3. Fabrication of Black-Body (Gold Nanorod – Gold Nanosphere Dimers) 

2.3.1. Synthetic Challenges  

Fabricating the AuNR−AuNS dimer designed in Figure 2.1c from a colloidal synthesis 

perspective presents significant challenges. Metallic nanocrystals synthesized via 

homogeneous nucleation and growth, in fact, usually exhibit highly symmetric 

morphologies (e.g., polyhedral), which are dictated by their intrinsic crystallographic 

symmetries.24 In order to break the symmetry of the nanocrystal while preserving the 

crystalline structure of the metal for the entire structure, I developed a wet-chemistry 

approach based on seeded-growth of a nanosphere from a nanorod. However, the synthesis 

of monometallic dimers via seed-mediated growth is not simple either, because one of the 

main driving forces for dimerization is the lattice mismatch between two materials. When 

the growth material is the same as the seed, epitaxial growth on the entire surface of the 

seed particle is favored over the formation of a dimer.25 Given the high degree of symmetry 

of metallic structures, it is conceivable that growing a single NS on a highly regular NR 

would be difficult because it would require one site on the NR at which the NS is grown to 

be differentiated from many other symmetry-equivalent sites. 

My fabrication scheme favors the growth of a discrete secondary particle on the 

nanorod seed particle (the Volmer-Weber growth mode) with respect to the continuous 
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epitaxial growth of the entire seed (the Frank-van der Merwe growth mode),26 thus 

guaranteeing the realization of nanostructures composed by one nanorod attached with a 

single nanosphere (see Section 2.3.2 below for synthetic details). This approach, being 

based on wet-chemistry techniques, opens up the scalable production of the designed nano-

absorber without any constraint on the quantity.  

2.3.2. Synthetic Procedures and Results 

(1) Synthesis of AuNR-AuNS Dimers: Single-crystalline AuNRs [length = (75.3 ± 7.4) 

nm, width = (18.4 ± 1.7) nm, concentration = ~ 336 pM in number of particles, see Figure 

A2.1 in Appendices 2.7.9] were first synthesized using the well-established seed-mediated 

method.27,28 In a standard synthesis, 0.25 mL of as-synthesized AuNRs were centrifuged 

and then redispersed into a freshly prepared cetrimonium bromide (CTAB, 0.5 mL, 10 mM) 

solution and 255 uL H2O. Subsequently, the 4-mercaptophenol (4-MP) ligand (28.3 uL, 11 

mM) was injected, followed by a gentle vortex lasting 5 s. The obtained mixture was then 

aged at room temperature for the purpose of incubating the AuNRs with 4-MP. After 

incubation for 1 h, HAuCl4 (20 uL, 7.5 mM) and ascorbic acid (30 uL, 7.5 mM) were 

sequentially added, followed by a gentle vortex lasting 5 s after each addition of the 

chemical. The resulting mixture was then left undisturbed at room temperature for 5 min. 

Finally, the product was washed and collected via centrifuge at 7800 rpm for 8 min.   

(2) Other comprehensive and thorough experimental procedures and methodologies, 

etc. are inserted in the Appendices 2.7.2 section at the end of this chapter. 
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Figure 2.2. Optical black-body: fabrication results via seeded growth of Au 

nanospheres from Au nanorods. (a) Transmission Electron Microscope (TEM) image of 

a realized sample, with detail on a single nanostructure in panel b. Panel c reports the High-

Resolution TEM image near the kissing point between the nanosphere and the nanorod. 

Figure 2.2a shows Transmission Electron Microscope (TEM) image of a 

representative sample, while Figure 2.2b illustrates a detail of a single absorber (AuNR-

AuNS dimer). Each dimer is composed by a nanorod of length 75 ± 7 nm, and diameter 18 

± 2 nm, and a nanosphere with diameter of 30 ± 3 nm. In Figure 2.2c, I employed a High-

Resolution TEM (HRTEM) to provide a further enlargement over the crystal structure near 

the kissing point K between the nanosphere and the nanorod, showing that a clear sharp 

corner is introduced by the differently curved surfaces of the rod and the sphere, which has 

the same crystalline structure and is grown through metallic bonding. The latter provides 

excellent thermal stability properties, as illustrated by different experiments in the 

Appendices 2.7.6. 
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2.3.3. Synthetic Mechanism  

 

Figure 2.3. TEM images of (a) the AuNR seeds and (b-d) various Au nanostructures after 

seeded growth with different concentrations of 4-MP: (b) peanut-shaped AuNRs (4-MP: 0 

mM), (c) irregular rugged AuNRs (4-MP: 1 mM), and (d) AuNR-AuNS dimers (4-MP: 11 

mM).  

To grow AuNR-AuNS dimers, the as-synthesized AuNRs (Figures 2.3a, A1) were first 

incubated with a thiol-ligand 4-mercaptophenol (4-MP), followed by the addition of a Au 

precursor (HAuCl4) and a reducing agent (ascorbic acid). We found that the concentration 

of 4-MP in the solution determines the final Au nanostructure. In the absence of 4-MP, a 

layer of Au was continuously grown around the AuNR with a preference for the rod ends, 

leading to the “peanut” shape of the final structure (Figure 2.3b). Selected-area electron 
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diffraction (SAED) demonstrated that each “peanut” remains a single crystal, while the 

high-resolution transmission electron microscopy (HRTEM) image accordingly showed a 

clear epitaxial interface between the newly grown layer and the original NR (Figures 

A2.2a-c). When the AuNRs were incubated with 1 mM of 4-MP, the growth of Au on the 

seed crystals became irregular, resulting in NRs with rugged surfaces (Figure 2.3c). A 

careful TEM investigation revealed that the newly grown Au layer was mainly composed 

of multiple-twinned crystals (Figures A2.2d, f), while epitaxial growth was also observed 

at the rod ends (Figures A2.2d, e). These observations suggest that two different 

mechanisms of secondary growth coexist under these conditions. Interestingly, when the 

concentration of 4-MP was increased to 11 mM, the desired AuNR-AuNS dimer structure 

was successfully produced in a high yield (> 90%), in which a single AuNP (~ 30 nm) was 

located in the “neck” region (with a few exceptions) on each individual AuNR that was 

otherwise nearly unchanged (Figures 2.3d, A2.3). As illustrated by SAED and HRTEM, 

the AuNR in the dimer remains single crystalline with a smooth surface (Figures 2.4a-d), 

whereas the AuNP is a multiple-twinned crystal (Figures 2.4c).  Successive nanotwins at 

the interface between the NP and NR were observed in the HRTEM image (Figure 2.4c) 

and confirmed by the diffuse streaks along the [111] direction in the fast Fourier transform 

(FFT) diffractogram (Figure 2.4e). The fact that the AuNR and AuNP are intergrown 

through a metallic lattice (metallic bonding) distinguishes the present AuNR-AuNS dimer 

from many previous dimer structures formed by the assembly of two separate particles with 

the help of surface ligands.29,30  
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Figure 2.4. (a) TEM image of a AuNR-AuNS dimer taken along the [11̅0] direction of the 

AuNR. (b) SAED pattern taken from the marked region in (a), illustrating the single-

crystalline nature of AuNR in the dimer. (c) HRTEM image of the AuNR-AuNS dimer, 

showing single-crystalline AuNR, multiple twinned AuNP, and a stacking fault-rich 

interface. (d, e) FFT diffractograms of (d) region I and (e) region II marked in (c). (f) 

Reconstructed tomographic images of a AuNR-AuNS dimer crystal projected along four 

<110> directions of the AuNR. (g) A tomographic cross-section slice of the AuNR in the 

dimer along the [001] axis, as illustrated in (f). 

These results indicate that with a high concentration of 4-MP, the continuous epitaxial 

growth of the Au layer was essentially inhibited, whereas the asymmetric growth of the 

twinned particle became dominant. In this sense, the irregular rugged AuNRs synthesized 
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with a medium concentration of 4-MP (i.e., 1 mM) can be considered as an intermediate 

between the “peanut” and the “dimer”. 

To the best of our knowledge, a colloidal noble metal structure integrating an 

anisotropic nanorod with a nanoparticle in the form of a dimer has not been fabricated 

before. We used electron tomography to reconstruct an individual dimer crystal from a 

series of high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images, which allows for better understanding of this unprecedented 

structure through three- dimensional visualization. The tomography results indicate that 

the multiple-twinned AuNP has an-irregular polyhedral shape with locally spherical 

surfaces, and that it is connected with the AuNR near one end of the rod, giving rise to an 

overall sunflower-like morphology of the dimer. Figure 2.4f shows typical reconstructed 

tomographic images of a dimer projected along four <110> directions of the AuNR (i.e., 

four 90 degree rotations along the rod axis). Moreover, the tomography results reveal that 

the shape of the AuNR in the dimer is closer to a slightly truncated tetragonal prism with 

four {110} facets as the main side surfaces (Figure 2.4g). It is worth noting that the NPs 

formed on different NRs may have slight variances from particle to particle, in terms of 

their sizes, shapes, and positions relative to the NR (Figures 2.3d, A2.3), and that the 

tomography results discussed above are from one randomly-selected dimer crystal.  

When the concentration of 4-MP in the system was further increased (> 15 mM), no 

obvious secondary growth on the AuNR seeds was observed after the same reaction time, 

possibly because the reduction of Au ions was inhibited by highly concentrated 4-MP 

ligands. We also found that the reaction for the peanut-shaped AuNRs was completed (no 

obvious further change in size and morphology) within ~ 5 s after the initiation of the 
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reduction, while the time required for the formation of AuNR-AuNS dimers was > 60 s 

(vide infra). These observations suggest a correlation between the reduction rate of the Au 

precursor and the final nanostructure, where the dimer structure is favored by relatively 

slow reaction kinetics. To verify this, we modified the synthetic system for the dimer 

structure (4-MP: 11 mM) to increase the reduction rate by either elevating the concentration 

of ascorbic acid (from 7.5 to 15 mM), replacing ascorbic acid with sodium ascorbate, or 

heating the reaction solution (from room temperature to 45 °C). In all cases, irregular NRs 

instead of dimers were produced after Au reduction. These results demonstrate the 

important influence of the reduction rate on the formation of the dimer structure. There are 

two possible reasons for the slow reduction rate associated with the high concentration of 

4-MP. First, thiol-ligands and AuCl4¯ ions form more stable thiolate-Au(I) complexes with 

lower reduction potentials;31 second, thiol-ligands occupy the surface sites of AuNRs 

through strong chemical adsorption, inhibiting the reduction of Au(I) ions by ascorbic acid 

for which the exposed Au surface acts as a catalyst.32  

However, controlled reduction kinetics of Au ions is a necessary but insufficient 

condition for the formation of the AuNR-AuNS dimer structure, because when the 

concentration of 4-MP was low, dimers could not be obtained no matter how the reduction 

rate was reduced by varying other conditions, e.g., by using lower temperatures or a smaller 

amount of ascorbic acid. In another control experiment, equal amounts of as-synthesized 

AuNRs (without incubation with 4-MP) and 4-MP incubated AuNRs were mixed and then 

used as seeds for the synthesis of the dimer structure, keeping the other conditions identical. 

We supposed the two types of AuNRs to experience the same reaction kinetics in the same 

reaction system. However, we found that the product was a roughly 1:1 mixture of irregular 
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crystals and dimer crystals (Figure A2.4). Therefore, in addition to controlling the reaction 

rate, the 4-MP ligand must play other role(s), most likely to do with the thermodynamics, 

in directing the formation of the dimer structure. Understanding the roles of 4-MP would 

be helpful to answering some as yet unanswered questions relevant to the dimer structure: 

(i) why are AuNPs preferentially grown in the “neck” region of the AuNR? (ii) why are the 

AuNPs all multiple-twinned crystals? (iii) why is there only one AuNP grown at one out of 

many symmetry-equivalent sites for each AuNR? (iv) how does the concentration of 4-MP 

influence the mechanism of secondary growth?    

The relatively slow kinetics of the formation of the dimer structure allows us to track 

the evolution of the AuNP on the AuNR by quenching the reaction to get intermediates and 

investigating them with TEM. Figure 2.5 shows TEM images of the products at different 

reaction times (3, 10, 20, 60, and 180 s) after the addition of ascorbic acid.  In the 3 s 

sample, the initial emergence of AuNP on the AuNR is observed. As shown in Figure 2.5a, 

most AuNRs have a small Au particle (~3 nm) protruding from the “neck” region. The 

HRTEM image clearly shows that the small particle is grown from the NR along the [111] 

direction (Figure 2.5f). Different from the defect-free body of the AuNR, the budding 

AuNP contains stacking faults, as indicated in the FFTs (Figure 2.5f, Insets I, II). In the 

next stage of the reaction (3 s to 20 s), the tiny Au buds gradually grow into larger irregular 

agglomerates of small grains with two typical overall morphologies: cauliflower-like and 

worm-like (Figures 2.5b, c). HRTEM images indicate that regardless of the morphology, 

these agglomerates are full of randomly grown nanotwins (large stacking faults) (Figures 

2.5g, A2.5). As in the case of the final dimer structure, twin boundaries are clearly observed 

at the interface between the AuNR and the growing agglomerate (Figures 2.5g, Inset). 
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Interestingly, the obvious difference in morphology vanishes as the reaction time is 

prolonged. In the 60 s sample, most AuNRs have a nearly round AuNP (Figure 2.5d), 

which resemble the NPs in the final dimers (i.e., the 180 s sample, Figure 2.5e) but have 

rougher surfaces and smaller sizes. 

 

Figure 2.5. TEM images of various intermediates of the AuNR-AuNS dimer at different 

growth stages, which were obtained by quenching the reaction at (a) 3, (b) 10, (c) 20, (d) 

60, and (e) 180 s. The circles in (a) encircle the tiny budding particles. The arrows in (b 

and c) indicate worm-like (red arrows) and cauliflower-like agglomerates (green arrows). 

(f) HRTEM image of the intermediate at 3 s, showing a small particle protruding from the 

AuNR along the [111] direction. Insets I and II are FFT diffractograms of region I and II 

marked in (f). The diffuse reflections in (II) indicate the presence of stacking faults. (g) 

HRTEM image of the intermediate at 20 s. The inset is an enlarged view of the interface, 

in which two arrows point to nanotwin boundaries.  
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It has been documented that strong ligands induce remarkable strains on metal 

surfaces,33 which in turn modulate the stacking-fault energy (SFE) of the metal.34,35 Such 

strains are usually inhomogeneous over the entire crystal surface, with their types and 

magnitudes depending on the exposed facets and the local surface curvature. Different 

surface strains influence the SFE differently. When a strain lowers the SFE, the formation 

of stacking faults or nanotwins in the crystal is promoted.34 In the present synthetic system, 

anisotropic AuNRs were incubated with 4-MP (a strong thiol-based ligand) before they 

were used for growing the dimer structure. The 4-MP ligand would give rise to a non-

uniform surface strain field on the AuNR, which helps to differentiate different crystal 

facets and “magnify” the tiny structural difference between symmetry-related sites (the 

strain is highly sensitive to local surface curvature). This might account for the observed 

preferential growth of a single AuNP on the AuNR in the dimer. Meanwhile, the 4-MP-

induced surface strain reduces the SFE, facilitating the growth of AuNP in the form of 

successive nanotwins. 

On the basis of these observations and analysis, we propose a mechanism that describes 

the growth of AuNP in the dimer structure as follows. The chemisorption of 4-MP ligands 

induces inhomogeneous strains on the surface of AuNR. Among different surface facets of 

the AuNR, the (111) bridging facets at the rod’s “neck” are the most strained and are thus 

preferred locations for Au deposition to form a twinning structure via stacking faults that 

can largely relieve the surface strain.36 Once the first twin structure is formed on a (111) 

facet, this facet is differentiated from other symmetry-equivalent facets, becoming an 

“active” site for the further growth of Au through successive twinning, as driven by the 

same strain-relieving mechanism (Figure 2.5a). New twins can be formed randomly in 
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different <111> directions, resulting in various agglomerates of small grains. Worm-like 

structures are formed when most new grains grow laterally along the rod, while radiative 

twinning leads to cauliflower-like structures (Figures 2.5b, c). At the final stage of 

synthesis, the agglomerates undergo a recrystallization process with small grains fused into 

large ones, accompanied by the disappearance of grain boundaries. As a consequence, 

differently-shaped agglomerates gradually develop into single AuNPs with similar shapes. 

If the reaction is prolonged, the NPs have fewer grains and smoother surfaces (Figures 

2.5d, e). 

 

Figure 2.6. (a, c) Atomic-resolution HRTEM images of (a) the as-synthesized (CTAB 

capped) AuNR and (c) 4-MP-incubated AuNR taken along the [1 1̅ 0] axes. (b, d) 

corresponding strain distributions of the shear component (εxy, the magnitude cut-off is ± 

8%) determined by geometric phase analysis. (e, f) Enlarged Bragg-filtered HRTEM 

images of (f) region I and (e) region II, as marked in (c). The maxima of the atomic columns 

are connected to form an array of rhombuses, where the resulting obtuse angles (θ) 

correlate with the magnitudes of the strains. 
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The key hypothesis of our proposed mechanism is that 4-MP ligands induce significant 

and inhomogeneous surface strain on the AuNR. In order to verify this hypothesis, we used 

HRTEM to characterize the as-synthesized AuNR (with weaker ligand CTAB) and the 

AuNR incubated with 4-MP, and then we visualized their strain distributions using 

geometric phase analysis (GPA).37 Atomic-resolution HRTEM images were taken for both 

types of AuNR along the [11̅0] axes, as the displacement of the densely packed (111) layers 

could be identified in this direction (Figures 2.6a, c). Interestingly, the GPA analysis 

showed that unlike the as-synthesized AuNR that exhibited little strain fluctuation over the 

entire crystal (Figure 2.6b), the 4-MP-incubated AuNR exhibited large shear deformation 

on the rod surface that was particularly localized on the (111) bridging facets in the “neck” 

regions (Figure 2.6d). Aligning the y-axis of the GPA map with the growth direction (i.e., 

the [001] axis) of the AuNR, the shear strain fields (εxy) in left and right bridging facets 

have opposite signs, indicating the same type of shear deformation caused by gliding of 

the {111} planes (Figure 2.6d). The shear strain was determined to be from the <112̅>{111} 

slip.38 In the Bragg-filtered HRTEM image of the 4-MP-incubated AuNR, an array of 

rhombuses are delineated by connecting neighboring atomic columns (Figures 2.6e, f). 

The magnitudes of the strains in different areas can be intuitively identified from the obtuse 

angles (θ) of the rhombus. Specifically, the angles measured at the side surface of the rod 

body (θ: 108.1°– 109.9°) are very close to the value for a perfectly ABC-stacked bulk 

structure (θ = 109.6°) (Figure 2.6f), whereas apparently smaller angles (θ: 102.5°– 105.2°) 

are observed at the bridging facets (Figure 2.6e). These results clearly demonstrate that 4-

MP can selectively induce large surface strain in the “neck” region of the AuNR, where the 

surface (111) planes undergo shear deformation along the [112̅] direction.   
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Theoretically, an unstable stacking fault (USF) at a displacement of a half Burgers 

vector (0.5|𝒃𝑝
⃗⃗ ⃗⃗  |, 1/12[112̅ ]) represents a barrier for the nucleation of a stable intrinsic 

stacking fault (ISF) at 𝒃𝑝
⃗⃗ ⃗⃗   = 1/6[112̅ ]. Overcoming this barrier with shear deformation 

would cause the spontaneous formation of stacking faults. In fact, it is known that the shear 

deformation along the [112̅ ] direction can lead to a sharp decrease of the SFE before 

reaching the critical magnitude (0.5|𝒃𝑝
⃗⃗ ⃗⃗ |).38 In our synthesis system, we found that although 

almost all the observed bridging (111) facets in the 4-MP-incubated AuNR have obvious 

shear strains, the absolute magnitudes of the strains vary from case to case. For instance, 

in the AuNR shown in Figure 2.6d, the right bridging facet has markedly greater shear 

strain than does its left counterpart (10% vs. 5%). This means that the intrinsic symmetry 

of the AuNR can be broken upon the exertion of uneven ligand-induced surface strains. 

Consequently, symmetry-equivalent surface facets are distinguished by their different 

SFEs, and the nucleation of stacking faults would preferentially take place at the one with 

the lowest SFE. This explains the fact that AuNP grows from only one of eight symmetry-

related {111} bridging facets on the AuNR. 

We were fortunate to capture the occurrence of the first stacking fault from a AuNR. 

Different from most AuNRs in the 3 s sample, this particular NR was at an early stage 

(likely the earliest stage) of seeded growth, in which the first stacking fault is clearly 

observed at the right bridging facet (Figure 2.7). This observation strongly supports our 

hypothesis that the nucleation of the AuNP starts from a stacking fault formed on the most 

strained bridging facet. The appearance of the stacking fault and of the subsequent twinning 

structures at only one bridging facet breaks the symmetry of the AuNR. The mis-stacking 

of atoms produces re-entrant edges, accelerating the crystal growth along the boundary.39-
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41 Meanwhile, the vicinity of the twin boundary has lower SFEs, where the nucleation of 

new stacking faults is greatly facilitated.42 In this sense, the growth of AuNP from the first 

stacking fault through continuous twinning is a self-accelerating and highly favorable 

process, which largely inhibits the nucleation/growth of new AuNPs on other sites of the 

AuNR.  

 

Figure 2.7. (a) HRTEM image of a AuNR taken at the earliest stage of the seeded growth 

along the [11̅0] axis, in which the formation of the first stacking fault at one bridging facet 

is captured, as indicated by the arrow. (b) Enlarged image of the highlighted region in (a) 

with the stacking manner of (111) planes specified. 

With the gradual consumption of the HAuCl4 precursor, the growth of AuNP reaches a 

plateau, while a slower “recrystallization” process becomes dominant. This is because 

irregular agglomerates of small grains are thermodynamically unstable and they tend to 

ripen into larger crystals with fewer grain boundaries and smaller surface-to-volume ratios 

to decrease the surface energy. Eventually, single large AuNPs (~ 30 nm) are evolved in 

the “neck” regions of the AuNRs. These single particles have multiple-twinned structures 

that appear to be close to decahedra or icosahedra. During the TEM characterization of the 
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20 s sample, we indeed observed the evolution of irregular agglomerates into a single 

particle that was induced by prolonged electron beam irradiation. Based on this observation 

and the well-recognized high mobility of metal atoms in nano-sized crystals,43 it is 

plausible to speculate that the recrystallization takes place through the migration of Au 

atoms in the solid phase, without dissolution and re-deposition processes. It is interesting 

to note that unlike the initial stages of the NP growth when the growing NPs are almost 

exclusively attached to the necks of the NRs (Figures 2.5a-c), a fraction of dimers at the 

final stage (after recrystallization) have AuNPs located at the body of the AuNRs (Figures 

2.3, 2.5e and A2.3). This observation suggests that the recrystallization may occasionally 

cause the final AuNP deviating from the original nucleation sites. We speculate that the 

NPs located at the necks and bodies of the NRs evolve from the cauliflower-like 

agglomerates and worm-like agglomerates, respectively. Liquid-cell in situ TEM44 is 

potentially helpful for revealing the growth dynamics of the two configurations in the dimer, 

and we plan to perform this study in near future. An alternative possibility is that there 

exists a small quantity of flawed AuNRs in the seed solution, which favor the growth of 

AuNP from the defects in the rod body, while we did not observe this process due to the 

limited sampling ability of TEM. 

A schematic illustration of the growth pathway of the AuNR-AuNS dimer structure is 

shown in Figure 2.8. It was recently proposed that thiol-based molecules can be embedded 

in metallic nanostructures during their growth, forming a “gap” in the final integrated 

crystals.45,46 Although supported by experimental observations, this embedding of organic 

molecules within the lattice of metallic crystals seems very unusual and contradictory to 

conventional wisdom. Interestingly, we often observe such intracrystal “gaps” in our 
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synthetic system, especially in the intermediate states (Figure 2.5i), and their formation 

can be explained by our growth mechanism as a consequence of random twinning. That is, 

a gap is formed when a part of a growing Au agglomerate happens to contact and thus 

interconnect with the NR after continuously and randomly twinning (Figures 2.5i, 2.8c, 

A2.5). As such, it is possible that surface ligand molecules are embedded in an overall 

integrated Au crystal. 

 

Figure 2.8. Schematic illustration of the growth pathway of a AuNR-AuNS dimer. (a) 

AuNR with a tetragonal prism body mainly enclosed by {110} side and {111} bridging 

facets. Two orthogonal views of (b) initial nucleation of a stacking fault (in silver color) on 

one (111) bridging facet; (c) subsequent growth of the Au agglomerate of small grains by 

random twinning; and (d) the final formation of a multi-twinned particle (an icosahedron 

was taken as an example) at the neck (left) and body (right) of the AuNR after 

recrystallization. The ellipse in (c) indicates the “gap” formed between the growing Au 

agglomerate and the AuNR as a consequence of random twinning.    

The proposed mechanism of ligand-induced inhomogeneous surface strains accounting 

for the asymmetric growth of AuNP on the AuNR is mainly based on thermodynamics. The 

question about the influence of the concentration of 4-MP, which determines not only the 

surface strains on AuNR seeds but also the reduction rate of the Au precursor, on the 

secondary growth of Au has yet to be fully addressed (Figure 2.3). To achieve a 
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thermodynamically controlled process requires sufficiently slow reaction kinetics. As 

discussed earlier, a higher 4-MP concentration leads to a slower reduction rate in this 

system. In the absence of 4-MP, the AuNR has trivial surface strain and epitaxial growth is 

therefore highly favored even with a fast reduction rate (Figure 2.3b). At the other extreme, 

an optimally high concentration of 4-MP induces strong inhomogeneous strains on the 

AuNR surface to distinguish a single bridging facet for nucleation and, at the same time, 

results in a slow reduction rate to ensure thermodynamically controlled growth of AuNP at 

the sole nucleation site (Figure 2.3d). With a medium concentration of 4-MP, despite the 

existence of local surface strains, the relatively fast reduction rate leads to indiscriminate 

crystal growth on the AuNR in both twinning and epitaxial manners. Consequently, 

irregular NRs with different secondary growth mechanisms are obtained (Figure 2.3c). 

2.4. Broadband Optical Property of Gold Nanorod – Gold Nanosphere Dimers 

In a first series of experiments, we dispersed the dimers into a liquid host material, 

composed of water, and study the absorption of the nanostructures by varying their 

concentration as integer multiples of a unit density C0 = 2.7 × 1010 cm-3. The latter has been 

determined by using inductively coupled plasma-optical emission spectrometry. It is 

worthwhile remarking that even in the case of maximum concentration 14C0, the volume 

filling fraction f of nanostructures is extremely microscopic and equal to f = 1.9 × 10-5 only. 

This amount is 3 orders of magnitude smaller than the typical filling fraction fc ≈ 0.03 of 

carbon nanotubes used to realize the darkest absorbers available in the literature.13 Despite 

the ultra-small amount of nanoplasmonic material in our samples, we can immediately 

perceive the absorption power of our nanostructures by the deep dark color acquired by the 

host liquid (Figure 2.9a, sample 14C0). By varying the concentration of nanoparticles we 
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observe the generation of colors across different shades of grey (Figure 2.9a). We 

characterize them by displaying the corresponding position in a Red Green Blue (RGB) 

cube, whose axis R, G and B show the amount of red, green and blue, respectively, 

contained in the color (Figure 2.9b). Our material displays structural colors in the diagonal 

connecting the darkest point in the cube with the brightest one at the opposite edge. This 

witnesses the broadband nature of our absorbers, which in all concentrations displays a 

wide spectral response. Appendices Figure A2.6 illustrates the structural color achieved 

by diluting a fixed concentration 14C0 of nanospheres, nanorods, as well as their mixture, 

into water. In all the examined cases, the samples acquire very light shades of red color, 

without showing any features of a blackbody absorber.  

 

Figure 2.9. Tuning structural darkness of the samples. (a) Visual appearance of samples 

at different concentrations, measured as multiples of a unit concentration C0 = 2.7 × 1010 

cm-3. (b) The position of each color in the Red Green Blue (RGB) cube, obtained by 

extracting the relative component of red, green and blue from the corresponding images. 
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Figure 2.10. Absorption experimental results. (a) Sketch of the integrating sphere setup 

used to measure total integrated absorption: the sample is placed in the middle of the 

sphere, while a goniometric stage ensures off axis illumination. (b) Nanoparticle absorption 

γ and absorbance lg1/(1− γ) measured between 400 nm and 1200 nm for a varying sample 

concentration. In panel a, we reported both the average value (solid black line), as well as 

the result for different illumination angles (solid red lines). (c) Absorption versus sample 

concentration (measured in multiples of the unit concentration C0) at the wavelength λ = 

497 nm.  

In order to quantify the level of darkness reached by our nanostructures, we provided a 

series of absorption measurements, by using a UV-VIS-IR spectrum analyzer (Appendices 

2.7.5). The nanoparticles tend to sediment after a long period of approximatively 10 days 

(Figure A2.7). Sedimentation does not therefore influence any of the reported results. 

Figure 2.10 summarizes the results. An integrating sphere was used in the configuration 

sketched in Figure 2.10a, where the sample was placed in the middle of the sphere and 

off-axis (by the angle θ variable in a range of ± 70 degrees) with respect to the input light. 

Our nanostructures have a fully disordered distribution, hence, a single measurement is 

already representative of the response of the sample under different illumination angles. In 

order to verify this result, each measurement was repeated by removing the sample and 

agitating it, creating different random distributions of nanostructures each time. For each 
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sample, the angle within 30 degrees was also rotated. Figure 2.10b presents the results of 

nanoparticle absorption γ and absorbance δ, the latter defined as δ = lg (1/1- γ). In the figure, 

we report individual spectra obtained for each θ (Figure 2.10b, solid red lines), as well as 

their average value over the rotation angle θ (Figure 2.10b, solid black line). We performed 

the measurements in the visible and infrared window defined between 400 nm and 1200 

nm. In the broadband optical window investigated, the material shows a quite flat 

absorption spectrum between 98% − 99%, showing a peak maximum of 99.2% at the 

wavelength λ = 497 nm. Panel c of Figure 2.10 shows a detailed dependence of the 

absorption versus the sample concentration for the specific wavelength λ = 497 nm, 

illustrating the possibility to fully tune the material response in a wide range of absorption 

values between 20%−99.2%. The system response manifests a nonlinear relationship with 

the concentration, which shows a very sharp transition in the range ∈ [0.5C0, 4C0], while 

almost saturating for nanoparticles concentration > 4C0. For concentrations > 14C0, we do 

not observe any appreciable absorption increase. In order to further illustrate the absorption 

properties of these nanostructures, we compare their absorption to commercially available 

carbon nanotubes (CNT) (Figure A2.8). In our experiments, we dispersed a volume filling 

fraction f = 1.9 × 10-5 of CNT with nanotube lengths between 0.3µm − 5µm into water, 

and compared their absorption (Figure A2.8, solid green line) to the response of our dimers 

in the same configuration (Figure A2.8, solid red line). As shown in the figure, our 

nanostructures achieve an impressive absorption result.  
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Figure 2.11. Absorption of planar thin films: experimental results. Panel a shows a 

SEM cross section image of a fabricated sample, composed of a substrate of Si with 

deposited a thin layer of dimers. Panel b reports the absorption spectra for different layer 

thicknesses t under normal incidence illuminations. The measurement is performed with 

the integrating sphere setup illustrated in Figure 2.10. In panel b, we reported the results 

for different samples (solid red lines), as well as the average value (solid black line). Panel 

c, finally, shows the average absorption of the sample for a varying illumination angle. For 

each input angle θ, we average the calculated absorption in the wavelength range 400 nm 

−1400 nm (Panel c, solid markers). In panel c, the average absorption for a varying θ is 

normalized with respect to the average absorption under normal incident conditions θ = 0. 

Achieving strong broadband absorption with a microscopic filling fraction of 

nanoparticles opens up the possibility to engineer thin film structures of remarkable 

absorption power. To this extent, we deposited through spin coating a thin layer of dimers 

over a Si substrate (Figure 2.11), and measured the total absorption of the structure with 

the integrating sphere setup of Figure 2.11a, varying the illumination angles between -70 

degrees and +70 degrees. Figure 2.11b reports the results for normal incidence, while 

Figure 2.11c illustrates the absorption, averaged over the whole bandwidth between 400 

nm - 1400 nm, for different illumination angles. A layer of only 4.9µm thickness already 

achieves an average broadband absorption of 95% (Figure 2.11b, solid red line), with a 

peak value of 96.8% at the wavelength λ = 900 nm. By increasing the layer thickness to t 

= 10.2 µm, we measured an almost flat average absorption of 98.43%, with a peak 

absorption of 99.7% at the wavelength λ = 850 nm. These results well agree with the 
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nanoparticles absorption obtained in the liquid sample. The absorption of the sample is 

practically insensitive to the illumination angle (Figure 2.11c). By considering input angles 

as large as 60 degrees, the material maintains an impressive average broadband absorption 

of 98%. To the best of our knowledge, this value of averaged absorption at oblique 

incidence is the highest reported for a thin structure of 10.2 µm in such a large optical 

window. 

2.5. Applications of Gold Nanorod – Gold Nanosphere Dimers 

2.5.1. Creation of a New Source Light 

The possibility to create thermally stable and versatile dark nanoparticles that can be 

easily dispersed into liquid and assembled in thin film structures, opens up new possible 

applications of black-body materials. An intriguing question is related to the dynamics of 

a blackbody when placed into an active material that can continuously inject photons in the 

system. This condition can be easily realized by mixing our nanostructures with a dye or a 

more general optical amplifier, which is pumped to generate photons by e.g., fluorescence 

or stimulated emission. Intuitively we might expect that, due to the complete darkness of 

the material, all generated photons are absorbed inside the nanoparticles. However, if an 

extremely dark medium such as a black-body is placed into an environment at nonzero 

temperature and has the opportunity to reach a thermodynamic equilibrium, light 

absorption becomes mediated by a strong process of thermal emission. In this situation, we 

theoretically investigated the physical scenario by developing a quantum statistical model 

of light-matter interaction (see Appendices 2.7.7). Theory is then complemented by a 

series of experiments performed with Rhodamine B, a well-known dye with fluorescence  
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Figure 2.12. Light condensation with dark nanoparticles: summary of theoretical and 

experimental results. Panel a shows the theoretical prediction on the evolution of the 

energy density spectrum W (ω) of a black-body in the presence of an active material, which 

generates photons in a bandwidth ∆ω. The photon number increase is expressed by the 

pumping rate P, which measures the variation of the total number of photons contained in 

the bandwidth ∆ω. The calculations have been performed from Eq. (2.1). In the calculation 

we used an effective inverse temperature β = 1/T = 1/300. Panel b illustrates the 

experimentally acquired emission spectra in our measurements, which have been 

performed by pumping a Rhodamine B dye with a pulsed ns laser system. Laser input 

power p was varied in the range between p = 50 mW and p = 450 mW, which corresponds 

to a pumping rate P between P = 1 and P = 9. In panel b, the theoretical prediction in the 

case of P = 9 (dashed line) is reported for completeness. Panels c and d, finally, display the 

evolution of the emission peak (c) and FWHM (d) of the spectra displayed in panel a-b for 

a varying pumping rate P. 
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peak at λ = 625 nm. In our experiments, we optically pumped an aqueous solution 

composed by 1.4 mM of Rhodamine B and a 4C0 concentration of nanostructures (≈ 95% 

absorption in the fluorescence bandwidth of the dye) with a pulsed laser emitting 10 ns 

pulses with repetition rate 10 Hz at the wavelength λ = 532 nm. We focused laser light on 

a 3 mm circular spot at the surface of the sample. The resulting emission spectra have then 

been collected by a fiber-spectrograph. Figure 2.12 summarizes theoretical and 

experimental results. We begin by discussing the evolution of the energy density W (ω) of 

the system, at thermodynamic equilibrium and in the presence of an active material that 

injects photons in a bandwidth ∆ω. The expression of W (ω) reads:   

𝑊(𝜔) =  
√∆𝜔2−𝜔2

𝜋∆𝜔2
coth[𝛽

𝑙(𝑃) − 𝜔

2
],        (2.1) 

being β = 1/T an effective inverse temperature that characterizes the thermodynamic 

equilibrium state of the material and l a state parameter that depends on the pumping rate 

P, which measures the rate of photon number increase in the system. The condition of 

thermodynamic equilibrium is a natural hypothesis for our system. The light-matter 

interaction with 10 ns pulses at 10 Hz repetition rate, in fact, generates photons that scatter 

inside the dye molecules and the nanoparticles for a very large temporal window before 

being probed by the ms integration time of our spectrum analyzer. This furnishes enough 

time to the photons to reorganize their distribution according to the thermodynamics 

configuration that minimizes the free-energy of the system. Figure 2.12a illustrates the 

results of this process by plotting the behavior of W at different pumping P. At low 

pumping rates, the emission spectrum does not show any particular behavior and maintains 

a bell-shaped form in ω ∈ [−∆ω, ∆ω] (P < 2). However, when the pumping gets stronger 
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(P > 3), a radically different dynamics is observed: the black-body self-redistributes the 

energy in the spectrum and a condensation process occurs, which constructively builds up 

photons at the highest frequency ωc = ∆ω. Such counterintuitive dynamics depends on the 

fact that the condensate represents the most favorable energetic configuration for the 

system. In this process, the higher the energy that is optically pumped into the black-body, 

the stronger the tendency of the system to redistribute the spectral power to create a 

macroscopic dominant state at band edge. Figure 2.12a reports the experimentally 

acquired emission spectra at different pumping rates. In order to match the pumping rate 

of our calculations, we varied the laser input power from p = 50 mW to p = 450 mW. At 

low powers, we observed a broadband emission around 628 nm, which corresponds to the 

fluorescence of the dye. When the pumping rate gets higher, in complete agreement with 

Figure 2.12a, we observed the spontaneous creation of an optical condensate, which 

systematically transfers all the available spectral energy at the band-edge frequency state 

around 590 nm. By comparing the experimental results (Figure 2.12b solid green line) 

with the theoretical prediction (Figure 2.12b dashed green line) at the largest pumping rate 

P = 9, we found a remarkable good agreement. The properties of the condensation process 

are further studied in Figure 2.12c, which illustrates the experimental (markers) and 

theoretical (solid line) behavior of the energy peak for an increasing P. Quite remarkably, 

we observe that the energy peak increases exponentially for a linear increase of P. At the 

highest input power p = 450 mW, which corresponds to an enhancement rate of P = 9, the 

emission peak is ≈ 60 times larger with respect to the initial value, showing a very good 

agreement with our statistical model. The dynamics measured in Figure 2.12c reports the 

signature of condensation process, which makes it different from the typical emission of 
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resonant nanoplasmonic structures.47 In resonant nanoparticles such as, e.g., nanospheres 

or nanorods subjected to stimulated amplification, in fact, the emission peak shows an 

abrupt transition when the pumping rate is increased. Such a transition marks the difference 

between spontaneous and stimulated emission. In the latter regime, the peak power 

increases linearly with P, with a higher slope than in the case of spontaneous emission. In 

Figure 2.12c, the system response exhibits a smooth nonlinear behavior and does not 

manifest any sharp variation. This results from the nature of the condensation process. In 

this particular dynamics, as seen from Figure 2.12a-b, all the bandwidth progressively 

participates to amplify the macroscopic state at band-edge: a linear increase in the total 

number of photons, which implies a linear increase in the area of W (ω), generates a 

nonlinear increase of the emission peak because the condensation process is getting energy 

from more and more frequencies. Figure 2.12d, finally, shows the behavior of the Full-

Width Half-Maximum (FWHM) of the emission spectrum at different pumping rates P. 

Theory is quantitatively in good agreement with experimental outcomes, which show a 

significant shrinking of the emission linewidth of the system. Deviations in the FWHM 

between theory and experiments in the central region of the curve are due to the presence 

of amplified spontaneous emission, or superluminescence,48 of the Rhodamine B used in 

our measurements. Superluminescence is a well-known phenomenon with broad spectral 

characteristics, which is generated by the stimulated amplification of the spontaneous 

emission of a gain material. In the experiments of Figure 2.12d, the competition between 

superluminescence and light condensation is observed in the smooth knee formed around 

628 nm in the recorded spectra. The presence of superluminescence is intrinsic to our setup, 

where the concentration of nanoparticles is diluted in a much higher volume of dye (each 
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nano-absorber is dispersed in 6 × 109 dye molecules), and light scatters in a large region 

of dye before reaching the nanostructures. The presence of superluminescence alters the 

shape of the emission curve around λ = 628 nm, affecting the evaluation of FWHM in 

central region of Figure 2.12d. The deviation is minimized at high pumping rates, when 

the effects of condensation are stronger (see Figure 2.12b dashed line and Figure 2.12d). 

To provide further analysis on the light condensation effect, we study the spectral 

characteristics of the emission peak with a Gaussian decomposition analysis (see 

Appendices 2.7.6). This analysis shows that at the highest pumping power P = 9, the 

emission linewidth of the nanoparticles is only 5.6 nm wide, starting from an initial broad 

emission of approximatively 50 nm bandwidth at P = 1. This corresponds to a 9-fold 

reduction of the spectrum. In our experiments, for nanoparticles concentrations lower than 

4C0, we still observed the condensation dynamics but with less pronounced effects. This is 

due to the fact that at lower absorption, the system tends to lose the black-body character 

and electromagnetic energy is not efficiently trapped inside it, requiring a higher pumping 

power in order to initiate the condensation effect. By using a pumping power P < 450 mW, 

we did not observe condensation effects for nanoparticles concentration below 2C0 

(average broadband absorption 80%). It is worthwhile stressing that the condensation 

dynamics reported in Figure 2.12 is unrelated to Anderson localization of light in strongly 

scattering dielectrics,49 which is a dynamics of spatial origin that does not show any 

similarity with the cooperative spectral dynamics of light condensation observed here. 
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2.5.2. Solar Photothermal Conversion 

 

Figure 2.13. Measurements of (b) the temperature increase due to heating of the fluid 

volume and (c) mass loss due to the vapor release during solar irradiation of pure H2O 

(green squares), AuNR/AuNP mixture (wine-red dots) and AuNR–AuNS dimer (dark 

triangles) suspensions. 

The broadband absorption also makes the AuNR-AuNS dimer potentially useful in 

solar-light harvesting. It has been well established that the absorbed light energy, if not 

reradiated through light scattering, is mainly dissipated into heat, which would lead to a 

dramatic rise in the temperature in the nanometer-scale vicinity of the particle surface.50,51 

In a proof-of-concept experiment, we investigated the photothermal effect of the AuNR-

AuNS dimer in an aqueous suspension under irradiation by a solar simulator (AM 1.5G). 

The generated heat energy can be partitioned into two parts: one generating steam and the 

other heating the liquid.51 To quantify the energy efficiency, we monitored both the overall 

mass loss caused by vapor release and the temperature increase due to the liquid heating 

(Figure 2.13). An aqueous suspension of the AuNR/AuNP mixture (having the same Au 

atomic concentration as the dimer suspension) and one of pure H2O with equal volumes 
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were also examined for comparison. We used the experimental data to determine the 

consumed energies associated with the vapor generation and the liquid heating. With 

constant incident solar energy, the mass loss from pure H2O was trivial and the temperature 

increase was less than 2°C in 7.5 min (0.5 – 8 min). The temperature increases over the 

same irradiation period from the dimer and mixture were 11.1 and 8.0 °C. Therefore, the 

“net” temperature increases (deducting the temperature increase of 2°C from the pure H2O) 

were 9.1 and 6.0 °C, corresponding to an energy consumption of 19.1 and 12.6 J, 

respectively (Figure 2.13a). Meanwhile, the overall mass losses of dimer and mixture 

suspensions were 7.2 and 3.7 mg, (Figure 2.13b) corresponding to an energy consumption 

of 16.3 and 8.4 J, respectively. These results represent a good example where the broadband 

absorption of the AuNR-AuNS dimer is advantageous over the narrow-band resonance 

absorption of conventional plasmonic NCs. 

2.6 Discussion and Conclusions 

We designed and realized asymmetric monometallic Au dimer nanocrystals by 

selective growth of single AuNSs on single-crystalline AuNRs, and identified the growth 

pathway with TEM. We proposed that the thiol-based ligand 4-MP plays crucial roles in 

directing the formation of the dimer structure. Thermodynamically, it induces significant 

and inhomogeneous surface strain on the AuNR to initiate the growth of AuNP from 

stacking faults; kinetically, it modulates the reduction rate of the Au precursor to prevent 

uncontrolled deposition.  

The obtained AuNR-AuNS dimer particles, even in extremely microscopic quantities, 

exhibit in the visible and infrared window an almost ideal black-body absorption 

performance, which does not require normal incidence conditions and/or specific 
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polarizations. The structural darkness of the system is fully tunable in a wide range of 

values and observable in extremely thin film structures. In conjunction with an optical 

amplifier, it spontaneously generates monochromatic emission through a process of light 

condensation. Engineered dark nanoparticles are quite interesting in many aspects. They 

are very versatile, easily dispersed into liquids and easily deposited in solid thin film 

structures. Through light condensation effects, they achieve single line emission, such as 

classical lasers, but without the use of a cavity, resonance or any special design element. In 

addition, monochromatic emission is achieved with exponential efficiency, by harnessing 

broadband energy from emission spectra that can be in principle arbitrary large.  

A fascinating issue concerns the possibility to use such nanostructures to harness a wide 

portion of solar spectrum and efficiently concentrate it to a single color. This could not 

only significantly increase the efficiency of photovoltaic technology, but also benefit to a 

large part of the available photonic/plasmonic technology for energy harvesting and 

transmission, which is typically optimized for narrow band excitations. Our synthesis 

procedure is fully compatible for the development of core-shell structures that embeds our 

metallic nano-absorbers (i.e., the core) into a dielectric shell that can be subsequently 

infiltrated with different active materials, thus creating optimized nanostructures for light 

emission and manipulation through condensation effects.  

Among the many applications of ideal absorbers, an interesting possibility concerns the 

photo-thermal enhancement of energy conversion processes, including thermodynamic 

solar applications.5 All these technologies6 rely on the efficient temperature increase of 

liquids (e.g., water) or crystalline solids materials. Due to a seeded growth mechanism, the 

nanorod and the nanosphere are intergrowth by metallic bonding in our nanostructures, 
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which can therefore resist up to high temperatures. The broad absorption characteristics 

observed in the nano-scaled pores of our absorbers can have dramatic effects on the 

temperature increase of a host material, furnishing an ideal system to investigate energy 

harvesting phenomena.  

From a more fundamental perspective, the condensation observed in Figure 2.12 open 

stimulating perspectives, especially with reference to the Bose-Einstein Condensation 

(BEC) of light observed in optical microcavities.52 Although a thorough analysis of this 

issue goes beyond the scope of this paper, we can here highlight some important aspects. 

In the experiments performed in,52 the authors reported a BEC of light by varying the 

photons density in a dye material that is maintained in thermal equilibrium inside a 

microresonator. In our experiments we report a condensation dynamics in a dye filled with 

dark nanoparticles, which do not possess any resonant behavior. As in literature [52] 52, 

thermalization is achieved through a complex process involving absorption, scattering and 

re-emission in the dye material. Both nanoparticles and dye molecules scatter light energy, 

and therefore both systems in principle can contribute to the scattering process. However, 

the ultra-small concentration of nanoparticles, their small scattering cross section in the 

visible (Figure A2.9e), as well as their dark nature, suggests that the main scattering player 

in this setup is represented by the dye material. The main role of the nanoparticles is to 

keep radiation inside the system, creating the black-body condition necessary for light 

condensation to be observed according to our theory. This is achieved thanks to the 

nanoparticles structural darkness, which traps light energy inside the system. Our 

experiments illustrate this point very clearly, showing the existence of a minimum darkness 

threshold (80% as stated in the previous paragraph) for experimentally observing light 
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condensation in our setup. This opens a scenario that is so far unexplored in active 

materials. An interesting question, in this respect, concerns the dynamical role of our 

nanoparticles in sustaining the number-conserving thermalization process observed in 

Figure 2.12, which is a remarkable result especially considering the simplicity of our setup. 

The answer to this question can open new fundamental connections between Bose-Einstein 

condensation of light and nanoplasmonics. 

2.7. Appendices 

2.7.1. Experimental Section  

Chemicals and Materials. Chloroauric acid (HAuCl4, 99.999%), silver nitrate 

(AgNO3, 99.8+%), sodium borohydride (NaBH4, 99%), L-ascorbic acid (AA, 99+%), 4-

Mercaptophenol (4-MP, 97+%), hydrochloric acid (HCl, 36.5-38.0%), 

hexadecyltrimethylammonium bromide (CTAB, 99%) and ethanol (99.5+%) were all 

obtained from Sigma-Aldrich and used as received without further purification. All 

aqueous solutions were prepared using deionized (DI) water with a resistivity of 18.2 

MΩ·cm. 

Synthesis of Au Nanorods (AuNRs). The AuNRs were grown using a previously 

reported seeded growth method. 27,28 Specifically, the seed solution was made by injecting 

a freshly prepared, ice-cold aqueous NaBH4 solution (0.01 M, 0.6 mL) into an aqueous 

mixture composed of HAuCl4 (0.01 M, 0.25 mL) and cetyltrimethylammonium bromide 

(CTAB, 0.1 M, 9.75 mL), followed by rapid inversion for 2 min. This resulting seed 

solution was aged at room temperature for at least 2 h to ensure the complete decomposition 

of excess NaBH4. The growth solution was prepared by the sequential addition of aqueous 
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HAuCl4 (0.01 M, 2.0 mL), AgNO3 (0.01 M, 0.4 mL), HCl (1.0 M, 0.8 mL), and AA (0.1 

M, 0.32 mL) solutions into an aqueous CTAB (0.1 M, 40 mL) solution. After gently shaking 

this growth solution for 30 s, 0.15 mL of the seed solution was injected. The resulting 

reaction solution was gently mixed by inversion for 10 s and then left undisturbed at room 

temperature overnight. The obtained nanorods were washed via centrifugation two times: 

1) at 7830 rpm for 30 min, followed by the removal of the supernatant solution and 

redispersion into 40 mL of deionized H2O; 2) at 7830 rpm for 30 min, followed by the 

removal of the supernatant solution and redispersion into 30 mL of deionized H2O. 

Synthesis of Au Nanoparticles (AuNPs: ~30 nm). The growth of AuNPs was 

achieved using a modified previously reported seeded growth method.53,54 The seed 

solution was made by injecting a freshly prepared, ice-cold aqueous NaBH4 solution (0.01 

M, 0.3 mL) into an aqueous mixture composed of HAuCl4 (0.01 M, 0.125 mL) and CTAB 

(0.1 M, 3.75 mL), followed by rapid inversion for 2 min. This resulting seed solution was 

aged at room temperature for 1 h to ensure the complete decomposition of the excess 

NaBH4 and then ten-fold diluted with H2O. The growth solution was prepared by the 

sequential addition of aqueous CTAB (0.1 M, 6.4 mL), HAuCl4 (0.01 M, 0.8 mL), and AA 

(0.1 M, 3.8 mL) into water (32 mL).  After gently shaking this growth solution for 30 s, 

200 uL of the diluted seed solution was injected into the growth solution. The resulting 

reaction solution was gently mixed by inversion for 10 s and then left undisturbed at room 

temperature overnight.  

Synthesis of AuNR-AuNS Dimers. In a standard synthesis, 0.25 mL of as-synthesized 

AuNRs [length = (75.3 ± 7.4) nm, width = (18.4 ± 1.7) nm, concentration = ~ 336 pM in 

number of particles] were centrifuged and then redispersed into a freshly prepared CTAB 
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(0.5 mL, 10 mM) solution and 255 uL H2O. Subsequently, the 4-MP ligand (28.3 uL, 11 

mM) was injected, followed by a gentle vortex lasting 5 s. The obtained mixture was then 

aged at room temperature for the purpose of incubating the AuNRs with 4-MP. After 

incubation for 1 h, HAuCl4 (20 uL, 7.5 mM) and ascorbic acid (30 uL, 7.5 mM) were 

sequentially added, followed by a gentle vortex lasting 5 s after each addition of the 

chemical. The resulting mixture was then left undisturbed at room temperature for 5 min. 

Finally, the product was washed and collected via centrifuge at 7800 rpm for 8 min. To 

quench the synthesis at different time points, 100 uL of the reaction solution was quickly 

injected into 15 mL of ice-cold H2O and then immediately subjected to a cryo centrifuge 

(7830 rpm, 5 min) at −2 °C.  

Preparation of AuNR/AuNP Mixtures. The mixtures were prepared by mixing the 

same amount (particle number) of the as-synthesized AuNRs and AuNPs as that of those 

in the AuNR-AuNS dimer. Because the AuNRs and AuNPs in the mixture have roughly 

the same size as those in the AuNR-AuNS dimer, the overall atomic concentration of Au is 

also identical in the mixture and dimer. The calculation of the particle number was based 

on TEM images and inductively coupled plasma optical emission spectrometry (ICP-OES). 

Characterization Methods and Instruments. Absorption spectra were taken on a 

Varian Cary 5000 UV−vis−NIR spectrophotometer equipped with an integrating sphere. 

To monitor the mass loss and fluid heating, a solar simulator (AM 1.5G, 100mW/cm2, 

Newport 91160-1000) was used to irradiate the dimer or mixture suspension (~ 672pM) or 

pure H2O through an optical cuvette (L × W × H: 10 × 4.5 × 13 mm) that was placed on an 

analytical balance (Mettler Toledo, 0.1 mg resolution). The temperature was recorded by 

an online-type thermocouple thermometer (DT-8891E Shenzhen Everbest Machinery 
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Industry Co., Ltd., 0.1°C resolution). Low-magnification TEM images were acquired on a 

FEI-Tecnai T12 microscope operated at 120 kV. High-resolution TEM imaging and STEM 

tomography were carried out on a FEI-Titan ST electron microscope operated at 300 kV. 

An electron tomography tilt series from −74° to 74° at 1° intervals was first aligned and 

then reconstructed to a 3-D volume using the SIRT function in the FEI Inspect 3-D software. 

The 3-D isosurface rendering, density segmentation and volume manipulation were then 

achieved by the Avizo software. 

2.7.2. Transformation Optics 

In order to map the structure of Figure 2.1b left into Figure 2.1b right, we used the form 

invariant property of Maxwell equations under conformal mapping.23 The latter introduces 

a set of complex numbers z = x + iy and z′ = x′ + iy′, which describe each point in the 

original (Figure 2.1b  left) and transformed (Figure 2.1b right) space. The two spaces are 

related by the coordinate transformation z = Ω(z′) = (z′)−1, which stretches the space by 

transforming circular objects into planes and vice versa, as well as mapping the ideal 

structure of Figure 2.1b left into the structure of Figure 2.1b right. Optical transformations 

of the type z = Ω(z′) = (z′)−1 are deeply discussed in23  and references therein, the reader 

is therefore remanded to this literature for additional technical details. 

2.7.3. Spectrophotometer Measurements  

All absorption measurements were carried out using a CARY 5000 UV-Vis-NIR 

spectrophotometer equipped with an integrating sphere. Absorption was calculated as 

100% - T - R, being T and R the energy transmission and reflection respectively. The 100% 

transmission baseline measurement was an empty sphere. The absorption of the 
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nanoparticles in the liquid solution is estimated by using standard arguments from 

elementary wave theory. Figure A2.10 illustrates the dynamics of light when impinging 

on a sample composed by a glass cuvette with a liquid inside. Each glass side of the cuvette 

is characterized by one input air/glass and output glass/water interface. In order to simplify 

the analysis, we group together these two interfaces into a single air/glass/water interface 

element. For a liquid composed only by water, light of intensity I0 is initially reflected by 

the first interface air/glass/water and generate the first component r0 = I0 · r, being r the 

reflectivity of the air/glass/water interface element. The transmitted energy I0 (1 − r) 

propagates into water, reaching the output air/glass/water interface as I0(1 − r)α, being α ∈ 

[0, 1] the attenuation of water, with 1 − α the water absorption. Light transmitted at the 

output air/glass/water interface generates the first contribution to the transmissivity t0 = 

I0(1 − r)2α, as well as a series of multiple reflections/transmissions in the sample, whose 

components can be straightforwardly found by iterating the propagation algorithm 

described above. Total reflectivity Rw, transmissivity Tw and absorption Aw = 1 − Tw − Rw 

are expressed as follows:  

 

 

𝑇𝑤 =  𝛴𝑛 

𝑡𝑛
𝐼0

= 
(1 − 𝑟2)𝛼

1 − 𝑟2𝛼2
 

                𝑅𝑤 = 𝛴𝑛 
𝑟𝑛

𝐼0
= 𝑟 (1 + 𝑇𝑤𝛼)          (2.2) 

𝐴𝑤 = 
(𝑟 − 1)(1 − 𝛼)

𝑟𝛼 − 1
 

When a second attenuating specie such as our nanoparticles is diluted in the liquid at an 

ultra-small concentration, Equation (2.2) hold with α → α·β, being 1−β ≡ γ the absorption 
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of the nanoparticles. From the total absorption of the sample A = (r − 1) (1 − αβ) / (rαβ − 

1), we can easily obtain the nanoparticles absorption 𝛾by direct inversion:                                                                                                     

               γ = 1 − 
𝐴+𝑟−1

𝛼(𝐴𝑟+ 𝑟−1)
           (2.3) 

Quantities r and α appearing in (2.3) are directly measured in our setup from the 

transmission Tw and absorption Aw of a water sample through Equations (2.2). Once these 

quantities are measured, the nanoparticles absorption is obtained after an absorption 

measurement A through (2.3). To evaluate the accuracy of our setup, we provided a 

calibration experiment by reporting the spectrum of r(λ) as measured from a water sample 

made by a glass cuvette filled with water. We considered normal incident condition. We 

compare the experimentally retrieved result to the exact value obtained from the transfer 

matrix equations of a multilayer structure composed by air/glass/water planar interfaces. 

For glass and water, we used optical constants estimated independently from us and 

available in the literature.55,56 Figure A2.10 illustrates the results. The figure shows an 

excellent matching, with the largest difference between the exact result and the measured 

one of only 0.6%, showing the great accuracy of our setup. When deposited in the planar 

film structure, the nanoparticles absorption An is directly evaluated from the absorption An 

= 100% − R − T of the whole sample. 100% transmission baseline is an empty sphere. 

2.7.4. Thermal Stability of the Dimer Nanostructures  

The metallic bonding between the nanosphere and the nanorod gives to our 

nanoparticles excellent thermal stability properties, as we illustrate in this section. In a first 

series of experiments, we monitor the stability of the nanoparticles subjected to an 

increasing temperature. Figure A2.11 illustrates the results, obtained during 200 minutes 



88 
 

where the nanoparticles temperature is increased from room temperature to T = 600 °C 

(Figure A2.11, left panel). This measurement has been performed in situ of the TEM 

imaging facility, by depositing the nanoparticles over the standard TEM grid and collecting 

TEM snapshots of the same nanostructure at different temperatures. The results (Figure 

A2.11a-f) show that the system is completely stable and unaffected by the temperature 

increase. The amorphous material surrounding the particles and visible Figure A2.11 is 

carbon contaminant, which accumulated on the particles during the heating process. In a 

second series of experiments, we deposited the nanoparticles on the TEM grid and 

subjected them to a prolonged solar illumination (Figure A2.12). This experiment is 

realized by using a Newport 91160-1000 solar simulator, which generates an intensity of 

2KW/m2. TEM images acquired before and after 10 hours of solar illumination (Figure 

A2.12) show that the nanoparticles are perfectly stable and do not suffer from any apparent 

deformation. Figure A2.13 reports the dynamics of the absorption spectra of the 

nanoparticles at different temperatures. The experiments were performed by heating the 

nanoparticles deposited by spin-coating over a planar sample, and then measuring the 

nanoparticles absorption at every 50 °C temperature increase after reaching the temperature 

of 150 °C. The absorption spectra appears quite stable: at 150, 200 and 250 °C, the average 

absorption variation is 0.4%, 0.7% and 0.8%. 

2.7.5. First Principle Simulations of Light-Matter Interaction in a Single Dimer  

In order to complement the ray optics picture provided in the main text, we here present 

the results of full first principle simulations on the light matter interaction with a single 

dimer. We begin by considering an enlarged portion of the structure represented in Figure 

2.1b left of the main text, and simulate by Finite-difference time-domain (FDTD) the 
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dynamics of light in the presence of a radiating dipole placed in the axis origin (x, y) = (0, 

0). In the transformed geometry of Figure 2.1b right of the main text, this point 

corresponds to the infinity point and simulates an external source placed far away from the 

nanostructure. As expected on the basis of ray analysis, light bounces into the structure and 

get coupled into the metallic waveguides in terms of Surface Plasmon Polariton (SPP) 

waves,57 which exists at the metallo-dielectric interface (Figure A2.9a) and are butt-

coupled inside the channels. In the geometry of Figure A2.9a, light propagates in the 

waveguide channels without never reaching the end, which occurs at infinity. In the 

transformed geometry of Figure 2.1 right of the main text, this illusion is provided by an 

adiabatic compression of the waveguide modes (Figure A2.9b-c). This originated from the 

contraction of the space generated by the coordinate transformation: while electromagnetic 

energy tends to propagate towards the kissing point K (corresponding to infinity in Figure 

A2.9a), the velocity of the electromagnetic energy is progressively reduced in Figure 

A2.9b-c, eventually reaching the point K in an infinite time. This mechanism allows light 

to be efficiently absorbed in an extremely narrow spatial region where the electromagnetic 

energy is accumulated (Figure A2.9c). Figure A2.9d-e, finally, report the absorption σa 

and scattering σs cross section of a single dimer nanoabsorber, comparing it to the response 

of a nanosphere (blue dots) and a nanorod (green dots). Calculations have been made by 

using finite element simulations with COMSOL mutliphysics software. The absorption 

cross section of a single nanostructure, as expected on the basis of our theory, shows almost 

flat absorption over the visible and near infrared. The absorption of the nanosphere is in 

general orders of magnitude higher than the one of a nanorod and a nanosphere, except in 
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the region between 400 nm and 500 nm where the nanosphere exhibits its nanoplasmonic 

resonance and the two structures have comparable cross section. 

2.7.6. Competition between Superluminescence and Light Condensation Effects 

To analyze the condensation process in more detail, we fit each emission spectra W(ω) 

with a series of Gaussian line-shaped functions: 

𝑊(𝜔) =  𝛴 𝑎𝑛 𝑒
−

(𝜔−𝜔𝑛)2

𝛿𝜔𝑛
2 2⁄           (2.4) 

being an, ωn and δωn the amplitude, central frequency and linewidth, respectively, of each 

Gaussian function of the expansion. Gaussian functions are quite robust, and well fit 

localized function profiles such as the spectral emissions illustrated in Figure 2.12. 

Supplementary Figure A2.14 illustrates the distribution of linewidths δωn at different 

pumping rates P. In the plot, we scaled each linewidth δωn contribution with the 

corresponding amplitude an in the expansion (2.4). The figure provides a clear view of the 

dynamics, showing a very strong condensation process that, from an initial broad linewidth 

of ≈ 50 nm, generates a final emission line that is only 5.6 nm wide. This correspond to a 

9th-fold reduction of the spectral linewidth. As a further validation of these results, and in 

order to clearly show the fundamental role of our nanostructures in sustaining light 

condensation effects, we performed experiments by employing a solution of Rhodamine B 

with no nanostructures. Figure A2.14b shows the distribution of linewidths δω for the case 

of a pure solution of Rhodamine B, pumped with the same rate of Figure A2.14a. In the 

absence of nanostructures, energy emission remains with broad spectral features, showing 

modes with approximatively 40 nm linewidth. Figure A2.15 provides the emission spectra 

of the dye. For increasing pumping rates P, the dye tends to acquire a more asymmetric 
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shape around the central emitted frequency at 628 nm, which identifies the 

superluminescence emission frequency of the dye. In order to quantitively study the 

competition among condensation and superluminescence, we extracted the latter 

contribution from the amplitude an of the Gaussian function centred at 628 nm in the 

expansion (4) of the spectra of Figure 2.12 of the main text. Figure A2.16 reports the 

behavior of the energy peak of superluminescence for increasing pumping rate P. The 

contribution arising from light condensation at band-edge is reported for completeness. 

Despite the extremely small amount of nanostructures, the process of light condensation is 

extremely effective, showing a significant increase with respect to the much smaller 

variation due to superluminescence effects. 
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2.7.7. Figure A2.1‒Figure A2.16  

 

Figure A2.1. A low-magnification TEM image of the initial AuNR seeds. The statistical 

analysis based on 200 particles shows that the rods have a mean length of (75.3 ± 7.4) nm, 

and a diameter of (18.4 ± 1.7) nm. 
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Figure A2.2. (a) TEM image and (b) indexed SAED pattern of a single-crystalline peanut 

shaped AuNR taken along the [11̅0] axis; (c) HRTEM image of the highlighted region in 

(a). (d) TEM image of an irregular rugged AuNR, which contains both epitaxially grown 

(single-crystalline) and multiple twinned domains, as indicated by the HRTEM images (e 

and f) and the corresponding FFT diffractograms (insets) taken from the two highlighted 

regions in (d). 
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Figure A2.3. A low-magnification TEM image of the AuNR–AuNS dimers, showing the 

high yield of the synthesis.  
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Figure A2.4. A mixture of irregular AuNRs and AuNR–AuNP dimers obtained from the 

synthesis using the mixed as-synthesized AuNRs (i.e., without incubation with 4-MP) and 

pre-incubated AuNRs (with 11 mM 4-MP) as seeds. 
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Figure A2.5. HRTEM images of two intermediate nanostrucutres obtained after 20 

seconds’ reaction. These images indicate that worm-like agglomerates on the AuNRs are 

constituted of randomly grown nanograins. The insets are the corresponding low-

magnification images showing the overall particle morphologies.  
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Figure A2.6. Structural darkness of our material versus individual components: 

nanospheres, nanorods and their mixture. The figure illustrates the structural color 

formed by (from left to right): individual nanospheres, individual nanorods, mixture of 

nanospheres and nanorods, and our nanostructures. In all cases we used the same 

concentration 14C0 of nanomaterial. 
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Figure A2.7. Nanoparticles absorption in liquid solution versus time. The 

figure illustrates the variation Δγ = (γ − γ0)/γ0 of nanoparticles absorption γ versus time, 

being γ0 the nanoparticles absorption spectrum at day 0. The measurement has been 

performed by keeping the sample inside the integrating sphere and measuring the 

nanoparticles absorption day by day. 
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Figure A2.8. Absorption spectrum of our nanomaterial versus carbon nanotubes. The 

figure compares the absorption spectrum, measured by the integrating sphere configuration 

of Fig. 2.10a, of our nanostructures (solid red line) and commercial carbon nanotubes 

(CNT, solid green line). In order to compare the two systems in the same configuration, we 

used a fixed volume filling fraction of material corresponding to f = 1.9 × 10−5, which 

corresponds to a concentration of dimers of 14C0. In our experiments, we employed carbon 

nanotubes from Sigma-Aldrich, with nanotube lengths between 0.3μm‒5μm. 
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Figure A2.9. Light-matter interaction with a single nanoabsorber: first-principle 

results. Panel (a-b) report the FDTD calculated electromagnetic energy distribution of (a) 

the structure of Fig. 2.1b left of the main text and (b) the transformed structure represented 

in Fig. 2.1b right of the main text. Panel (c) provides a zoomed detail of the area around 

the kissing point region in Panel b. In the simulation, we used a radiating dipole placed at 

infinity in the geometry of Panel (b). The dipole location in the transformed space of Panel 

(a) corresponds to the axes origin (x, y) = (0, 0). Due to the scaling invariance of Maxwell 

equations, we use dimensionless spatial units defined with reference to the scaling constant 

a. Panel e-d, finally, reports the absorption σa (d) and scattering σs (e) cross section, 

calculated by finite element simulations using the COMSOL multiphysics software. 
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Figure A2.10. Calibration measurement of the UV-VIS-NIR spectrometer. (a) 

Multiple reflections model for analyzing light propagation in the glass cuvette sample. 

Panel (b) reports the reflectivity r measured from the transmission Tw and absorption Aw 

of a sample composed by a glass cuvette filled up with water, for normal incidence 

illumination. The solid red line represent our experimental measure, the solid blue line 

illustrates the exact result calculated by using Fresnel formulae and the refractive indices 

of glass and water available in the literature. 
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Figure A2.11. Stability of the nanoparticles versus temperature: in situ TEM results. 

Left panel reports the temperature increase of the nanoparticles, measured from room 

temperature, with associated TEM snapshots (a-f panels on the right) of the same 

nanoparticle at different times. 
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Figure A2.12. TEM images of nanoparticles after prolonged solar illumination. Panel 

a reports TEM images of selected nanoparticles at the beginning of the experiment, prior 

to the illumination. Panel b reports TEM images of the nanoparticles image after 10 hours 

of solar illumination, obtained by exposing the nanoparticles to a solar simulator generating 

the intensity of 2KW/m2. 
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Figure A2.13. Nanoparticles absorption spectra versus temperature. The figure reports 

the variation Δγ = (γ − γ0)/γ0 of nanoparticles absorption γ versus temperature, being γ0 the 

nanoparticles absorption spectrum at room temperature. 
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Figure A2.14. Analysis of the linewidth of emission spectra. Panel a reports the 

distribution of linewidths δωn of the experimental spectra W (ω) of Fig. 2.12 of the main 

text for a varying pumping rate. The analysis is performed by decomposing each W(ω) 

through Eq. (2.4), which encompasses n = 1, ..., N localized exponential functions each 

defined by an amplitude an and a linewdith δωn. In panel a, each contribution δωn is 

displayed with a color that is proportional to the corresponding amplitude an in the 

expansion. Panel b shows the same type of analysis in the case of a pure solution of 

Rhodamine B. 
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Figure A2.15. Dye emission for increasing pumping rates. Figure shows the dye 

emission spectra for increasing pumping rates P (from the bottom spectrum to the top: P = 

1, P = 4, P = 7) in the same experimental conditions of Fig. 2.12 of the main text but without 

nanostructures. 
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Figure A2.16. Competition between superluminescence and light condensation in the 

emitted spectra of Fig. 2.12b of the main text. Figure shows the behavior of the energy 

peak emitted through superluminescence (diamond markers) and condensation (circle 

markers) for a varying pumping rate in the emitted spectra of the dark material. The 

contribution of superluminescence has been extracted from the expansion of Eq. (2.4), by 

calculating the amplitude of the corresponding exponential peak emitted at 628 nm. 
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Chapter 3. Injection Rate-Controlled Growth of a Homogeneously Alloyed AuAg 

Shell on Au Nanorods:  Strong, Stable, and Tunable Surface Plasmon Resonances 

for Surface-Enhanced Raman Spectroscopy in an Oxidative Environment 

3.1. Introduction on Rod Shaped AuAg Alloy 

Metal nanocrystals have rich and fascinating optical properties that arise from the 

excitation of localized surface plasmon resonances (SPRs).1 Among the numerous 

plasmonic nanocrystals of different sizes, shapes, and compositions, anisotropic Au 

nanorods (AuNRs) are of particular interest because the wavelength and strength of their 

longitudinal SPRs (LSPRs) can be adjusted by tuning the aspect ratio of the rods.2,3 As 

illustrated by the finite-difference time-domain (FDTD) simulation, with the aspect ratio 

of a AuNR increasing from 1 (i.e., isotropic sphere) to 4.4, the maximum intensity of the 

electric field rendered by LSPRs is enhanced by ~125 times, while the resonance 

wavelength undergoes a considerable bathochromic shift from 530 to 850 nm (Figure 

A3.1). The intense LSPRs of AuNRs in the near-infrared (NIR, > 780 nm) region are 

particularly useful for biological applications;4-6 however, a wide range of applications 

requires plasmonic responses in the visible range of the spectra.7-11 For example, Wang et 

al.7 and MiKi et al.8 reported the SPR induced efficient visible light harvesting for 

enhancing the visible photocatalytic activities of ceria and titania, respectively. 

Smolyaninov et al.9  demonstrated a magnifying superlens whose design was based on the 

optics of surface plasmon polaritons in the visible frequency range. Tricarico et al.10 

investigated the plasmonic layered structures for conformal electromagnetic cloaking 

covers at visible wavelengths. Therefore, positioning strong LSPR of rod-shaped 

nanocrystals at wavelengths of < 700 nm is desirable. 
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According to Gans' equation that was initially developed to deal with ellipsoids,12 the 

LSPR frequency (ω) of rod-shaped nanocrystals can be approximately determined by:  

ε′(ω) = −
(1−𝑃) 

𝑃
ε𝑚      (3.1) 

where ε'(ω) is the real part of the metal’s dielectric function, εm  is the medium’s dielectric 

function, and P is the depolarization factor for the longitudinal axis of the rod-shaped 

particle; the strength and width of the resonance is characterized by a quality factor (Q):13 

𝑄 =
  𝜔 (𝑑ε′/𝑑𝜔)  

 2 [ε′′(ω)]2
      (3.2) 

where ε'' (ω) is the imaginary part of the metal’s dielectric function. Thanks to the smaller 

dielectric function (both the real and imaginary part) of elemental Ag compared with 

elemental Au, Ag nanorods (AgNRs) have an even stronger LSPR (Equation 3.2) at a 

shorter wavelength (Equation 3.1) than do AuNRs of the same aspect ratio (see Figure 

A3.1). Because direct synthesis is difficult, pre-synthesized AuNRs are commonly coated 

with a Ag shell as a strategy to prepare AgNRs, allowing control of the aspect ratio of 

AgNRs and thus their LSPRs.14 Although AgNRs have intriguing plasmonic properties, 

they have not been widely used in practical applications, mainly because their susceptibility 

to oxidation makes them unstable, severely deteriorating its intrinsic high plasmonic 

activity.   

Several attempts have been made to improve the stability of Ag-based plasmonic 

nanocrystals. For example, an extra protective SiO2 layer was deposited on Ag 

nanostructures;15,16 however, thick and dense SiO2 limited the approach of target molecules 

to the surface of Ag, while thin and porous SiO2 provided insufficient protection.17 Efforts 

to deposit a protective Au layer caused partial dissolution of Ag as a result of a replacement 
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reaction between Ag crystals and Au precursors.18-20 Recently, a report investigating a 

replacement reaction-free coating of Au on Ag found that the thickness of Au must be 

delicately controlled to avoid diminishing the plasmonic activity of the inner Ag core.21 

An alternative and perhaps more effective method is to homogeneously alloy elemental Ag 

with elemental Au in nanocrystals. The role of Au to stabilize Ag through alloying has been 

documented in the literature:22,23 a higher oxidation potential was required to trigger the 

replacement reaction of Ag when it was alloyed with Au;22 the replacement reaction of Ag 

was hindered when the molar ratio of Au/Ag was greater than 0.17.23 A number of diverse 

approaches have been developed to prepare AuAg alloyed nanocrystals including laser 

ablation,24 sputter deposition,25 phase-transfer,26 replacement reaction,27 digestive 

ripening,28 interface diffusion,29 and co-reduction of Au and Ag precursors.30-32 However, 

these efforts have paid little attention to achieving compositional homogeneity in the 

crystals produced because they did not consider the chemical stability of Ag. Two recent 

studies indicated that uniform mixing of Au and Ag atoms (compositional homogeneity) in 

the nanocrystal is required to achieve the “stabilizing” effect and that Ag 

remains susceptible to oxidation if the two elements are segregated into large domains 

(results were verified in this work (vide infra)).33,34 These two studies are currently the only 

successful examples of the preservation of both plasmonic activity and chemical stability 

by synthesizing homogeneously alloyed AuAg nanocrystals; however, their synthetic 

methods were limited to the production of isotropic (nearly spherical) nanocrystals. In one 

of these studies,33 the combined use of NH4OH and NaBH4 facilitated a uniform mixing of 

Au and Ag during co-reduction, but the strong reducing power of NaBH4 and the 

consequential fast reduction kinetics resulted in the formation of small round crystals (< 
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10 nm) with a poor size distribution. In the other study, Yin’s group fabricated fully alloyed 

AuAg nanospheres with good compositional homogeneity through the high temperature 

(~1000 °C) annealing of SiO2-coated Au-Ag core-shell nanopolyhedrons.34 This method 

requires complex procedures (e.g., coating and removal of SiO2) and harsh annealing 

conditions, but more importantly, it cannot produce alloyed nanocrystals with special 

shapes (e.g., rods, cubes) other than spheres because regardless of their original shape, at 

such high annealing temperatures, nanocrystals will fuse into spherical particles 

(see Figure A3.2). Therefore, shape-dependent SPR properties are yet unavailable for 

homogeneously alloyed nanocrystals synthesized by the existing methods, and their SPRs 

are confined within the characteristic wavelengths of the Au and Ag spheres (i.e., ~380‒

520 nm).35 

In this project, I endeavoured to fabricate homogeneously alloyed AuAg shells on 

AuNRs with the aim of integrating the merits of the AuAg alloy (high plasmonic activity 

and excellent stability) with the advantages of anisotropic nanorods (strong and adjustable 

LSPRs). To this end, we developed a facile synthetic strategy with no constraints on 

nanocrystal shape. This strategy took advantage of a simultaneous and slow addition of Au 

and Ag precursors into pre-synthesized AuNR solutions containing a strong reducing agent, 

which guarantees compositional homogeneity of Au and Ag atoms across the newly formed 

shells. The resulting bimetallic nanorods (designated as AuNR@AuAg) manifested 

superior chemical stability and strong LSPRs, as unraveled by our oxidation tests and 

SERS measurements. Additionally, the LSPR frequency of AuNR@AuAg could be 

delicately tuned across the red wavelength range (620‒690 nm) by controlling the thickness 
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of the alloy shell, enriching the available SPR wavelengths imparted by stable AuAg alloy 

nanocrystals.   

3.2. Synthetic Procedure and Structural Characterizations 

 

Figure 3.1. (a) Schematic illustration of two synthetic routes in which AgNO3 and HAuCl4 

solutions are simultaneously infused into a AuNR seed solution at two different rates: 6 

and 0.005 mL/min, and of the structures of the corresponding products, AuNR@Au@Ag 

and AuNR@AuAg. (b-d) TEM images of (b) the AuNR seeds, (c) AuNR@Au@Ag, and 

(d) AuNR@AuAg. (e) HRTEM image and ED pattern (inset) of AuNR@AuAg taken at a 

rod end along the [100] axis, showing the perfect epitaxial growth of the AuAg shell from 

the AuNR seed. 



116 
 

A typical synthetic procedure is illustrated in Figure 3.1a: AgNO3 (100 L, 3 mM) and 

HAuCl4 (100 L, 2 mM) were infused into a AuNR seed solution (0.5 mL) containing 

cetyltrimethylammonium chloride (CTAC) and sodium ascorbate at a pumping rate 

controlled by a programmable syringe pump with dual syringes. The single-crystalline 

AuNRs synthesized following our previous procedures were 55.0 ± 4.7 nm long and 12.6 

± 0.8 nm wide (Figure 3.1b).36 Assuming the added Au and Ag precursors are completely 

reduced to form bimetallic shells on the AuNRs, the Au/Ag molar ratio was 3/2 in the shell.  

In the first experiment, Au and Ag precursors were rapidly added to the seed solution 

at a pumping rate of 6 mL/min (equivalent to a one-shot injection of the full 100 L of 

precursors in one second, Figure 3.1a). We observed that the AuNR seeds grew into thicker 

nanorods with pointy ends, and that the original AuNRs and the later-grown shells were 

discernible by transmission electron microscopy (TEM) (Figure 3.1c). Previously, a 

similar co-reduction method (a one-shot injection of a strong reducing agent into AuNR 

solutions containing a mixture of HAuCl4 and AgNO3) was used to fabricate shells on 

AuNRs; the shells were considered to be homogeneous alloys of Au and Ag.37  However, 

this may have been a mistaken presumption because the pronounced difference in redox 

potentials of HAuCl4 and AgNO3 likely results in the sequential reduction of Au and Ag 

and consequently phase separation.38,39 To address this question, we employed high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM), which is 

sensitive to the atomic number (Z) of the specimen and can therefore distinguish Au from 

Ag if there are phase segregations, to probe the as-synthesized nanorods. The HAADF-

STEM images (Figure 3.2a and b) clearly revealed that the shell was inhomogeneous in 

composition, containing discrete Au islands (brighter contrast), which were attached to the 
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AuNR seeds and buried in a continuous outer layer of Ag (lower contrast). Energy 

dispersive X-ray (EDX) spectroscopy line-scan analysis confirmed the compositional 

inhomogeneity in the shells with a Au-enriched inside and a pure-Ag outside (Figure 3.2c). 

These results demonstrate that the preferential reduction of Au over Ag indeed leads to 

phase segregation in the newly grown shells, and that the outermost surfaces of the obtained 

nanorods (hereafter designated as AuNR@Au@Ag) are composed of Ag and not a AuAg 

alloy. 

 

Figure 3.2. (a, d) Low-magnification HAADF-STEM images of (a) AuNR@Au@Ag and 

(d) AuNR@AuAg NRs. (b, e) High-magnification HAADF-STEM images of a single (b) 

AuNR@Au@Ag and (e) AuNR@AuAg NRs, and (c, f) their corresponding EDX line-scan 

analysis along the drawn lines. (g-i) Elemental maps of the marked area in (e) for (g) Au, 

(h) Ag, and (i) the superposition of Au and Ag maps, showing the uniform distribution of 

Au and Ag in the shell region.   
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We aimed to overcome this phase segregation by adding the precursors to the seed 

solution slowly over time instead of by the one-shot (or fast addition) method. We predicted 

that by slowly adding the precursors, only a tiny amount of fresh Au and Ag precursors 

would be available at any time point during the seeded-growth, forcing Au and Ag to 

gradually deposit in a well-mixed fashion. On the basis of this hypothesis, we synthesized 

another batch of material by following the aforementioned procedure, but we decreased the 

pumping rate to 0.005 mL/min (Figure 3.1a). As illustrated in Figure 3.1d, the obtained 

material was similar in morphology to that synthesized by the fast addition protocol (i.e., 

AuNR@Au@Ag), consisting of thick nanorods with pointy ends. However, the contrast 

between AuNR seeds and the outer AuAg shell in the TEM image became less 

distinguishable in the rod-body areas, suggesting that the composition distribution in the 

shell might be different in the two materials. Electron diffraction (ED) demonstrated that 

each individual nanorod remained a single crystal, and the HRTEM image accordingly 

showed a perfect epitaxial growth of the shell from the AuNR (Figure 3.1e). As expected, 

these nanorods had a uniform Z-contrast throughout the entire later-grown shell in the 

HAADF-STEM images (Figure 3.2d and e), suggesting that Au and Ag atoms were 

uniformly mixed in the shell. This conclusion was supported by the analysis of the EDX 

line-scan (Figure 3.2f), where Au and Ag signals occurred concomitantly during electron 

beam scanning across the nanorod. EDX elemental maps acquired over one small half of a 

nanorod showed a uniform overlap in Au and Ag distributions, further confirming the fully 

alloyed nature of the shell (Figure 3.2g-i). These nanorods are hereafter designated as 

AuNR@AuAg, which feature homogeneously alloyed AuAg shells (compositional 
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homogeneity) and epitaxially deposited on AuNRs (structural homogeneity), and they are 

expected to render strong and stable LSPRs. 

3.3. Strength of Localized Surface Plasmon Resonance 

 

Figure 3.3. (a-d) UV-vis-NIR extinction spectra of (a) AuNR@Au, (b) AuNR@Ag, (c) 

AuNR@Au@Ag, and (d) AuNR@AuAg NRs in pure H2O (solid line) and an aqueous 

solution of H2O2 (0.5 M) (dashed line). Insets in each panel are the corresponding visual 

appearance (photo pictures) of the suspension in H2O (left) and H2O2 solution (right). In 

panel (a), the extinction spectrum of the starting AuNR seeds is also presented as a 

reference (the lowest curve). (e) The extinction spectra of AuNR@AuAg in different 

concentrations (i.e., 0, 0.5, 1, 2, 4, and 8 M) of aqueous solutions of H2O2. (f) Enlarged 

extinction spectra from the marked area in pane (e). The spectra of H2O2-treated 

nanocrystals were taken after 1 h (a-d) and 24 h (e, f) of incubation in H2O2 solution. 

To investigate the LSPR properties of the AuNR@AuAg, the UV-vis-NIR extinction 

spectra of its aqueous suspension were collected and compared with those of 

AuNR@Au@Ag, AuNR@Au, and AuNR@Ag. Here, AuNR@Au and AuNR@Ag 
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denoted the structures that were synthesized by adding only HAuCl4 or AgNO3, 

respectively, with all other conditions identical to those employed for AuNR@AuAg (see 

SI for synthetic details). AuNR@Au and AuNR@Ag are nanocrystals with peanut and 

cuboid shapes, respectively (see Figure A3.3). The original AuNRs that seeded the growth 

of the four core/shell structures exhibited a broad LSPR peak at 850 nm, with a full-width 

at half-maximum (FWHM) of ~178 nm (Figure 3.3a). In agreement with previous work, 

the AuNR@Au manifested a similarly broad LSPR peak (FWHM: ~ 150 nm) that was 

slightly blue-shifted (peaking at 794 nm) due to the decreased aspect ratio and largely 

intensified owing to enhanced absorption and scattering.40,41 Compared with AuNR@Au, 

both AuNR@Ag and AuNR@Au@Ag with pure Ag shells enclosing the AuNR exhibited 

sharper (FWHM: ~100 nm and ~103 nm, respectively) and markedly more blue-shifted 

LSPR bands (peak at 669 nm and 658 nm, respectively) (Figure 3.3b and c), 

demonstrating the advantageous optical properties of Ag (as discussed earlier). Likewise, 

the AuNR@AuAg also possessed a sharper (FWHM: ~125 nm) and more blue-shifted 

LSPR (peak at 676 nm) in comparison to AuNR@Au (Figure 3.3d). The large blue-shift 

in LSPR observed for AuNR@Au@Ag and AuNR@AuAg relative to the original AuNR 

seed was the result of the combined effect of crystal size, shape and composition (see 

Figure A3.4 and A5 for detailed analysis). These results indicate that homogeneously 

incorporated Ag in the AuAg shell can effectively improve the plasmonic activities of Au.  

3.4. Stability of Localized Surface Plasmon Resonance 

The chemical stabilities of the four materials against a strong oxidizing environment 

(i.e., H2O2 in this work) were characterized by monitoring changes in their LSPRs when 

they were transferred from H2O to H2O2 (0.5 M). Because AuNR@Au is made of pure Au, 
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it showed a strong resistance to H2O2 etching, as evidenced by the nil reduction in its 

extinction intensity (Figure 3.3a). The preservation of plasmonic property was also 

reflected by the identical color of AuNR@Au suspended in H2O and H2O2 (inset of Figure 

3.3a); Accordingly, TEM showed the intact particle shape of AuNR@Au after treatment 

with H2O2 (Figure A3.6a). AuNR@Ag and AuNR@Au@Ag, which are characterized by 

strong and sharp LSPRs associated with their Ag shell, suffered an immediate degradation 

(within 5 s) upon exposure to H2O2 (0.5 M), as indicated by the vivid color changes of their 

suspensions from greenish in H2O to dark brown in H2O2. Accordingly, in the UV-vis-NIR 

spectra, the characteristic LSPR band was severely deteriorated and concomitantly a weak 

and broad band extending to longer wavelengths arose (Figure 3.3b and c). TEM showed 

that after treatment with H2O2, AuNR@Ag and AuNR@Au@Ag NRs were severely 

deformed and aggregated as a consequence of Ag etching (Figure A3.6b and c), which 

likely accounted for the observed broad extinction.42,43 The etching effect of H2O2 on Ag 

was also verified by X-ray photoelectron spectroscopy (XPS), which showed the 

appearance of the Ag oxide, the oxidizing product of Ag, in treated AuNR@Ag and 

AuNR@Au@Ag samples (Figure A3.7). In striking contrast, the intense plasmonic 

activity of AuNR@AuAg was fully inert to the etching effect of H2O2. As displayed in 

Figure 3.3d, after substituting H2O2 for H2O, the LSPR peak was only slightly red-shifted 

due to the larger dielectric constant of H2O2 than that of H2O,44  while the peak intensity 

remained the same even after 1 h incubation. The extinction spectra agreed well with the 

suspension colors using H2O and H2O2 as solvents (inset of Figure 3.3d). The stability of 

AuNR@AuAg was further corroborated by the TEM images showing perfect shape 

preservation (Figure A3.6d), and the XPS measurements revealing the identical chemical 
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state for Ag before and after treatment with H2O2 (Figure A3.7). In addition, we observed 

a negative shift of 0.10 eV in the Ag 3d5/2 binding energy of AuNR@AuAg relative to that 

of pure Ag-shelled AuNR@Ag or AuNR@Au@Ag (see XPS profiles in Figure A3.8). This 

result is consistent with previous findings, suggesting that Ag redistributes its s-charge to 

the d-channel upon alloying with Au.45 Since Ag tends to use its s-electron to get involved 

in the oxidization chemistry,46 the depleted electron density in the 4s-subshell of Ag as a 

consequence of the charge redistribution45 accounts for the effective resistance of 

AuNR@AuAg to oxidation by H2O2. To ensure compatibility with long-term applications, 

stability was further tested in a series of higher H2O2 concentrations for prolonged 

incubation times of up to 24 h (Figure 3.3e and f). We found that even with harsher 

treatments, the LSPR peak intensity was well maintained at 98~99% of the original value 

within experimental errors, except for a continuous red-shift observed with the gradual 

increase in H2O2 concentration (Figure 3.3f). The red-shift is jointly induced by the larger 

dielectric constant of H2O2 than that of H2O and light oxidization of Ag component (see 

Figure A3.9). We also tested the stability of AuNR@AuAg in ammonia solution. In the 

presence of oxygen, ammonia can effectively etch elemental Ag through oxidative 

complexing to form soluble [Ag(NH3)2]
+ complex in the solution.47,48 We found that after 

being incubated in ammonia solution (0.5 M) for 1h, the AuNR@AuAg maintained its 

LSPR band intensity at ~97% of the original value (Figure A3.10). In contrast, 

AuNR@Au@Ag lost the band intensity by ~41% after the same treatment (Figure A3.10). 

There was no remarkable decay within an additional 1h, due to the shortage of oxygen 

supply. These results further confirm that AuNR@AuAg is superior to AuNR@Au@Ag in 

stability. Overall, these results demonstrated that AuNR@AuAg NRs have similarly strong 
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LSPR as that of Ag-coated AuNRs, whereas they are considerably more stable against 

oxidative etching.  

3.5. Tunability of Localized Surface Plasmon Resonance 

 

Figure 3.4. (a) UV-vis-NIR spectra of various AuNR@AuAg samples synthesized by 

using different volumes of precursors (i.e., AgNO3 and HAuCl4). The spectra have been 

normalized relative to their respective maxima. (b) Dependence of the band position and 

FWHM of the extinction peaks of the AuNR@AuAg samples on the volume of the 

precursors. The corresponding Ag mole fraction in each AuNR@AuAg sample was 

presented in the upper x-axis. The error bars represent the standard deviation of three 

measurements for each sample that was synthesized in triplicate. 

We found that the LSPR frequency of AuNR@AuAg NRs can be finely tailored within 

the red wavelengths by simply varying the total amount of the added Au and Ag precursors 

(with an unchanged Au/Ag ratio of 3/2) for the seeded growth. Specifically, when the 

volume of the precursors increased from 80 to 150 µL, the extinction band experienced a 

linear blue-shift from ca. 690 to ca. 620 nm (Figure 3.4). The monotonous shift with the 

addition of more precursors was attributed partially to the slightly decreased aspect ratios 

of the NRs as the shells grew thicker (Figure A3.11) and partially to the increased Ag 
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atomic fraction in the material (including both the AuNR core and the AuAg shell) from 

29.0% to 42.5%, as determined by inductively coupled plasma-atomic emission 

spectroscopy (Figure 3.4b). Meanwhile, the bandwidth of the LSPR was slightly reduced 

from ~135 to ~120 nm. Regardless of shell thickness, AuNR@AuAg samples have 

markedly narrower LSPR bands than do those of the starting AuNR (~178 nm) or 

AuNR@Au (~151 nm), implying a sharper resonance associated with elemental Ag. The 

intense, sharp, stable, and tunable LSPR of AuNR@AuAg appears promising for a 

multitude of optical applications.  

3.6. Surface-Enhanced Raman Spectroscopy in Hydrogen Peroxide Solutions 

 

Figure 3.5. Colloidal SERS spectra of 4-NBT on AuNR@Au (blue), AuNR@Ag (red), 

AuNR@Au@Ag (orange), and AuNR@AuAg (green): (a) in H2O and (b) after addition of 

H2O2 (0.5 M).  

In a proof-of-concept experiment, we demonstrated the merits of AuNR@AuAg by 

comparing its colloidal SERS activity with those of AuNR@Au@Ag, AuNR@Au, and 

AuNR@Ag in both H2O and H2O2. We used 4-Nitrobenzenethiol (4-NBT) as the Raman 

probe, and the excitation wavelength for each material was chosen based on their LSPR 
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determined from the extinction spectra (see Experimental Section for SERS measurement 

details). The strongest 4-NBT SERS band, located at 1334 cm−1,36 was used as a benchmark 

for comparing the performance of the four substrates. When the particles were dispersed in 

H2O for measurements, the three Ag-containing substrates (i.e., AuNR@AuAg, 

AuNR@Au@Ag, and AuNR@Ag) manifested comparable SERS signals of 30-fold, 31-

fold, and 42-fold, respectively, stronger than that of the pure Au substrate (i.e., AuNR@Au) 

(Figure 3.5a), confirming the superior activity of Ag nanostructures over their Au 

counterparts in field-enhanced spectroscopies. Upon the addition of H2O2 to the 

suspensions, AuNR@Au@Ag and AuNR@Ag, with pure Ag in the outmost shell exposed 

to H2O2 oxidation, substantially lost their intense SERS activities; in contrast, 

AuNR@AuAg and AuNR@Au efficiently retained their SERS signals, indicating that the 

alloyed shells of AuNR@AuAg could be as robust as pure Au in resisting etching by H2O2 

(Figure 3.5b). Overall, these results confirmed that AuNR@AuAg integrates the high 

plasmonic activity of Ag with the excellent chemical stability of Au, acting as an ideal 

SERS substrate in terms of both sensitivity and durability for molecular detection.   

3.7. Some Remarks on the Synthetic Method 

There are a few additional points we wish to highlight regarding the method used 

here. (i) The sufficiently small amount of precursor that was infused into the seed solution 

and reduced instantaneously at each time point was paramount to the compositional 

homogeneity in the shell of AuNR@AuAg. The amount of infused precursor was 

determined by the infusion rate (e.g., 0.005 mL/min in this work) multiplied by the 

concentration (e.g., 3 mM for AgNO3 and 2 mM for HAucl4 in this work). To maximize the 

compositional homogeneity, one would expect the rate to be as small as possible; a rate of 
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0.005 mL/min was at an extreme low in the rate range, below which (e.g., 0.0025 mL/min) 

a capillary lift of the seed solution into the syringes will take place. Alternatively, one could 

decrease the concentration of the precursors; however this will prolong the reaction time. 

The concentrations of the precursors used here were a good compromise between the 

compositional homogeneity and reaction time. (ii) The stability and sharpness of the LSPR 

of AuNR@AuAg were strongly dependent on the concentration ratio of AgNO3 to 

HAuCl4 during synthesis (AgNO3/HAuCl4 = 3/2 in the synthesis in this work). High Ag 

content would favor plasmonic activity but reduce stability. Two extreme examples are the 

structures synthesized using AgNO3/HAuCl4 = 5/0 and 0/5. As discussed earlier, the 

resulting structures AuNR@Ag and AuNR@Au were less stable and had weaker plasmonic 

activity, respectively (Figure 3.5). At a ratio of AgNO3/HAuCl4 = 3/2, AuNR@AuAg 

efficiently combines the merits of Au and Ag with no detriment to either plasmonic activity 

or stability. (iii) The use of a moderately strong reducing agent (i.e., ascorbate sodium) is 

also crucial for the fabrication of AuNR@AuAg. With an even stronger reducing agent like 

NaBH4, homogeneous nucleation and growth of AuAg particles in the solution would be 

favored over the epitaxial seeded growth of the AuAg alloyed shell on AuNRs (Figure 

A3.12). When a medium reducing agent (e.g., ascorbic acid) was used, Au was 

preferentially deposited at the rod ends, while Ag was enriched outside the shell, coating 

the rod bodies. Like the other pure Ag-coated structures, this structure was unstable even 

in a low concentration of H2O2 (0.5 M) (Figure A3.13). (iv) Our method is facile and 

versatile, and it can be easily adapted to coat homogeneously alloyed AuAg shells on Au 

nanoscrystals of different shapes. As an example, Au polyhedron@AuAg is presented 

in Figure A3.14. 
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3.8. Conclusions 

In conclusion, a facile yet effective and versatile seeded growth strategy has been 

developed that enables the epitaxial deposition of homogeneously alloyed AuAg shells on 

pre-synthesized AuNRs. The resulting AuNR@AuAg exhibits stronger LSPRs and higher 

SERS activity than do pure Au nanostructures with comparable sizes and shapes (e.g., 

AuNR and AuNR@Au), made possible by the incorporation of Ag. On the other hand, in 

comparison to other AuAg bimetallic core-shell structures with pure Ag shells (e.g., 

AuNR@Au@Ag and AuNR@Ag), AuNR@AuAg possesses similarly high plasmonic 

activity but significantly improved stability against oxidation by H2O2, benefiting from the 

alloyed nature of the shell. Our study reveals that the fabrication of AuAg alloyed shells by 

co-reduction of Au and Ag precursors is not as straightforward as presumed in previous 

studies. The sufficiently slow addition of the precursors along with a suitable reducing 

agent is the key to success, without which Au and Ag atoms are easily segregated in the 

shell as a consequence of sequential rather than simultaneous reduction. By simply 

adjusting the amount of HAuCl4 and AgNO3, we were able to exquisitely tune the LSPR 

frequency of the AuNR@AuAg within the red region of the spectrum (620–690 nm). Given 

the strong, stable, and tunable LSPR properties, the AuNR@AuAg nanorods promise many 

plasmonic applications because of their high performance and long lifetime, especially in 

an oxidizing environment. Our synthetic strategy holds the potential to be extended to the 

preparation of core@alloyed shell materials with other crystal shapes (e.g., cube, 

polyhedrons) and elements (e.g., Pd, Pt). 
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3.9. Appendices 

3.9.1. Experimental Section 

Chemicals and Materials. Chloroauric acid (HAuCl4, 99.999%), silver nitrate 

(AgNO3, 99.8+%), sodium borohydride (NaBH4, 99%), sodium ascorbate (98+%), L-

ascorbic acid (AA, 99+%), sodium hydroxide (NaOH, 98+%), tetraethyl orthosilicate  

(TESO, 98%), ammonium hydroxide (NH3OH, 28% in H2O), methanol (99.9+%), 

hydrochloric acid (HCl, 36.5-38.0%), hexadecyltrimethylammonium chloride (CTAC, 

98+%), sodium citrate tribasic dehydrate (99.5+%), and hexadecyltrimethylammonium 

bromide (CTAB, 99%) were all obtained from Sigma-Aldrich and used as received without 

further purification. All aqueous solutions were prepared using deionized water with a 

resistivity of 18.2 MΩ·cm. 

Synthesis of AuNR@AuAg, AuNR@Au, AuNR@Ag, and AuNR@Au@Ag. 

Starting AuNRs were synthesized and cleaned following the procedure introduced in our 

previous work,36 with the exception that the growth process was limited to 9.5 h. To prepare 

the AuNR@AuAg nanorods, AgNO3 (100 µL, 3 mM) and HAuCl4 (100 µL, 2 mM) that 

were pre-sucked in separate syringes were infused at 0.005 mL/min into a AuNR seed 

solution (0.55 mL, ~0.92 nM) containing a capping agent, CTAC (73 mM), and a strong 

reducing agent, sodium ascorbate (9.1 mM). After 20 min all the precursors had been 

ejected, and the product was washed and collected via centrifuge at 7800 rpm for 8 min. 

To synthesize AuNR@Au, AuNR@Ag, and AuNR@Au@Ag, the same procedure for the 

synthesis of AuNR@AuAg was followed, with the exception that for AuNR@Au and 

AuNR@Ag, HAuCl4 (250 µL, 2 mM) and AgNO3 (166.7 µL, 3 mM) were added, 

respectively. Here, the volume of HAuCl4 (i.e., 250 µL) and AgNO3 (i.e., 166.7 µL) were 
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determined to ensure an equal number of stoichiometric metal atoms in the shells of 

AuNR@Au, AuNR@Ag, and AuNR@AuAg. For AuNR@Au@Ag, the infusion rate was 

changed to 6 mL/min. 

Synthesis of Au-nanopolyhedrons (AuNPs) and AuNP@AuAg. AuNPs (~40 nm) 

were synthesized following a previously published procedure.49 First, AuNPs-13 nm were 

synthesized by rapidly injecting sodium citrate (5 mL, 38.8 mM) into a boiling aqueous 

solution of HAuCl4 (50 mL, 1 mM) under rapid stirring. After boiling for 15 min, heat was 

removed to allow the reaction solution to cool to room temperature. Second, the above-

prepared AuNPs-13 nm (1.15 mL) and sodium citrate solution (0.56 mL, 38.8 mM) were 

sequentially injected into a boiling HAuCl4 solution (125 mL, 0.296 mM) under vigorous 

stirring. After boiling for 30 min, additional sodium citrate solution (5.0 mL, 38.8 mM) 

was injected, as an extra stabilizer. After boiling for another 60 min, the heat was removed 

and water was added to make a total volume of 125 mL. To synthesize AuNP@AuAg, the 

same procedure for the synthesis of AuNR@AuAg was followed, with the exception that 

the starting AuNRs were replaced with AuNPs. 

Synthesis of AuNR@SiO2. AuNR@SiO2 was synthesized following a previously 

published procedurewith some modifications.50 Specifically, 10 µL of 100 mM NaOH 

solution was added to 1 mL of the as-synthesized AuNR suspension under stirring. 

Following this step, five 5 µL injections of 20% TEOS in methanol was added at 30-min 

intervals. The reaction mixture was reacted for 16 h.  

Characterization Methods and Instruments. Extinction spectra were taken on a 

Varian Cary 5000 UV-vis-NIR spectrophotometer. Low-magnification TEM images were 

taken on a FEI-Tecnai T12 microscope operated at 120 kV. HAADF-STEM images, EDX 
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line-scan and elemental mappings were acquired on a FEI-Titan ST electron microscope 

operated at 300 kV. XPS data were collected on an Axis Ultra instrument (Kratos 

Analytical) with a monochromatic Al Kα X-ray source operating at 150 W under ultrahigh 

vacuum  (<10-8 torr) conditions. 

SERS measurements. AuNR@Au, AuNR@Ag, AuNR@Au@Ag, and 

AuNR@AuAg (100 µL, ~0.46 nM) were each incubated with a 4-NTP ethanol solution (5 

µL, 0.01 mM) overnight. SERS spectra were recorded on a Horiba Jobin Yvon LabRAM 

HR-800 spectrophotometer coupled to an Olympus confocal microscope (BX41) with a 

×50 objective (NA = 0.50) in the backscattering configuration. The laser excitations were 

chosen based on the substrates’ extinction spectra (Figure 3.3). Specifically, 660 nm was 

employed for the three Ag-containing NRs (i.e., AuNR@Ag, AuNR@Au@Ag, and 

AuNR@AuAg) and 785 nm for the pure Au NRs (i.e., AuNR@Au). The spectra were 

collected from the suspension using an exposition time of 5 s for all samples in conjunction 

with a grating of 600 lines/mm. 

 FDTD simulations. The FDTD simulations were performed by using our homemade 

NANPCPP code.51 During simulations of the extinction spectra, a planewave source (via a 

total field scattered field (TFSF) formulation) in the wavelength range of 400‒1000 nm 

was launched into a simulation volume containing the target nanoobjects. To simulate 

electric field contour, the wavelength of the source pulse was set according to the LSPR 

position obtained from the simulated extinction spectra. A size of 0.3 × 0.3 × 0.3 nm3 for 

each Yee cell was employed. A refractive index of 1.33 (the index of water) was set for the 

surrounding medium of the nanostructure. The dielectric function of Au and Ag was 

adopted from previously measured values.52 
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3.9.2. Figure A3.1‒Figure A3.14  

 

Figure A3.1. FDTD simulation results of (a-b) Extinction spectra and (c) Electric field 

intensity enhancement (at the logarithmic scale) contours of AuNRs with an aspect ratio 

(AR) of 1.0, 2.0, 3.0, 4.4, and a AgNR with an AR of 4.4. Insets in (c) are the wavelengths 

and polarizations (see the arrows) of the excitations. The excitation wavelengths were 

identical to the LSPR wavelengths that were determined from the simulated extinction 

spectra reported in (a-b). The incident directions are all along the y-axis. For the AuNR 

with an aspect ratio of 4.4, its sizes were determined according to the average values 

measured from the TEM images of the seeding AuNRs. Specifically, the radius of the 

hemi-sphere was 6.3 nm, and the radius and length of the cylinder were 6.3 and 42.4 nm, 

respectively. By maintaining the particle volume of AuNR with the aspect ratio of 4.4, 

equal to those of other AuNRs with aspect ratios of 1, 2, and 3, the sizes of other AuNRs 

were calculated accordingly. 
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Figure A3.2. TEM images of (a) AuNR@SiO2 and (b) Au nanosphere@SiO2, which were 

obtained by annealing AuNR@SiO2 at 1000 °C for 6 h in a tube furnace with a nitrogen 

atmosphere. The images demonstrate that AuNRs tend to transform into Au nanospheres 

at high temperatures.  
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Figure A3.3. TEM images of (a) AuNR@Au and (b) AuNR@Ag. 
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Figure A3.4. (a) Schematic illustration of the evolution of the original AuNR (NS1) to the 

final AuNR@AuAg (NS4) through size, shape and composition change. (b) FDTD 

simulation results of the LSPR response of the four nanostructures (i.e., NS1, NS2, NS3, 

NS4).  

Note: AuNR@AuAg was treated as the nanostructure evolved from AuNR via three steps 

(see Figure A3.4a): (i) the original AuNR with an AR = 4.4 (denoted as NS1) grew into a 

“fatter” AuNR with an AR = 3.7 (NS2); (ii) NS2 underwent a shape change to a bone-like 

AuNR (NS3). (iii) NS3 changed its shell composition from pure Au to AuAg alloy, forming 

AuNR@AuAg (NS4). The simulation results show a blue-shift of LSPR in each step 

(Figure A3.4b), suggesting that in this particular case, all the three factors (size, shape and 

composition) contributed to the overall blue-shift of the LSPR of AuNR@AuAg relative 

to that of AuNR.  
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Figure A3.5. (a) Schematic illustration of the evolution of the original AuNR (NS1) to the 

final AuNR@Ag (NS4) through size, shape and composition change. (b) FDTD simulation 

results of the LSPR response of the four nanostructures (i.e., NS1, NS2, NS3, NS4).  

Note: AuNR@Au@Ag was modeled in the same way (see Figure A3.5a): (i) the original 

AuNR with an AR = 4.4 (NS1) grew into a “fatter” AuNR with an AR = 3.1 (NS2); (ii) 

NS2 underwent a shape change to sharply tipped AuNR (NS3). (iii) NS3 changed its shell 

composition from pure Au to pure Ag, forming AuNR@Ag (NS4). It should be noted here 

that the shell of AuNR@Au@Ag actually contains Au islands (Figure 2a, b). Because the 

Au-islands are not well-defined in size and shape, we used pure Ag shell to examine the 

composition’s influence for simplicity. Similar to the case of AuNR@AuAg, all the three 

parameters (size, shape and composition) have the same blue-shift effect on the LSPR in 

this case (see Figure A3.5b).  
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Figure A3.6. TEM images of (a) AuNR@Au, (b) AuNR@Ag, (c) AuNR@Au@Ag, and 

(d) AuNR@AuAg after H2O2 incubation, showing that AuNR@Au and AuNR@AuAg 

were inert to H2O2 etching while AuNR@Ag and NR@Au@Ag were etched and 

aggregated in H2O2. 
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Figure A3.7. XPS results of (a, d) AuNR@Ag, (b, e) AuNR@Au@Ag, and (c, f) 

AuNR@AuAg samples that were fabricated by drop-casting their corresponding H2O (a-

c) and H2O2 (d-f) suspension on silicon substrates, showing that metallic Ag0 in the former 

two samples was oxidized to Ag oxide by H2O2 while Ag0 in the last sample was completely 

resistant to H2O2 oxidation. Ag 3d5/2 peaks were analyzed. Ag 3d3/2 peaks yielded the same 

conclusions. In addition, Gaussian functions were employed to deconvolve the overlapping 

peaks. In the cases of AuNR@Ag (H2O2) (panel d) and AuNR@Au@Ag (H2O2) (panel e), 

the Ag 3d5/2 peaks could be divided into Ag0 and Ag+ components. 
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Figure A3.8. Magnified XPS spectra of Ag 3d5/2 peaks of the three samples, (a) 

AuNR@Ag, (b) AuNR@Au@Ag, and (c) AuNR@AuAg that were shown in Fig. A3.7a, 

b, and c, respectively. Compared with pure Ag-shelled AuNR@Ag, AuNR@Au@Ag had 

no noticeable changes in the Ag3d5/2 peak position, whereas AuNR@AuAg experienced a 

binding energy shift of −0.1 eV. 
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Figure A3.9. FDTD simulation results of optical response of AuNR@AuAg to the change 

in the refractive index of the surrounding medium. A refractive index n of 1.33 (green line) 

and 1.35 (orange line) was set for H2O and H2O2 (8 M), respectively. A red-shift of 8 nm 

was observed when the refractive index was changed from 1.33 to 1.35.  

Note: As shown in Figure 3.3e-f, when the concentration of H2O2 ranged from 0 (i.e., pure 

H2O) to up to 8 M, the LSPR underwent a continuous red-shift of ~19 nm. we calculated 

using FDTD simulations the extent to which the increased refractive index of H2O2 with 

concentration could induce the plasmon shift. In the case of H2O2 (8 M), the refractive 

index of the H2O2 solution is ~1.35 (cf. 1.33 for pure H2O), and the simulation showed that 

such a slight increase of the refractive index could lead to a red shift of ~8 nm. Therefore, 

it is likely that a light oxidization of the nanoparticles, as indicated from the 1-2% decay in 

the extinction peaks shown in Figure 3.3f, might occur and account for the additional shift.  
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Figure A3.10. UV-vis-NIR extinction spectra of (a) AuNR@AuAg and (b) 

AuNR@Au@Ag in pure H2O (solid line) and after a treatment in 0.5 M of ammonia 

solution for 1 h (dashed line). 
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Figure A3.11. TEM images of AuNR@AuAg synthesized by using different volumes ((a) 

80, (b) 95, (c) 110, (d) 125, (e) 140, and (f) 155 µL) of HAuCl4 and AgNO3 precursors. 

Statistics on these samples revealed that their corresponding aspect ratios were 3.84, 3.66, 

3.47, 3.37, 3.17, and 2.98, respectively.  

 

 

 

 

 

 

 



142 
 

 

Figure A3.12. A TEM image of the products obtained by replacing the reducing agent 

sodium ascorbate with sodium borohydride, showing that many small particles were 

formed, rather than that an epitaxial deposition on AuNRs occurred. 
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Figure A3.13. (a) TEM and (b) STEM images of the products synthesized by replacing 

sodium ascorbate with ascorbic acid. Inset of (b) is the EDX line-scan along the red line. 

(c) Extinction spectra of the products dispersed in H2O (solid black line) and H2O2 (0.5 M, 

dotted red line).  

Note: (a, b) show that Au is preferentially deposited at rod ends while Ag dominates in the 

shell, coating the rod bodies. These structures are unstable in H2O2. As illustrated in (c), 

even if they are dispersed in a low concentration of H2O2 (i.e., 0.5 M), they undergo both 

a decay in the intensity and a significant red-shift of ~70 nm. After Ag is oxidized, the 

resulting structures predominantly show the optical properties of Au-deposited AuNR.  
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Figure A3.14. (a-b) TEM images of (a) the starting Au-nanopolyhedrons (AuNP) seeds 

and (b) the resulting AuNP@AuAg particles. (c) Extinction spectra of AuNP@AuAg 

particles dispersed in H2O (black line) and H2O2 (~8 M, red line), showing that the SPR 

band of AuNP@AuAg in H2O and H2O2 are very similar, with the exception of a small 

red-shift due to the larger refractive index of H2O2 compared with H2O. 
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Chapter 4. Site-Specific Growth of AuPd Alloy Horns on Au Nanorods: Integrating 

High Catalytic Activity and Intense Electric Field in One Entity for Highly Sensitive 

Monitoring of Catalytic Reactions by Surface-Enhanced Raman Spectroscopy 

4.1. Introduction on and Design of Catalysis Monitoring Platform 

In situ monitoring of a heterogeneous reaction on a catalyst surface is fundamentally 

crucial for understanding the reaction mechanisms and kinetics.1-6 Conventional methods, 

such as Fourier transform infrared spectroscopy, mass spectroscopy and gas 

chromatography, suffer from slow response, low sensitivity, or incapability to detect 

surface species and are therefore not able to reveal surface reactions in a real-time manner. 

In contrast, surface-enhanced Raman spectroscopy (SERS), which takes advantage of the 

plasmonic resonances in metallic nanostructures to obtain significantly enhanced Raman 

signals of the adsorbed molecules, allows fast-responsive and surface-selective detection 

with high sensitivity down to the single molecule level.7-10  

Applying SERS to in situ monitoring of catalytic reactions requires developing an 

appropriate bifunctional platform that is both plasmonically and catalytically active. To 

this end, colloidal metallic nanocrystals (NCs) have been extensively investigated due to 

their localized surface plasmon resonance (SPR) effect, inherent activity for catalysis and 

compositional flexibility. Some core@shell bimetallic structures were developed, in which 

the performance (SERS or catalytic activity) of the core-metal was concealed by the shell 

component especially when the shell was compact and thick.11,12 Better results were 

achieved in nanoparticles with hierarchical structures that were prepared by depositing one 

metal in the form of islands on a thin shell of another metal formed on top of an inner core 

(e.g., SiO2@Au@Pd-islands by Wong et al.1 and Au@Pt@Au-islands by Schlucker et al.2) 
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to expose both plasmonic and catalytic sites. The obtained materials showed adequate 

catalytic and SERS-responsive functionalities and allowed catalysis to be probed via 

SERS. However, the complicated multi-step preparation processes for these materials may 

result in inhomogeneous particle morphologies and hinder in-depth research on these 

systems as a consequence.  

Integrating high SERS and catalytic activity into a simple and well-defined structure 

through facile synthesis, which requires a rational design that takes particle size, shape, 

composition and nanoscale architecture into account, remains challenging. Metallic NCs 

with high-index facets usually show high catalytic activity owing to the high density of 

their low-coordinated atomic steps and kinks.13-22 The synergetic effect between two metals 

often leads to enhanced catalytic activity for alloy NCs in comparison with their 

monometallic counterparts.23-26 On the other hand, SERS activity is strongly dependent on 

the composition and shape of the NCs.27-31 For example, gold and silver are the best 

candidates for SERS among various metals, and Au nanorods (AuNRs) with proper aspect 

ratios exhibit localized SPR concentrated on the rod ends, where the SERS effect is 

exceptionally strong.32,33  

In this project, we report the design and synthesis of a novel Au-Pd bimetallic nanostructure 

through selective growth of Au-Pd alloy horns on the ends of single-crystal AuNRs 

(denoted as HIF-AuNR@AuPd). We intentionally grew Au-Pd alloy rather than 

monometallic Pd on AuNRs for three reasons: (i) the Au-Pd alloy is more active than Pd 

alone in a large variety of catalytic reactions;34-37 (ii) Au-Pd bimetallic NCs prepared via 

the seed-mediated co-reduction38,39 of metal ions tend to show exotic crystal morphologies 

with high-index facets (HIF) and thus superior catalytic activity;19 (iii) In comparison with 
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Pd, the Au-Pd alloy may have a smaller damping effect on the SPR of AuNRs, which 

allows them to maintain their SERS function.40 Using high-resolution electron microscopy 

(HREM) and tomography, we successfully reconstructed the three-dimensional (3-D) 

morphology of the obtained material. The results showed that the Au-Pd alloy horns grew 

along the <111> direction with exposed high-index (approximately {11l}, 0.25 < l < 0.43) 

side facets. Electron energy loss spectroscopy mapping conducted with HREM indicated 

the presence of intensive SPR on the two ends of the nanorods exactly where the horns 

were located. Such a configuration unites highly active catalytic sites with strong SERS 

sites in a single entity and is ideal for in situ monitoring of catalytic reactions by SERS. 

We successfully demonstrated this concept with a model reaction, i.e., the Pd-catalyzed 

hydrogenation of 4-nitrothiophenol (4-NTP) to 4-aminothiophenol (4-ATP) and found that 

HIF-AuNR@AuPd was superior to other Au-Pd nanostructures in both catalytic activity 

and SERS detection sensitivity. It is worth noting that such a bifunctional platform offers 

a unique opportunity to investigate the intrinsic reaction kinetics on the catalyst surface by 

excluding the influence of adsorption/desorption of reactants and products. In the model 

reaction, for example, the hydrogenation of a monolayer of 4-NTP molecules on the HIF-

AuNR@AuPd surface was found to follow first-order kinetics. Interestingly, the catalytic 

activity of the HIF-AuNR@AuPd rod end was explicitly distinguished from that of the rod 

body, owing to the very different SERS activities at the two positions.   
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4.2. Synthesis and Structural Resolution of HIF-AuNR@AuPd 

 

Figure 4.1. (a) TEM image of the AuNR seeds. (b) TEM image and (c) SEM image of the 

HIF-AuNR@AuPd nanorods. (d) HAADF-STEM images of HIF-AuNR@AuPd nanorods 

taken along the [100], [110] and [001] axes (the first column, from the top down), and the 

corresponding elemental mappings for Au (the second column) and Pd (the third column); 

the last column shows combined mappings, in which the simultaneous presence of Au and 

Pd appears yellowish. (e) HRTEM image of HIF-AuNR@AuPd taken at a rod end along 

the [110] axis. The inset is a fast Fourier transform diffractogram of the marked area, 

showing the perfect epitaxial growth of the horn from the rod body.  

We chose single-crystalline AuNRs with a moderate aspect ratio (~4) as seeds to 

prepare HIF-AuNR@AuPd because at this ratio, the longitudinal SPR are localized on the 

rod ends without antinodes formed in the body, which was important for our platform 

design, as discussed later. As shown in Figure 4.1a, the synthesized AuNRs had uniform 

sizes and aspect ratios (length = (78.6 ± 6.7) nm, width = (17.9 ± 1.6) nm, and aspect ratio 

= 4.3 ± 0.5) (see Figure A4.1 for the statistics). Traditional morphological models describe 

a single-crystalline AuNR as an octagonal prism enclosed by four {100} and four {110} 

side facets.41-44 However, two recent independent studies45,46 demonstrated that contrary to 
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this long-held model, AuNRs are actually enclosed by eight symmetry-equivalent high-

index side facets of the {5 12 0} family. One of these studies further determined by using 

electron tomography that the rod ends terminated in a pyramid with {130} facets, and each 

pyramid was connected to the rod sides by four small {5 12 0} “bridging” facets (Figure 

A4.2).45 Here, we investigated the morphology of AuNR seeds by simply using 

ultramicrotomy for HR-TEM sample preparation, which allowed direct imaging of the 

octagonal cross section of the AuNRs to identify their side facets (Figure A4.3). Our result 

accorded with the new model.  

The design for HIF-AuNR@AuPd originated from the attempt to prepare a plasmonic 

and catalytic bi-metallic nanostructure by depositing Pd onto AuNR seeds. We found that, 

provided with sufficient Pd precursors, a continuous Pd shell can be formed on individual 

AuNRs (Figure A4.4a), whereas a small amount of precursor only gives rise to discrete 

Pd particles that are selectively anchored on the two ends of AuNRs, specifically at the rod 

corners where two side facets and one bridging facet meet (Figure A4.4b). HRTEM 

showed that these Pd particles had the same crystalline orientations as AuNR had, 

suggesting an epitaxial growth mode (Figures A4c-e). The observed preferential 

deposition of Pd on AuNR ends is thermodynamically sensible, as low-coordinated sites 

(e.g., crystal corners) are favorable for heterogeneous nucleation. Inspired by this result, 

we supposed that it would be possible to grow Au-Pd alloy site-specifically on the ends of 

AuNR through the co-deposition of Au and Pd.  
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Figure 4.2. (a-b) SAED patterns (insets) and high-resolution HAADF-STEM images of a 

HIF-AuNR@AuPd nanorod taken along (a) the [100] and (b) the [110] axes. The 

corresponding low-magnification images are also provided as insets, in which the marked 

regions correspond to the high-resolution images. (c) SAED pattern (upper) and HAADF-

STEM image (lower) of a HIF-AuNR@AuPd nanorod taken along the [001] axis (i.e., 

along the rod axis). The scale bars represent 20 nm in (a-b) and 5 nm in (c).  

As revealed in the TEM image, the as-prepared HIF-AuNR@AuPd NCs remained rod-

shaped without significant changes in the aspect ratio (despite being slightly fatter) relative 

to the AuNR seeds, but they featured newly grown “horns” on the rod ends (Figure 4.1b 

& Figure A4.5). The SEM image further indicates that there were four horns at each end 

of each nanorod (Figure 4.1c). Selected-area electron diffraction (SAED) demonstrated 

that each individual HIF-AuNR@AuPd nanorod was a single crystal with its rod axis 

parallel to the [001] zone axis, and the HRTEM image accordingly showed perfect epitaxial 

growth of the horns from the AuNR (Figure 4.1e). HAADF-STEM images of the [100] 

and [110] projections (Figures 2a-b), which were taken from a same nanorod by tilting the 

specimen along its rod axis by 45o, confirmed the single-crystal nature of HIF-

AuNR@AuPd. They also showed that the “horn” feature was more remarkable in the [110] 

projection. To clarify the 3-D structure of HIF-AuNR@AuPd, it is crucial to acquire 
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images along the rod axis, i.e., along the [001] direction, which requires a specimen with 

“standing” nanorods. To achieve this, we employed ultramicrotomy for specimen 

preparation. Figure 4.2c shows a HAADF-STEM image of a HIF-AuNR@AuPd nanorod 

taken along the rod axis, in which four horns at the corners can be easily distinguished from 

the rod body in the center region by the image contrast arising from different specimen 

thicknesses. The center region with brighter contrast appears as a square with the edges 

normal to the four <110> directions, as determined by SAED (Figure 4.2c), suggesting 

that the rod body of HIF-AuNR@AuPd is bound by four {110} lateral low-index facets 

(LIFs). Furthermore, by analyzing the HRTEM images of different orientations, we 

identified that the horns grow along the <111> directions (Figure A4.6 for details).     

 

Figure 4.3. Surface-rendered visualization of the HIF-AuNR@AuPd nanorod morphology 

reconstructed by HAADF-STEM tomography, viewed along (a) the [100], (c) the [110] 

and (e) the [001] axes. The corresponding schematic morphology models are given for 

reference (b, d, and f). Note that the viewing angle of (e and f) deviates slightly from the 

exact [001] axis to show the surface features more clearly, and a top-end pyramid is labeled 

with blue color in (f).      

The information gained from the SAEDs and 2-D HREM images of different 

orientations is essentially sufficient for delineating a basic 3-D structural model of a HIF-
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AuNR@AuPd nanorod. Advancing a step, we employed HAADF-STEM tomography to 

discern more details, such as the top-end fine structures of the nanorod and the side facets 

of the horns. In comparison with classic bright-field TEM tomography, HAADF-STEM 

tomography gives much reduced diffraction contrast (unwanted in tomography) along with 

the enhanced Z-contrast and is therefore particularly advantageous for reconstructing 

crystalline metallic nanostructures. Specifically, a series of STEM images was 

continuously acquired by tilting the specimen over a range of -75 to +75 with regular 

intervals of 1. The obtained image series was aligned and processed to reconstruct a 

“volume” that was visualized through surface rendering or as a set of slices to show the 

local structures (Figures 4.3, 4.4a). The reconstructed 3-D tomographic images matched 

the 2-D (S)TEM images of the same projections well (Figures 4.2, 4.3) and clearly verified 

that a HIF-AuNR@AuPd nanorod has four {110} side facets enclosing the rod body and 

four horns at each rod end protruding along the <111> directions. More importantly, 

tomography helps to identify local structural features that cannot be easily recognized from 

2-D images. For example, the reconstructed 3-D image showed that along the [00±1] 

directions (Figure 4.3e), the rod end terminated in a flattened pyramid with four equivalent 

side faces that were parallel to the [100] and [010] directions. Hence, these faces became 

“edge-on” when the nanorod was projected along a [100] zone axis and their Miller indices 

were readily determined from the HR-STEM image. Figure 4.4b clearly shows that the 

side surface of a top-end pyramid was terminated by a {0 5 12} facet, which can be 

visualized as a combination of two {001} terraces of three atomic widths, three {001} 

terraces of two atomic widths, and four monoatomic {010} step risers. Moreover, the 

reconstructed image shows that the “horns” are nearly tetrahedral with three exposed side 
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faces extending smoothly from the horn vertex to the body and top-ends of the nanorod. 

Slicing at different positions along an “horn” (the slices are perpendicular to the [111] axis) 

generates a set of trigonal cross-sections with each angle close to 60°, suggesting that the 

three side faces of each “horn” are topologically equivalent (Figure 4.4a). Because the 

[111] axis of a cubic structure coincides with its threefold symmetry axis, the three side 

faces are also crystallographically equivalent. Since one of these three side faces is edge-

on when the nanorod is projected along a [110] zone axis, its index can be determined by 

measuring the angle between its normal and a known direction, e.g., the [1-10] direction. 

The statistical results of horns from 50 rods show that this angle ranges from 10° to 17°, 

corresponding to the indices of {11l } (0.25 < l < 0.43). As an example, Figure 4.4c shows 

a HR-STEM image of a “horn” taken along the [110] axis, in which the edge-on side face 

is indexed as {441}. These results demonstrate the presence of adequate high-index facets 

at the rod ends of HIF-AuNR@AuPd. The complete model of HIF-AuNR@AuPd is 

presented and compared with that of AuNR in Figure A4.2. 

We combined EDX elemental analysis with STEM to investigate the distribution of Pd 

and Au within HIF-AuNR@AuPd. The EDX mappings of different orientations all 

demonstrate that the horns are comprised of uniformly distributed Pd and Au (Figure 

4.1d). These results along with the uniform contrast of the high-resolution HAADF-STEM 

images (Figures 4.2a-b) indicate the alloy nature of the horns. The EDX mappings also 

show that the four {110} lateral faces of the nanorod are terminated with thin layers of Au-

Pd alloy (Figure 4.1d). The Pd/Au atomic ratio on the surface of HIF-AuNR@AuPd is 

53:47, as determined by XPS.  
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Figure 4.4. (a) Three slices of the “horn” along the [111] axis with an interval of 1 nm 

extracted from the HAADF-STEM tomography-reconstructed volume. (b) HR-STEM 

image of a HIF-AuNR@AuPd nanorod taken along the [100] axis and the schematic atom 

arrangement, showing that the top-end pyramid has {0 5 12} side facets. (c) HR-STEM 

image of a HIF-AuNR@AuPd nanorod taken along the [110] axis and the schematic atom 

arrangement, showing that the horn has a {441} side facet. Low-magnification images are 

presented in the insets to show the regions (marked) from where the high-resolution images 

were taken.   

4.3. Optical Extinction and Near-field Distribution 

To investigate the influence of the growth of Au-Pd horns on the SPR of AuNR, we 

first compared the UV-Vis spectra of different materials (Figure 4.5a). The original 

AuNRs exhibited two extinction bands centered at 513 nm and 837 nm, corresponding to 

a weak transverse surface plasmon (TSP) resonance and a strong longitudinal surface 

plasmon (LSP) resonance, respectively. We found that, in accordance with literature,47,48 

coating AuNRs with a thin shell (~1 nm) of Pd dramatically weakened and broadened the 

extinction bands and that this effect became more severe with an increase in the Pd shell 
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thickness. In contrast, modest damping and a slight red-shift of SPR was observed for HIF-

AuNR@AuPd. This can be explained by the fact that the dielectric function of Au-Pd alloy 

is a linear combination of the dielectric functions of Au and Pd, and it therefore has a 

smaller imaginary part throughout the visible and near-infrared regime to render a weaker 

damping effect, as compared with the case of pure Pd.  

UV-Vis spectroscopy uses a plane-wave incidence that only excites the dipole-allowed 

SP modes (“bright” modes).49 However, the dipole-forbidden multipolar SP modes (“dark” 

modes) may also contribute to the activity of a planar SERS platform, owing to the 

symmetry-breaking of the charge density distributions by inter-particle or substrate-

mediated SP coupling.50,51 To investigate various SP-associated near-fields and their 

distributions, which requires both high spatial and energy resolution, we employed a Cs-

corrected and monochromated electron beam (a sub-angstrom probe with an 0.17 eV 

energy spread) to excite all the SP modes in the nanostructures.52 The spatially resolved 

EELS spectra clearly show that in AuNR with an aspect ratio of ~4, there is an intense LSP 

excitation at 1.8 eV concentrated near the rod ends and several overlapped weak SP 

excitations at ~2.5 eV, which are uniformly distributed near the rod body and possibly 

associated with different transverse modes (Figure 4.5b). In HIF-AuNR@AuPd, the two 

types of SP modes both experience a red-shift of 0.3~0.4 eV, while the LSP mode remains 

dominant (Figure 4.5b). We directly visualized the distributions of the two types of 

different SP modes in AuNR and HIF-AuNR@AuPd by EELS mapping with an energy 

filter at their respective excitation positions with a 0.2 eV window. As shown in Figures 

4.5c-e, typical dipolar SPR patterns, which show highly localized strong fields at the two 

rod ends, were observed in the “bright” LSP mode in both AuNR and HIF-AuNR@AuPd. 
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In the latter case, EELS mappings were performed along two major zone axes (i.e., [100] 

and [110]) and the results were consistent (Figures 4.5d, e). Also, the weak fields of those 

TSP modes exhibited similar uniform distributions in both kinds of nanorods (Figures 

4.5c-e). These results confirmed that the growth of Au-Pd alloy horns did not cause marked 

variations in the intensity or spatial distribution of various SP modes of the AuNRs. Since 

no “dark” SP modes with considerable field intensities were observed, the SERS activity 

was mostly contributed by the dipolar LSP mode. We thus concluded that a sensitive SERS 

detection can be achieved in HIF-AuNR@AuPd by exciting the LSP mode to render strong 

field enhancement at the two rod ends. 

The present discussion demonstrated that for an individual HIF-AuNR@AuPd 

nanorod, much stronger SP fields exist at the rod ends than at the rod body. However, the 

nanorods agglomerate when used as a planar SERS platform. In that case, whether or not 

the site-dependent SERS effect still holds when “hot spots,” which could lead to further 

SERS enhancement, are formed at particle junctions should be considered.53-55 It was 

reported that under the circumstance of particle agglomeration, the SERS enhancement 

mainly resulted from the dipolar component of the hybridized plasmonic field.50 A study 

of dipolar plasmonic coupling between AuNRs with different geometries (e.g., end-to-end, 

side-by-side, L-type or T-type) further indicated that the couplings between LSP modes 

were predominant over LSP-TSP or TSP-TSP coupling56 and the most intensive field 

enhancement was still localized on the rod ends that decayed rapidly with distance from 

the crystal surface. We therefore deduced that when HIF-AuNR@AuPd is used as a planar 

platform, the signal enhancement is primarily a contribution by the rod ends.  
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Figure 4.5. (a) UV-Vis extinction spectra of AuNR (red), HIF-AuNR@AuPd (black), 

AuNR@Pd-1nm (green), and AuNR@Pd-5nm (blue). (b) EELS spectra of AuNR and HIF-

AuNR@AuPd sampled from different positions (refer to (c-e), where filled and empty 

circles in different colors labeled in the STEM images indicate the origin of each EELS 

spectrum with the same symbol). (c-e) STEM images (left), LSP mappings (middle), and 

TSP mappings (right) of (c) AuNR and (d-e) HIF-AuNR@AuPd with different 

orientations: (d) [100] and (e) [110]. The energy window for mapping is 0.2 eV and the 

filtered energy positions of LSP/TSP modes for AuNR and HIF-AuNR@AuPd are 1.8/2.5 

eV and 1.5/2.2 eV, respectively.  Scale bars in (c-e) signify 20 nm.  



161 
 

4.4. Monitoring Catalytic Reactions by SERS  

 

Figure 4.6. (a) SERS spectra of the hydrogenation of chemisorbed 4-NTP to 4-ATP over 

a Pd catalyst at the initial stage with reactant 4-NTP (upper), the final stage with product 

4-ATP (bottom) and an intermediate stage with the coexistence of the two compounds 

(middle). (b) Successive SERS spectra of the reduction of 4-NTP by H2 collected on a 

planar platform made of HIF-AuNR@AuPd NCs. (c) A plot of the logarithm of the Raman 

intensity at 1334 cm−1 versus reaction time (ln(It /I0) ~ t plot) for the catalytic hydrogenation 

of 4-NTP on HIF-AuNR@AuPd. (d) Normalized rate constants and SERS EF values of 

AuNR, AuNR@Pd-1nm, HIF-AuNP@Pd, HIF-AuNR@AuPd and AuPd-Oct.  

The unique morphological and compositional design of HIF-AuNR@AuPd makes it 

useful for in situ monitoring a catalytic reaction via SERS. In a proof-of-concept 

experiment, we investigated the Pd-catalyzed hydrogenation of 4-nitrothiophenol (4-NTP) 
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to 4-aminothilphenol (4-ATP) at room temperature (inset of Figure 4.6a). Specifically, 4-

NTP molecules first formed a monomolecular layer on the surface of HIF-AuNR@AuPd 

through chemisorption,57-59 where they were on-site reduced to 4-ATP molecules by Pd 

upon the subsequent introduction of a hydrogen flow. We note that Au has shown to be 

catalytically inert for this reaction. The SERS spectrum of the 4-NTP monolayer exhibited 

characteristic bands at 854, 1076, 1334 and 1571 cm−1 that were respectively assigned to 

C–H wagging, C–S stretching, O–N–O stretching, and the phenyl-ring mode (Figure 

4.6a).57 The intensities of the R-NO2-associated bands decreased with the conversion of 4-

NTP to 4-ATP, and concomitantly two characteristic bands of 4-ATP at 1486 and 1587 

cm−1 emerged (Figure 4.6a).60 Since hydrogen dissociative activation on Pd is a very fast 

process even at room temperature,61 the subsequent reduction of 4-NTP by the activated 

hydrogen species should be a kinetically relevant step. Hence, the reaction kinetics can be 

quantified from the intensity evolution of the SERS bands of 4-NTP, which corresponds to 

its concentration variation.  

We first evaluated the SERS activities of different nanostructures in colloidal solution 

(Figure A4.7). The excitation wavelength for each material was chosen based on its 

extinction spectra. The results show that AuNR exhibits approximately forty-fold higher 

SERS activity than AuNP exhibits (enhancement factor (EF): 5.7 × 105 vs. 1.5×104). In 

accordance with the conclusion drawn earlier from the extinction spectra (Figure 4.5a) 

that coating Au NCs with Pd severely suppresses the SERS activity, the calculated EF 

values for HIF-AuNP@Pd, AuNR@Pd-1nm and AuNR@Pd-5nm were 3.6 × 103, 2.4 × 

104 and 4.5 × 103, respectively. The EF of AuPd-Oct was determined to be 5.8 × 103. 

Among all the tested bimetallic nanostructures, HIF-AuNR@AuPd had the highest EF of 
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2.5×105 (Figure 4.6d). These results demonstrate that for the preparation of a bifunctional 

nanostructure, incorporating AuPd alloy instead of pure Pd as a catalytic component can 

effectively mitigate the plasmonic damping in Au. As addressed earlier, when used in a 

solid form for reaction monitoring, HIF-AuNR@AuPd would provide additional 

sensitivity due to the “hot spot” effect. We attempted to evaluate this effect and the results 

showed that the “hot spot” involving SERS activity was approximately one order of 

magnitude higher than that of a colloidal solution, giving an EF of 1.6×106.  

Owing to its high SERS activity, the evolution of 4-NTP to 4-ATP over HIF-

AuNR@AuPd was explicitly reflected in a series of in situ Raman spectra collected during 

the reaction (Figure 4.6b). Since the chemisorbed 4-NTP molecules formed a monolayer 

on the surface of the catalysts, the integrated intensity of the strongest band at 1334 cm−1 

(denoted as It) was proportional to the surface coverage percentage, θ,  of 4-NTP (i.e., 

𝜃[4‐NTP](𝑡) = I𝑡 /I0 , where I0 refers to the initial intensity at full coverage). Approximating 

the average coordination number of Pd/Au-4-NTP to be 1 for simplicity, the equation of 

turnover frequency (TOF) normalized to the fraction of Pd active sites at the catalyst 

surface, which was derived from the XPS Au/Pd atomic ratio, can be expressed as 

TOF(𝑠−1) = −
𝜕 𝜃[4‐NTP](𝑡)

𝜕 𝑡
∗

1

𝜂
= 𝑘[H2]

𝑚𝜃[4‐NTP](𝑡) 
𝑛     (4.1) 

where m, n and η are the reaction order of [H2] and [4-NTP] and the fraction of Pd, 

respectively. Since hydrogen activation is facilitated on Pd and the diffusion limitation is 

negligible owing to a large linear velocity of hydrogen flow, we expected the reaction order 

of [H2] to be zero, which was confirmed by the constant reaction rates under different 

hydrogen partial pressures (> 0.5 bar). Considering m = 0, the rate equation (4.1) can be 

simplified as follows: 
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TOF(𝑠−1) = −
𝜕 𝜃[4‐NTP](𝑡)

𝜕 𝑡
∗

1

𝜂
= 𝑘 𝜃[4‐NTP](𝑡) 

𝑛     (4.2) 

⟹   ln(−
𝜕 (I𝑡 /I0)

𝜕 𝑡
∗

1

𝜂
) = 𝑛 ln(I𝑡 /I0 ) + ln 𝑘     (4.3) 

Hence, both the reaction order of 4-NTP and the rate constant, k, can be calculated 

based on the (I𝑡 /I0 ) evolution diagram. A typical diagram (Figure 4.6b) shows an initial 

delay of ~ 60 seconds before the reduction becomes evident. Such an induction period 

could result from the filling-up of hydrogen in the reaction chamber and/or catalyst 

activation by reducing the pre-oxidized surface of Pd.62 A linear regression analysis of the 

  ln(−
𝜕 (I𝑡 /I0)

𝜕 𝑡
∗

1

𝜂
)  versus ln(I𝑡 /I0 )  plot gives n = 1.07 ± 0.02, suggesting first-order 

kinetics (Figure A4.8). Hence, equation (4.3) becomes: 

ln(I𝑡 /I0 ) =  −𝑘 𝜂 𝑡     (4.4) 

A reaction rate constant of k = 21.66 × 10−3 s−1 can thus be readily derived from the 

linearly fitted slope of the ln(I𝑡 /I0 ) ~ 𝑡  plot (Figure 4.6c). It is noteworthy that the 

validity of our method is based on two prerequisites: (i) the SERS spectra series are 

collected from exactly the same position, which was satisfied by carefully operating a 

confocal Raman spectroscope; and (ii) 4-NTP molecules form a uniform monolayer on the 

metallic nanocrystal surface, which is well characterized and generally accepted.57-59 It was 

reported that 4-NTP or 4-ATP could undergo SPR-induced photocatalytic dimerization to 

form dimercaptoazobenzene (DMAB) on silver and gold surfaces under specific 

conditions.60,63-65 In our experiments, however, we did not observe the formation of DMAB 

during the reaction as indicated by the SERS spectra (Figure 4.6a). This was possibly due 

to the different excitation conditions that we used (785 nm laser, 2 mW power). Moreover, 

we found that without introducing hydrogen, the SERS spectrum of 4-NTP did not change 
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over time. We therefore concluded that no DMAB molecules were involved in the 

hydrogenation reaction of 4-NTP and our above-discussed kinetic study was valid. 

Using the same method, we also determined the rate constants of some other metallic 

nanostructures for the hydrogenation of 4-NTP (Figure 4.6d and Figure A4.9). The results 

show that AuNR was not able to catalyze this reaction. This is consistent with previous 

studies, 2,65,66 which showed that Au NCs with sizes larger than 10 nm were catalytically 

inert for this reaction even using stronger reducing agent sodium borohydride. AuNR@Pd-

1nm was active because of the Pd shell, giving a k value of (5.07 ± 0.69) × 10−3 s−1; with a 

similar core-shell structure, HIF-AuNP@Pd was more active [k = (10.88 ± 1.37) × 10−3 s−1] 

than AuNR@Pd-1nm, likely due to its high-index surfaces. Overall, HIF-ANR@AuPd 

exhibited the highest catalytic activity among all the tested materials. In addition to the 

high-index facets, the Au-Pd alloy nature of the surface of HIF-ANR@AuPd is another 

reason for its superior activity, because the 4d state of Pd is remarkably populated through 

Pd4d-Au5d hybridization upon alloying,67 and this favors the electrophilic hydrogenation 

of 4-NTP. AuPd-Oct with alloyed (Au/Pd  1:1 in molar) but low-index {111} surfaces 

was much less active [k = (2.74 ± 0.32) × 10−3 s−1] than HIF-ANR@AuPd, further 

illustrating the crystal-facet-dependent catalytic activities.  

It is very interesting to note that in the ln(I𝑡 /I0 ) ~ 𝑡  plot of HIF-AuNR@AuPd 

(Figure 4.6c), there is an inflection point at t  360 s, after which the reaction apparently 

becomes slower (k = 4.23 × 10−3 s−1). This phenomenon implies the co-existence of two 

kinds of catalytic sites with different activities in HIF-AuNR@AuPd. According to its 3-

D structure described earlier, the high-index faceted horns at the rod ends are supposed to 

have higher catalytic activity than the rod body that exposes low-index {110} facets. More 
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interestingly, the Raman signals of the molecules residing on the rod ends are significantly 

amplified by the LSP resonance, while the signals of the molecules adsorbed by the rod 

body are only slightly enhanced by the TSP under off-resonance conditions. The fast 

conversion of 4-NTP taking place at the rod ends was first captured by the rapidly changed 

SERS spectra, to which the signals from the rod body made negligible contributions due to 

the much weaker enhancement effect of the TSP. When the 4-NTP molecules at the rod 

ends were consumed, the slower conversion of 4-NTP at the rod body became visible. 

Thus, the catalytic activities at different positions of HIF-AuNR@AuPd were clearly 

distinguished and accurately determined by utilizing the anisotropic distribution of SPRs 

to achieve site-dependent field enhancements. It should be noted that the precondition for 

discriminating two kinds of catalytic sites on HIF-AuNR@AuPd is that the rod ends and 

the rod body have remarkable differences in both catalytic activity and plasmonic activity. 

As a negative control, we prepared another nanostructure that consists of Pd-coated Au 

nanocrystals with nearly spherical 68 and investigated its reaction kinetics using the in situ 

SERS method described above. Because this structure has a nearly isotropic SP field 

distribution and no remarkably distinct catalytically active sites, only one reaction rate 

constant, k, was observed (Figure A4.9). Actually, the nanostructures that we discussed 

earlier, i.e., AuNR@Pd-1nm and HIF-AuNP@Pd, can also be regarded as “controls” in 

this sense. In these structures, the exposed facets are approximately equivalent or one type 

of crystal facets are predominant in term of surface area. Accordingly, only one rate 

constant can be explicitly determined for each of them despite their anisotropic SP field 

distributions (Figure A4.9). Moreover, we repeated the kinetic study using another two 

HIF-AuNR@AuPd platforms, and found that the reaction rate constants of the HIFed sites 
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determined from three independent experiments accord closely with each other (21.66 × 

10−3 s−1, 18.11 × 10−3 s−1, and 19.12 × 10−3 s−1, respectively), despite the different initial 

absolute SERS intensities (Figure A4.10). These results clearly demonstrate that the 

kinetic parameters determined with this method are intrinsic and unaffected by the laser 

probe position or hot spot effect, and provide strong evidence for the reliability of our 

conclusions on the reaction kinetics.   

Finally, we would clarify three additional points regarding the catalyst assessment 

method that we used in this study: (i) for the first-order kinetics, the reaction rate constant 

k can actually be determined from the absolute SERS intensities (I𝑡) as the slope of the 

ln(I𝑡)  ~ 𝑡  linear relationship. However, we prefer to use relative intensities (I𝑡 /I0 ) , 

which are associated with the surface coverage percentages of the reactant and thus in 

principle allow the determination of TOF in addition to the rate constant; (ii) for the HIF-

AuNR@AuPd that contains two kinds of catalytic active sites with different SERS 

activities, the two “k” values can both be directly deduced from the slopes of the two linear 

segments in the ln(I𝑡 /I0 ) ~ 𝑡 plot. To determine the TOF of the rod body, however, one 

should redefine the surface coverage using a different initial SERS intensity (I0′), which 

can be derived by extrapolating the second linear segment to get the y-intercept; (iii) due 

to the much stronger enhancement at the rod ends, the SERS intensities used for calculating 

the rate constant of the rod body (i.e., the second “k”) inevitably involve the contribution 

from the residual 4-NTP molecules at the rod ends despite their very low concentration. 

This leads to a lower accuracy in “k” determination for the rod body than for the rod ends.   
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4.5. Conclusions 

The integration of catalytic activity with the surface plasmonic property enables HIF-

AuNR@AuPd to serve as a bifunctional platform to monitor catalytic reactions in situ with 

SERS. The rod-like morphology of HIF-AuNR@AuPd leads to strong LSP resonance 

localized at the rod ends, where there are high-index-faceted horns providing highly active 

catalytic sites. The Au-Pd alloy nature of the horns not only enhances the catalytic activity 

but also circumvents plasmonic damping to a great extent. Using HIF-AuNR@AuPd to 

catalyze and at the same time to monitor the hydrogenation of 4-NTP, we directly 

determined the kinetics of this reduction and distinguished two kinds of catalytic active 

sites with different activities. These results suggest exciting prospects for studying catalytic 

reaction processes on catalyst surfaces with high sensitivity. As we were finalizing this 

manuscript, we noticed a new publication by Kneipp et al. that reported a SERS-assisted 

reaction kinetics study using a physical mixture of separate gold and platinum 

nanoparticles.66 In this work, we developed a well-defined composite nanostructure that 

combines the plasmonic and catalytic activities in one entity in the form of a single crystal 

rather than separate particles, which can avoid the local inhomogeneous distribution of two 

kinds of particles and facilitate in-depth structure-property relationship studies.   
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4.6. Appendices 

4.6.1. Experimental Section 

Chemicals and Materials. Chloroauric acid (HAuCl4, 99.999%), silver nitrate 

(AgNO3, 99.8+%), sodium palladium(II) tetrachloride (Na2PdCl4, 99.998%), sodium 

borohydride (NaBH4, 99%), sodium hydroxide (NaOH, > 97%), L-ascorbic acid (AA, 

99+%), 4-nitrothiophenol (4-NTP, 80+%), hydrochloric acid (HCl, 36.5‒38.0%), 

hexadecyltrimethylammonium bromide (CTAB, 99%), hexadecyltrimethylammonium 

chloride (CTAC, 99%), and ethanol (99.5+%) were all obtained from Sigma-Aldrich and 

used as received without further purification. All aqueous solutions were prepared using 

deionized (DI) water with a resistivity of 18.2 MΩ·cm. 

Synthesis of AuNRs. The AuNRs were grown using a reported seed-mediated 

method.69,70 Specifically, the seed solution was made by injecting a freshly prepared, ice-

cold aqueous NaBH4 solution (0.01 M, 0.6 mL) into an aqueous mixture composed of 

HAuCl4 (0.01 M, 0.25 mL) and CTAB (0.1 M, 9.75 mL), followed by rapid inversion for 

2 min. This resulting seed solution was aged at room temperature for at least 2 h to ensure 

the complete decomposition of the excess NaBH4. The growth solution was prepared by 

the sequential addition of aqueous HAuCl4 (0.01 M, 2.0 mL), AgNO3 (0.01 M, 0.4 mL), 

HCl (1.0 M, 0.8 mL), and AA (0.1 M, 0.32 mL) solutions into an aqueous CTAB (0.1 M, 

40 mL) solution. After gently shaking this growth solution for 30 s, 0.15 mL of the seed 

solution was injected. The resulting reaction solution was gently mixed by inversion for 10 

s and then left undisturbed at room temperature overnight. The obtained nanorods were 

centrifuged at 8500 rpm for 10 min, followed with the removal of the supernatant solution 

and redispersion into 30 mL of deionized H2O.   
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Synthesis of HIF-AuNR@AuPd. To synthesize HIF-AuNR@AuPd, AuNRs were 

first prepared using the well-established seed-mediated method.69-73 Then, HAuCl4 (0.01 

M, 0.03 mL), Na2PdCl4 (0.01 M, 0.02 mL) and ascorbic acid (0.1 M, 0.2 mL) were 

sequentially added into a purified AuNR solution (2 mL, ~0.4 nM). The obtained mixture 

was gently shaken for 10 s and then left under static conditions at room temperature for 3 

h. The resulting hydrosol was washed by repeated centrifugation (5000 rpm, 10 min) and 

redispersed in H2O three times.  

Synthesis of AuNPs. The growth of AuNPs was also achieved using a seed-mediated 

method.69 The seed solution was made by injecting a freshly prepared, ice-cold aqueous 

NaBH4 solution (0.01 M, 0.6 mL) into an aqueous mixture composed of HAuCl4 (0.01 M, 

0.25 mL) and CTAB (0.1 M, 7.5 mL), followed by rapid inversion for 2 min. This resulting 

seed solution was aged at room temperature for at least 2 h to ensure the complete 

decomposition of the excess NaBH4. The growth solution was prepared by the sequential 

addition of aqueous CTAB (0.1 M, 6.4 mL), HAuCl4 (0.01 M, 0.8 mL), and AA (0.1 M, 

3.8 mL) into water (32 mL). After gently shaking this growth solution for 30 s, 0.06 mL of 

a CTAB-stabilized seed solution with diluted 10 times as much water was injected into the 

growth solution. The resulting reaction solution was gently mixed by inversion for 10 s and 

then left undisturbed at room temperature overnight.  

Synthesis of HIF-AuNP@Pd. To synthesize HIF-AuNP@Pd, HAuCl4 (0.01 M, 0.30 

mL), Na2PdCl4 (0.01 M, 0.20 mL) and AA (0.1 M, 2 mL) were added in order to a 20 mL 

of AuNP seed solution under stirring.19 The mixture was left undisturbed at room 

temperature for 2 h. The resultant products were washed by repeated centrifugation and 

redispersion in H2O.  
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 Synthesis of AuPd Oct. The synthesis of AuPd Oct is according to a reported 

method.74 Typically, an aqueous solution of HAuCl4/Na2PdCl4 mixture in a molar ratio of 

1:1 (0.2 mL, 5 mM) was added to a 9.785 mL of aqueous solution of CTAC (20 mM). 

After that, an aqueous solution of AA (50 mM, 0.015 mL) was injected with gentle shaking. 

Finally, this solution was heated at 70 °C for about 2 h in a conventional forced-convection 

drying oven.  

Synthesis of AuNR@Pd-1nm and AuNR@Pd-5nm. AuNR@Pd-1nm and 

AuNR@Pd-5nm were synthesized following procedures in a previous work75 with slight 

modifications. Specifically, two AuNR solutions (2 mL) were each mixed with a CTAB 

(0.1 M, 2 mL) aqueous solution containing AA (0.1 M, 0.02 mL). Different volumes (0.05 

mL, 0.3 mL) of Na2PdCl4 (2.99 mM) were added, respectively. The mixtures were then 

shaken vigorously and left undisturbed at room temperature for at least 14 h. After that, the 

resulting products were collected by centrifuging (12000 rpm, 10 min) the solution twice. 

The thickness of the Pd shell covering the ends of the initial AuNRs for the AuNR@Pd 

NCs prepared with 0.05 and 0.3 mL of Na2PdCl4 was approximated to be ca.1 and 4.9 ± 

1.4 nm, respectively. They were thus designated as AuNR@Pd-1nm and AuNR@Pd-5nm.  

Synthesis of Spherical Au@Pd. Au nanospheres were first synthesized in a 25 °C 

water bath. Briefly, AA (100 uL, 0.1 M) was added into a mixture solution of CTAB (20 

mL, 0.01 M) and HAuCl4 (50 uL, 0.05 M). After the light-yellow color of the mixture 

disappeared, NaOH (200 uL, 0.1 M) was injected. The resulting mixture was finally left 

undisturbed for one hour. The coating of Pd on the as-prepared Au nanospheres was 

realized following a reported method.68 The Au sol (2 mL) was diluted with H2O (4.5 mL). 
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AA (0.5 mL, 0.1 M) was then added. After that, H2PdCl4 (25 uL, 2.99 mM) was added 

stepwise. The suspension was stirred at room temperature for 0.5 h.  

Characterization Methods and Instruments. Extinction spectra were taken on a 

Varian Cary 5000 UV-vis-NIR spectrophotometer. X-ray photoelectron spectroscopy 

(XPS) spectra were obtained using the Axis Ultra DLD system with Al Kα X-ray radiation 

(1486.6 eV). Scanning electron microscopy (SEM) was run on a high-resolution FEI 

Magellan 400L scanning electron microscope operated at 2 KV. Low-magnification 

transmission electron microscopy (TEM) images were acquired on a FEI-Tecnai T12 

microscope operated at 120 KV. Ultramicrotomy was employed using a Leica EM UC6 

ultramicrotome. Aberration-corrected high-angle-annular-dark-field (HAADF) scanning 

(S)TEM imaging, energy dispersive X-ray spectroscopy (EDX) mapping, and electron 

energy loss spectroscopy (EELS) mapping were carried out on a cubed FEI Titan G2 

electron microscope equipped with both a probe-corrector and a monochromator operated 

at 300 kV. The probe convergence angle was 24.9 mrad and the inner detector angle was 

76 mrad. A probe size of 0.8 Å and energy-resolution of 0.17 eV as measured from the 

full-width-at-half-maximum (FWHM) of the zero-loss peak (ZLP) was achieved. High-

resolution TEM imaging and STEM tomography was carried out on a FEI-Titan ST 

electron microscope operated at 300 kV. An electron tomography tilt series from −75° to 

75° at 1° intervals was firstly aligned and then reconstructed to a 3D volume using the 

SIRT function in the FEI Inspect 3D software. The 3D volume rendering, density 

segmentation and isosurface construction were then achieved by the Avizo software. The 

Raman spectra were recorded on a Horiba Jobin Yvon LabRAM HR-800 

spectrophotometer coupled to an Olympus confocal microscope (BX41) with a ×50 
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objective (NA = 0.50) in the backscattering configuration with 532 and 785 nm laser 

excitations. Optical density filters and a constant acquisition time of 10 s were used for the 

measurements. 

Colloidal SERS Measurements. AuNPs, HIF-AuNP@Pd, AuPd-Oct, AuNRs, 

AuNR@Pd-1nm, AuNR@Pd-5nm and HIF-AuNR@AuPd were each incubated with an 

ethanol solution of 4-NTP (10−4 M) overnight to form colloidal suspensions with roughly 

identical particle concentrations. Enhancement factors (EFs) were calculated based on the 

Raman spectrum of a pure 4-NTP solution (0.1 M) collected under the same experimental 

conditions (see SI for calculation details). 

In situ Monitoring of the Hydrogenation of 4-NTP with SERS. The reactions were 

performed in a vertically oriented reaction chamber equipped with the Raman spectroscope 

under 785 nm laser excitation (laser power 2 mW at sample). The planar detection 

platforms mounted in the chamber were made by drop-casting a film of desired NCs on Si 

substrates (5 mm × 5 mm). The platforms were immersed into an ethanol solution of 4-

NTP (10−2 M) for 12 h, followed by repeated rinsing with ethanol. These treatments yielded 

a monolayer of 4-NTP chemisorbed on the platform surface, as evidenced by the 

disappearance of the characteristic S‒H stretching Raman band at 2550 cm−1.57-59 The 

reactions were performed at room temperature with 10 sccm of H2/N2 flow continuously 

introduced to the chamber. Successive SERS spectra were collected during the reaction 

until there were no noticeable changes between adjacent spectra.  

Enhancement Factor (EF) Calculation. The strongest band in the spectra at ca. 1334 

cm−1 was chosen to estimate the SERS enhancement factor (EF) using the following 

equation:76  
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 EF =
ISERS / NSERS  

IBulk / NBulk  
 

where ISERS was the intensity of a specific band in the SERS spectrum of the probe molecule 

(4-NTP in our case) and IBulk was the intensity for the same band but in the normal Raman 

spectrum of bulk solution. NSERS and NBulk were the numbers of the probe molecules 

excited by the laser when adsorbed on the SERS-active substrate and dissolved in bulk 

solution, respectively. Nbulk was determined based on a 0.1 M 4-NTP solution and the focal 

volume, V, of the Raman system, V = πr2 × h = π (0.61 λex/NA)2 × (2nλex/NA2) (r: the radius 

of the diffraction-limited laser beam; h: the depth of the detection volume; λex: the 

excitation wavelength; NA: the numerical aperture of the objective; n: the refractive index 

of the solution). When calculating NSERS, a monolayer of 4-NTP molecules (molecular 

footprint: 50 Å2) was assumed to be tightly packed on the surface of the colloidal NCs. The 

surface area of NCs was estimated based on their shape and size. Due to the ultralow 

concentration, the absorbed 4-NTP molecules could not form a complete monolayer on 

metallic structures. Moreover, there was no NC aggregation in the solution, which could 

have resulted in a “hot spot” effect, as revealed by dynamic light scattering (data not shown 

here). Hence, the EF factors can be calculated by the total amount of molecules in the 

irradiated volume. Since the UV absorption of 4-NTP is at approximately 320 nm, no 

resonance Raman effect is involved. 
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4.6.2. Figure A4.1-Figure A4.10 

 

Figure A4.1. Low-magnification TEM images of the initial AuNRs. The statistical analysis 

based on more than 1000 particles shows that the rods had a mean length of (78.6 ± 6.7) 

nm, a diameter of (17.9 ± 1.6) nm, and an aspect ratio of (4.3 ± 0.5).  
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Figure A4.2. Schematic illustrations of the morphological evolution of AuNR to HIF-

AuNR@AuPd by co-deposition of Au and Pd. For clarity, Au and Au-Pd alloy are 

represented in different colors and the formation of HIF-AuNR@AuPd is represented as 

the assembly of AuNR and Au-Pd alloy components. Exposed facets on these two 

structures are labeled I, II, III and IV, which represent {5 12 0}, {5 12 0}, {4 4 l} (0.25 < 

l < 0.43) and {1 1 0} crystallographic planes, respectively.  
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Figure A4.3.  (a) HRTEM image and (b) the corresponding FFT diffractogram of a AuNR 

taken along the rod axis (i.e., along the [001] axis). The specimen was prepared by 

ultramicrotomy. This result clearly demonstrates that contrary to the long-held model for 

AuNR (i.e., an octagonal prism enclosed by four {100} and four {110} side facets), AuNR 

is actually enclosed by eight identical high-index side facets of the {5 12 0} family. The 

rounded edges between the side facets suggest the presence of some surface steps or 

defects.   
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Figure A4.4. (a) TEM image of the AuNRs coated with a continuous Pd shell. The inset 

shows a single particle of the nanostructure. (b) TEM image of the AuNRs with discrete 

Pd nanoparticles selectively anchored on the rod ends. The inset shows a single particle of 

the nanostructure.  (c-e) HRTEM images and the corresponding SAED patterns of AuNR 

with Pd nanoparticles taken along three different orientations: (c) [310], (d) [100], and (e) 

[110], demonstrating the epitaxial relationship between the Pd nanoparticles and the 

AuNR.    
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Figure A4.5. A low-magnification TEM image of the HIF-AuNR@AuPd NCs. 
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Figure A4.6. Schematic illustrations of how the growing direction of the “horn” was 

determined from HRTEM images of different projections (upper); the HRTEM images 

along with the corresponding SAED and FFT patterns used for the determination (lower). 

The left HRTEM image was taken along the rod axis, i.e., along the [001] axis, while the 

right one was taken from the same specimen after tilting it about the [100] axis by 45°, i.e., 

along the [011] axis. To acquire images in these directions, ultramicrotomy was employed 

for specimen preparation.       

The detailed method and process are described as follows. 

In general, a real-space vector, q1, that has an angle of α to the projection plane (blue), 

rotates about an axis (red) by an angle of 𝜑 to vector q2. Both vectors are on the side surface 

of a cone and their respective projected vectors on the image plane have two different 

angles of θ1 and θ2 to the rotating axis. The projected vector of q1 on the base plane of the 

cone has an angle of β with the image plane. The variables 𝜑, θ1 and θ2 can be measured 

from the HRTEM experiment and the unknown variables α and β can be determined 

according to the following equations: 

cos𝛽

cos(𝛽+𝜑)
= 

tan𝜃1

tan𝜃2
                                              tan𝛼 =  tan𝛽 sin 𝜃1 

In the case of HIF-AuNR@AuPd, q1 was defined as the growth direction of the Au-Pd 

horns. In the HRTEM image of the [001] projection, four horns could be easily identified 

and θ1 = −47.5° was determined; upon tilting the specimen about the [100] axis by 45° (i.e., 

𝜑 = 45°), the HRTEM image of the [011] projection was obtained, from which θ2 = −55.3° 

was determined. According to the above discussion, α and β were calculated to be 35.6° 

and 138.9°, respectively. Thus, vector q1 has an angle of 35.6° with the initial projection 

plane, i.e., the (001) plane, pointing the [111] direction. 
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Figure A4.7. (a) Colloidal SERS spectra of 4-NTP over (I) AuNP, (II) HIF-AuNP@Pd, 

(III) AuPd Alloy Oct, (IV) AuNR, (V) AuNR@Pd-1nm, (VI) AuNR@Pd-5nm, and (VII) 

HIF-AuNR@AuPd. All samples were suspended in water with approximately identical 

particle concentrations. The excitation wavelength for each material was chosen based on 

its extinction spectra. Samples I‒III were excited at 532 nm, while samples IV‒VII were 

excited at 785 nm. (b-f) TEM images of (b) AuNP, (c) HIF-AuNP@Pd, (d) AuPd Alloy 

Oct, (e) AuNR@Pd-1nm, and (f) AuNR@Pd-5nm. TEM images of AuNR and HIF-

AuNR@AuPd can be found in Fig. 4.1. Note: for (e) AuNR@Pd-1nm and (f) AuNR@Pd-

5nm, the thicknesses of the Pd shells at the rod body and the rod ends of AuNR are 

different. Since the SERS effect is much more significant at the rod ends than at the rod 

bodies, to investigate the damping effect of Pd on the SERS activity of AuNR, we used the 

thickness of Pd covering the end parts to name the samples for simplicity. The thickness 

of Pd in (e) and (f) is roughly 1 nm and (4.9 ± 1.4) nm. Thus, the samples were designated 

as AuNR@Pd-1nm and AuNR@Pd-5nm, respectively.  
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Figure A4.8. Reaction kinetics study of the hydrogenation of 4-NTP over HIF-

AuNR@AuPd by SERS: the ln(−
∂ (It /I0)

∂ t
∗

1

η
) versus ln(It /I0 ) plot in which the slope of 

the linearly fitted line (1.07 ± 0.02) corresponds to the reaction order with respect to 4-NTP 

(n), indicating first-order kinetics. 
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Figure A4.9. (a1-d1) Successive SERS spectra of the reduction of 4-NTP by H2 collected 

on a planar platform made of HIF-AuNR@AuPd (a1), spherical Au@Pd (b1), HIF-

AuNP@Pd (c1) and AuNR@Pd-1nm (d1). (a2-d2) The corresponding ln(It/I0)~ t plots for 

the Raman peak at 1334 cm−1; (a3-d3) The corresponding It ~ t plots for the last several data 
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point, where It represents the instant absolute intensity of the Raman peak at 1334 cm−1. 

The error bars were derived from the deviation of the original peaks and their 

corresponding Gaussian-Lorentzian fitting peaks, which reflect the noise level of the SERS 

signal and are indicative of the completeness of the reactions. When the scale of the error 

bar far exceeds the variations of the absolute intensity, the reaction is considered complete. 

Note: A typical ln(It /I0) ~ t plot consists of three segments: i) an “induction period” with 

a small slope, which implies a reaction delay; ii) a “reaction period” from which the rate 

constant(s) k is (are) determined; and iii) a “plateau period” with a slope ~ 0, indicating the 

completeness of the reaction. The existence of an induction period at the beginning of the 

reaction has been often observed for Pd-based catalysts. One major reason is the recovery 

of the partially oxidized Pd catalysts. In our case, besides the catalytic active sites recovery, 

the filling of hydrogen into the reaction chamber could also account for the observed 

induction period. The reaction rate (i.e., the slope of the ln(It/I0) ~ t plot) during this period 

depends on complicated and uncontrollable factors, such as the oxidation degree of the 

catalyst, the recovery rate, the activity of the catalyst, etc., and therefore varies from sample 

to sample. In Figure 4.6c and Figure A4.9a, HIF -AuNR@AuPd shows only slight change 

in ln(It/I0) in the induction period, possibly because that batch of sample had been prepared 

for relatively long time before it was used for the catalytic reaction. The greater oxidation 

degree resulted in a slower reaction rate in the initial stage. Figure A4.10 includes the 

ln(It/I0) ~ t plots of another two newly prepared HIF-AuNR@AuPd samples of different 

batches. Notably, in the three independent experiments, the rate constants derived from the 

“reaction period” are in good agreement, while the duration and the slopes of he “induction 

period” are inconsistent. These results justify our assignment of the first segment in the 

ln(It/I0) ~ t plot as an induction period, which shows uncertainty and is therefore not 
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discussed in the kinetic studies. In addition, HIF-AuNR@AuPd does not show a plateau 

period in Figure 6c (Figure A4.9a). This is because in that experiment, we stopped 

collecting SERS spectra before the appearance of a plateau. When we prolonged data 

collection for a while after the spectra were stable, a plateau period is observed after the 

reaction period that contains two sections corresponding to the two “k” values (see Figure 

A4.10 b & c). 
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Figure A4.10. Successive SERS spectra of the reduction of 4-NTP by H2 collected on a 

planar platform made of HIF-AuNR@AuPd (left) and the corresponding ln(It/I0)~ t plots 

for the Raman peak at 1334 cm−1 (right). (a-c) Three experiments were performed 

independently, using HIF AuNR@AuPd samples synthesized from different batches. The 

results show that the reaction rate constants determined from three independent 

experiments accord closely with each other, suggesting the reliability of this method for 

kinetics study. 
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Chapter 5. Conclusions 

In conclusion, three novel AuNR-based plasmonic nanocrystals were created through 

a rational design of either shape or composition or both over pre-synthesized AuNRs, and 

their exceptional plasmonic properties and optical applications were studied in this work.  

The first nanocrystal, AuNR-AuNS dimer, was produced via a thiol-ligand induced 

asymmetric growth of a AuNS on pre-synthesized AuNRs. The distinct shape feature (i.e., 

“corner” formed between the rod and the sphere) endows the dimer with an extraordinary 

broadband absorption (400‒1400nm), which is in significant contrast to the conventional 

narrow-band surface plasmon resonance absorption of the original AuNRs and most other 

plasmonic nanocrystals. This beautiful optical property made these dimers work as a 

perfect black-body material for light condensation and efficient photothermal convector of 

solar light. 

The second nanocrystal, AuNR (core) @ AuAg alloy (shell), was generated via a 

controlled homogeneous mixing of Au and Ag atoms in an alloy layer that was epitaxially 

grown as a shell on the pre-synthesized AuNRs.  The new incorporation of Ag composition 

not only improves considerably the plasmonic activity of the original AuNRs, but enables 

the positioning of strong LSPR of rod-shaped nanocrystals readily in the visible range (e.g., 

< 700nm). In addition, the fully alloyed AuAg shell is robust against common oxidative 

etchants (e.g., H2O2, O2/NH3). These excellent properties empower this nanocrystal to be 

useful in a corrosive environment for many applications, for instance, SERS in H2O2, as 

demonstrated in this work.  

The third nanocrystal, HIF-AuNR (core) @ AuPd alloy (shell), was fabricated through 

a site-specific growth of high-index faceted AuPd alloy horns at the two ends of the pre-
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synthesized AuNRs. The AuPd alloy nature and the exotic horn shape with high index 

facets render this nanocrystal both high catalytic activity for Pd-catalyzed reactions and 

well-inherited SERS activity from the AuNR. With the integration of highly active catalytic 

sites with strong SERS sites at the same position (i.e., rod ends), this nanocrystals was 

demonstrated to be an ideal platform for in situ and highly sensitive monitoring of Pd-

catalyzed reactions by SERS. 

The engineering strategies developed in this work provide a promising route to the 

fabrication of novel plasmonic nanocrystals with fascinating properties for nanoplasmonics 

and nanophotonics. 
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