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Optical nanomaterials have attracted tremendous interest from a large community 

of researchers because of their widespread applications. The optical properties are closely 

related the structures of nanomaterials, thus making the structural engineering over 

nanomaterials in a controlled manner an important topic. This dissertation discusses our 

efforts in the engineering and applications of optical nanomaterials including noble metal 

nanostructures and hollow nanostructures. 

Noble metal nanostructures possess novel optical properties due to localized 

surface plasmon resonances. Controllable synthesis of noble metal nanostructures with 

desired morphology and optical properties is highly desirable. In this work, we attempt to 

prepare anisotropic Ag/Au alloy nanorods with homogenous compositions through a 

high-temperature annealing process. Alloy nanorods exhibit strong surface plasmon 
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resonances with high stability upon etching. Tunable and fascinating optical properties 

are achieved through controlling over aspect ratios and compositions of the nanorods. 

Improved understandings on the properties of resorcinol-formaldehyde (RF) 

resins will benefit the colloidal synthesis of RF-based nanomaterials. In this study, the 

chemical stability and the evolution of both surface properties and chemical structures of 

RF resin spheres are systematically studied, which provide guidance for the rational 

design and fabrication of various hollow nanostructures. Based on the new 

understandings, an extension of the surface-protected etching strategy has been adopted 

for the preparation and engineering of hollow RF nanostructures. A RF-template-engaged 

redox reaction method is proposed and utilized for rational synthesis of mesoporous 

hollow manganese oxide nanostructures. Visible resonant Mie scattering properties are 

theoretically simulated and experimentally demonstrated. 

Finally, a couple of novel optical demonstrations based on the design and 

structural engineering of nanostructures are presented. The first one is the design of 

plasmonic dichroic film on a mirrored substrate, which has been realized by spray-

coating core-shell nanostructures. By structural engineering over the core-shell particles, 

dichroic film with multi-colors has been successfully created, which holds great potential 

in anti-counterfeiting. The other one is related to the modulation of light transmittance 

and the drying process of hollow nanostructures. Au nanoparticles are incorporated into 

the hollow structures and employed to probe the drying process. 
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Chapter 1  

Overview of Optical Properties of Nanomaterials 

1.1 Introduction 

Nanostructured materials or nanomaterials, typically being less than 100 nm in 

length along at least one dimension, have attracted great attention due to their attractive 

properties introduced by the small size scale.1-4 It is commonly believed that 

nanomaterials are cornerstones of nanoscience and nanotechnology. From the viewpoint 

of fundamental studies and technological advancement, there is a strong demand to better 

understand the properties of nanomaterials to better harness them for related applications. 

Compared to their bulk counterparts, the unique features of nanomaterials, such as large 

surface area, localized surface plasmon resonances, quantum confinement of 

semiconductors, etc. have opened new horizons for a variety of applications, including 

catalysis, energy storage, surface enhanced Raman spectroscopy, fluorescence-based 

sensing, etc.5-11  

One of the most fascinating and useful aspects of nanomaterials is their optical 

properties,12-14 which involve the interaction of electromagnetic radiation with matter. 

New optical properties arise when the size of particles shrinks to the nanoscale.6 For 

instance, when the size is reduced below 10 nm, CdSe nanoparticles (NPs) can exhibit 

quantum confinement of excitons, producing a size-dependent fluorescence and 

becoming a “quantum dot”.15 Similar nanoscale effects can also be seen in noble metal 

NPs, which exhibit both size and shape dependent optical properties due to the coupling 
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of plasma oscillations on their surfaces with incident light.16-18 Indeed, novel optical 

properties manifest on the nanoscale for metal, semiconductor, and insulator. A famous 

example utilizing the optical properties of nanomaterials could be dated back to the 4th 

century when the Romans made the dichroic Lycurgus Cup. The Cup shows a different 

color depending on whether light is passing through it; red when lit from behind and 

green when lit from in front, which is now believed to be the unique scattering and 

absorption properties of Au and Ag NPs embedded in the glass. Nowadays, optical 

properties of nanomaterials are among the most exploited and useful properties for 

technological applications, ranging from sensing and detection, optical imaging, light 

energy conversion, display, photocatalysis, and biomedical treatment. For example, many 

chemical sensors take advantage of the unique optical properties of nanomaterials, such 

as surface enhanced Raman scattering and fluorescence.10 

The optical properties are closely related to the electronic properties as well as the 

structures of the nanomaterials.14 Optical nanomaterials, including quantum dots, noble 

metal NPs, and metamaterials, etc. have attracted tremendous interest from a large 

community of researchers because they hold huge potential in a variety of applications. 

Thus, covering all the common types of optical nanomaterials would be beyond the scope 

of this thesis, so discussion will be focused on a few important categories of 

nanomaterials relevant to the work presented here. 

In this Chapter, I will give an overview on the basic principles behind the optical 

properties of nanomaterials. First, localized surface plasmon resonances from noble metal 

nanostructures will be briefly introduced, including the principles and factors affecting 
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the optical properties. Afterwards, a brief overview on structural color such as photonic 

crystals and resonant Mie scattering will be presented. In addition, structural engineering 

of optical nanomaterials will be discussed in the aspect of seed mediated growth and 

morphological control. Finally, the focus of this thesis as well as general description of 

each Chapter will be summarized. 

1.2 Localized surface plasmon resonances 

Localized surface plasmon resonances (LSPRs) arise from the collective 

oscillation of free electrons in a nanocrystal made of a metal such as Au and Ag in 

response to the oscillating electric field of the incident light, as illustrated in Figure 1.1.18, 

19 Metallic NPs can be described as a lattice of ionic cores with conduction electrons 

moving almost freely inside the NPs. Under the irradiation of light, the conduction 

electrons oscillate coherently due to the oscillating electric field of the light, moving the 

electrons towards the NP surface. An electric dipole will thus be created with negative 

charge accumulating on one side and positive charge on the other side. This dipole 

generates an electric field inside the NP opposite to that the light that will force the 

electrons to return to the equilibrium position, which is similar to a linear oscillator. If the 

electrons are displaced from the equilibrium position and the field is removed later, they 

will oscillate with a certain frequency that is called the resonant frequency. Based on the 

law of conservation of energy, the incident light extinguishes within a narrow energy 

range when exciting LSPRs, allowing us to detect LSPRs through optical absorption and 

scattering spectroscopy.  
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Figure 1.1 Schematic of plasmon oscillation for a sphere, showing the displacement of 

the conduction electron charge cloud relative to the nuclei. Adapted with permission from 

ref. 18. 
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From a more fundamental perspective, there are only two possibilities of 

interaction of a medium with light, which are scattering and absorption. When light 

interacts with mass, some of the photons are transmitted (forward scattered), while others 

are back scattered or absorbed. The optical cross section of a material is a measure of the 

intensity of the light that is absorbed or scattered by that material. The extinction is the 

sum of scattering and absorption, so is the extinction cross section. What makes the 

LSPRs unique are the large extinction cross sections. As illustrated in Figure 1.2, the 

extinction cross section for 10 nm size metallic NPs could be up to 10 times or even 

higher than their geometrical section, indicating that the NPs can absorb or scatter 

photons even away from their physical positions.19 For instance, the extinction cross 

section of 10 nm in diameter of Ag NP is 4080 nm2, while its geometrical section is 78.5 

nm2, indicating over 50 times difference. Noteworthy is that the light absorption is 

exponentially dependent on the absorption cross section, suggesting a moderate increase 

in the extinction cross section can lead to a huge enhancement of light absorption.   

The LSPR frequency and intensity are found to strongly depend on the size, shape 

or geometry, dielectric constants of both the metal and the surrounding material, and 

interparticle distance. The dielectric properties of the materials determine the LSPR band 

position and intensity. As shown in Figure 1.2, the resonant wavelength varies from 

different metallic NPs due to their difference in metal dielectric constant. For example, 

Ag NPs exhibit resonant wavelength at 410 nm while Au NPs show an extinction peak at 

520 nm. The LSPR properties are not limited to metal nanostructures. Materials that 

possess a negative real and small positive imaginary dielectric constant are capable of  



 

6 

 

 

Figure 1.2 Resonant frequency and extinction cross section for metallic NPs with 10 nm 

size in air. The extinction cross section of Ag has been divided by 20 for a better 

presentation (the real value is 4080 nm2). Adapted with permission from ref. 19. 
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supporting the surface plasmon resonances. Commonly employed plasmonic materials 

include the noble metals Au and Ag, but more recently copper, aluminium, highly doped 

oxides and chalcogenides, and graphene.20 In this thesis, we focus only on the noble 

metals of Au and Ag nanostructures because the LSPR of Au and Ag are spectrally 

located in the visible to near-infrared range and they are relatively stable in ambient 

environments. 

The size has a dramatic effect on the LSPR properties. In general, one needs to 

take the quadrupolar term or multipolar effects into account for a large metal NP, while 

the small NP can be considered as a dipole. In addition, the LSPRs are also strongly 

affected by the particle shape or geometry because the charges accumulate at the particle 

surface. For example, there are two plasmon modes in Au nanorods (NRs). One is the 

longitudinal LSPR mode associated with the electron oscillations along the length axis, 

and the other is the transverse LSPR mode excited by light polarized along the transverse 

direction of the nanorod.  

Besides the size and shape effects, the surrounding medium significantly modify 

the excitation of LSPRs, which will be introduced in Chapter 4 in detail. Briefly, the 

dielectric function of the surrounding medium alters the geometry of the electric filed at 

the surface of NPs and the induced polarization of the dielectric medium will partially 

compensate the charge accumulation due to the movement of conduction electrons in the 

NPs.19 As the excitation of LSPRs induces an electric field in the vicinity of the NPs, one 

can imagine the electric field interactions among NPs when they are close enough. For 

instance, colloidal Au nanospheres exhibit ruby red color, while assembling those 
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nanospheres into chain-like structures will cause color change to blue, which is due to the 

coupling between Au nanospheres.21  

1.3 Structural color and resonant Mie scattering 

To make a material that is colored, one normally uses a dye or pigment. The color 

produced from dyes or pigments originates from the absorption of light to excite an 

electron between the ground and excited state of chromophore.  In addition to use a dye 

or pigment for coloration, another way is to make a nanostructure that reflects or scatters 

light so that waves of certain frequencies can constructively interfere. Those 

nanostructured materials are said to have structural color. While pigments and dyes 

degrade and their color fade over time, structural colors can be made resistant to fading 

because they have a more physical origin that stems from the modulation of photon 

motions when light travels through the nanostructures.22 Structural colors are iridescent 

and metallic, cannot be mimicked by chemical dyes or pigments, and free from 

photobleaching unlike traditional pigments or dyes. Therefore, structural colors of 

nanomaterials are of special interest as important chromatic materials. An important class 

of structural color is photonic crystal structures, which are periodically structured 

dielectric materials with a regularly repeated modulation of refractive index on a 

particular length scale, which creates a forbidden gap to prevent propagation of certain 

wavelengths of light. Responsive photonic crystals, which can change their color in 

response to external stimuli such as magnetic field, have attracted much attention due to 

their important uses in areas such as color displays, inks and paints, and many active 

components in optical devices.23, 24  
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However, the complicated synthesis process of periodic structures limits their 

practical applications on a large scale. Furthermore, the design of multiple structural 

colors with a wide viewing angle is also a big problem because the color from Bragg 

diffraction is largely dependent on the viewing direction, which could limit the 

applications that require broad viewing angles, such as displays, printed media, optical 

devices and sensor. As an angle-independent color effect, optical response from resonant 

Mie scattering of hollow nanostructures attract much attention. In 2009, Ye and co-

workers reported that magnetite hollow spheres with a diameter of 650 nm and shell 

thickness of 40 nm exhibit an unexpected green color, which was interpreted in terms of 

the Mie scattering on the inhomogeneous and low-density structure of the hollow spheres 

with a characteristic diameter that is comparable to the wavelength of the visible light.25 

Retsch et al. reported that hollow silica NPs with thin shells also exhibited unexpected 

colorations such as blue and green when placed on a dark background.26 The 

experimentally measured reflectance spectra is in good agreement with the theoretically 

calculated spectra according to the Mie theory. The transport mean free path of light 

could be significantly increased, allowing the resonantly scattered light to escape the 

powder with reduced multiple scattering. The backscattered efficiency is good enough to 

significantly interact with the incident light, while the transport mean free path has 

become large enough to allow the resonantly scattered light to escape the powder with 

minimum multiple scattering. A dark background or black additives are usually required 

to help visualizing the color and enhance the color contrast by suppressing incoherent and 

multiple scattering. 
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1.4 Structural engineering of optical nanomaterials 

The LSPR properties of noble metal nanomaterials are highly dependent on their 

structures, including shape, size and surrounding materials. The structural engineering of 

metal NPs thus becomes significant to tune their optical properties. One efficient and 

maybe most common way to tune the structures is through controlled colloidal synthesis.4 

Here in this thesis, colloidal nanostructures of Au and Ag are of particular interest 

because of their visible-to-near-infrared tunable plasmonic features, high chemical 

stability, and the enormous success in colloidal synthesis to finely control their growth. In 

the following part, structural engineering through seeded growth strategy, including the 

size control over nanospheres and the shape control over nanospheres and nanorods, will 

be discussed.  

Back in 1857, Michael Faraday prepared the first stable suspension of Au colloids 

by reducing Au chloride with phosphorus in water.27 Some of his original samples are 

still preserved and on display at the Faraday Museum in London. One of the most popular 

protocols for preparing Au nanospheres (~15 nm) is based on the reduction of HAuCl4 by 

citrate in water, which was first described in 1951 by Turkevitch and is now commonly 

referred to as the “Turkevitch method”.28 In this method, citrate serves as both a reducing 

agent and an anionic stabilizer. To produce Au nanospehres with desired sizes, a “seeded 

growth” strategy, also often referred to as “seed-mediated growth” in literature, was first 

proposed by Murphy et al.29, 30 This strategy has been successfully extended to produce 

various metal NPs of diverse chemical compositions, such as nanospheres, nanocubes, 

nanorods, nanoplates, and nanowires.31, 32  
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A typical seeded growth method involves the preparation of metal NPs as seeds 

and subsequent growth in reaction solution composed of metal precursors, reducing 

agents, and capping agents. Compared with the conventional one-step method, a well-

controlled growth step can be separated from the nucleation of the seeds, allowing a 

better control over the size and size distribution and a better understanding on the shape 

evolution mechanism. The seeded growth strategy also makes it possible to prepare metal 

nanocrystals with desired shapes by introducing different capping ligands during the 

growth stage. Therefore, seeded growth method has been widely used as a versatile tool 

for rational design and synthesis of metal nanostructures of various compositions and 

morphologies.  

Ideally speaking, the size of Au nanospheres could be simply tuned by controlling 

the ratio between the seed and the precursor. However, it usually requires multiple steps 

of growth to achieve a significant size increase as it needs to keep low concentrations of 

metal precursors to reduce self-nucleation, which takes a great deal of time, energy and 

labor. Our group have recently developed a one-step seeded growth protocol for the 

synthesis of Au NPs with tunable diameters from ~10 nm to ~200 nm.33 In this unique 

system, self-nucleation is greatly suppressed despite high precursor concentration by 

stabilizing the metal precursors with a strong coordinating ligand (KI) and an additional 

capping ligand (PVP). As illustrated in Figure 1.3, seeded growth at high precursor 

concentrations without self-nucleation can be achieved by stabilizing precursors through 

complexation with strong ligands, which greatly decreases the concentration of the 

equilibrium Au0 “monomers” in the reaction to a value much lower than the nucleation  
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Figure 1.3 Schematic diagram depicting the stages of the growth of Au nanoparticles in a 

seeded synthesis without (a) and with (b) self-nucleation being suppressed by additional 

coordinating ligands. Adapted with permission from ref. 33. 
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threshold.33 The one-step seeded growth method avoids multiple steps and enables 

potential large-scale production. Based on a similar concept, monodispersed Ag quasi-

nanospheres with size tunable in a range of 19-140 nm through a one-step seeded growth 

strategy.34 In this system, acetonitrile is selected as a coordinating ligand to Ag(I) salt to 

suppress the self-nucleation. In addition, reaction temperature is further controlled to 

delicately balance the reaction kinetics to suppress the self-nucleation of Ag because the 

addition of Au seeds significantly accelerates the reduction reaction. By employing this 

strategy and using Au seeds of different sizes, Au@Ag core/shell nanospheres with a 

variety of sizes as well as Au-to-Ag ratios could be readily obtained.35 The conversion of 

Au@Ag core/shell nanospheres into Ag/Au alloy nanospheres will be discussed in 

Chapter 3 in detail. 

In addition to nanospheres, nanorods have drawn much attention because of their 

high anisotropy and promising applications in many fields. Impressive progress has been 

achieved in Au NRs synthesis in the past two decades, including template-directed 

method, electrochemical method, and seed-mediated method.36, 37 The most common 

method is the seed-mediated method, which was developed independently by Murphy et 

al. and El-Sayed et al.38, 39 In a typical growth, Au seeds of ~1.5 nm are first prepared by 

reducing HAuCl4 with NaBH4 in an aqueous cetyltrimethylammonium bromide (CTAB) 

solution. The growth solution is obtained by reducing Au(III) complex ions to Au(I) 

complex ions with ascorbic acid also in an aqueous CTAB solution. A certain amount of 

the seed solution is then added to catalyze the further reduction of Au(I) complex ions to 

form Au NRs. The addition of AgNO3 into the growth solution can greatly improve the 
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yields of Au NRs and allow for the rough control of their aspect ratios with unclear 

mechanisms. In addition, the size and shape of Au NRs can be tailored by carefully 

adjusting the growth conditions, such as the composition of the surfactant, the pH of the 

growth solution, and the growth temperature. Recently, Murray’s group reported a 

dramatically improved synthesis of colloidal Au NRs using a binary surfactant mixture 

composed of CTAB and sodium oleate (NaOL),40 which will be employed in this thesis. 

In contrast to Au NRs, which have been greatly explored regarding their synthesis, there 

has been only limited progress in preparing Ag NRs with uniform shapes, narrow size 

distributions, and tunable LSPRs. Thanks to the impressive progress in the preparation of 

Au NRs, the difficulties in direct synthesis of Ag NRs can be circumvented by depositing 

Ag on the Au NRs to form Au@Ag core/shell NRs. Niidome et al. have successfully 

prepared Au@Ag core/shell nanocuboids by reducing AgNO3 form Ag shell on Au NRs 

in cetyltrimethylammonium chloride (CTAC) solutions.41  

Besides the shape and size control through seeded growth approach, the optical 

properties of Au and Ag nanostructures can also be structurally engineered by coating a 

shell layer to form core-shell nanostructures. The shell coating can effectively tune the 

LSPRs owing to the locally changed dielectric environments. Core-shell nanostructures 

such as Au@TiO2 and Ag@Cu2O have shown fascinating optical properties compared 

with their core structures.42 We will discuss in Chapter 4 in detail. In addition to 

morphology control over metallic nanostructures, structural engineering of dielectric 

materials can also be employed to tune the structural colors. As mentioned above, the 

unique structural features of hollow shells with appropriate void space and shell thickness 
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result in colors based on resonant Mie scattering. The rational design and synthesis of 

hollow structured materials are thus of great importance, which will be introduced in 

detail in Chapter 3. 

1.5 Focus of this dissertation 

The fundamental issues on LSPRs of Au and Ag nanostructures as well as brief 

overview on structural engineering of optical nanomaterials have been discussed. The 

essence of this dissertation is related to the rational design, fabrication, and utilization of 

various optical nanomaterials. This dissertation discusses our efforts in the engineering of 

optical nanomaterials and their applications in optical devices. It can be divided into three 

consecutive stages: (1) controllable synthesis of Au/Ag nanostructures with desired 

morphology and optical properties; (2) improved understanding on the resorcinol 

formaldehyde resin spheres toward better control over hollow structures; (3) design and 

fabrication of optical nanomaterials for practical applications based on (1) and (2). 

In Chapter 2, fully alloyed Ag/Au nanorods will be demonstrated by adopting a 

high-temperature annealing approach. Optimized annealing temperature will be obtained 

and the stability of the obtained Ag/Au alloy nanorods upon chemical etching will be 

investigated. Tunable LSPR band position and intensity, which are very different from 

Au nanorods, have been achieved by careful engineering on the rod dimensions and 

chemical compositions. In addition to the synthetic control over the tuning of LSPR 

properties, the polarization-dependent property of alloy NRs will be investigated. Finally, 

colloidal nanoporous Au-Ag alloy nanorods will be fabricated and studied. 
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Chapter 3 represents a systematic study on the surface properties and structures of 

resorcinol formaldehyde resin spheres and their use as self-templates and reactive 

templates. In the introduction part, an overview of hollow structures will be presented. 

Three parts are divided for better discussions. First, surface charges and chemical 

structures of resorcinol formaldehyde resin will be characterized, followed by a proposed 

formation mechanism. Their use as hard templates and coating materials to create novel 

nanostructures will be discussed. Then, the extension of the surface-protected etching 

strategy toward hollow resorcinol formaldehyde resin capsules will be presented. Finally, 

template-engaged redox etching approach will be applied to the synthesis of hollow 

MnO2 spheres by using resorcinol formaldehyde resin spheres as reactive templates. 

Visible resonant Mie scattering of hollow MnO2 spheres will be also demonstrated. 

In Chapter 4, we present two scenarios regarding the structural engineering over 

nanostructures for optical applications. The LSPR dependence on the surrounding 

refractive index is first introduced, which is related to all the three scenarios. In the first 

scenario, a dichroic film on a mirrored substrate is proposed and demonstrated by using 

metal@shell architectures. Multi-colored dichroic films will be developed by 

manipulating the core and shell materials. An anti-counterfeiting device will be 

demonstrated based on the dichroic films. In the second part, the drying process of 

hollow TiO2 shells will be investigated by monitoring the transmittance evolution. The 

LSPR of Au NPs are employed to monitor the drying process by incorporating them into 

hollow structures. A drying model for the hollow shells is finally proposed. 
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Chapter 2  

Strong, Stable, and Tunable Surface Plasmon Resonances of 

Fully Alloyed Ag/Au Nanorods 

2.1 Introduction 

Colloidal Au and Ag nanostructures have been a subject of intensive research for 

their fascinating localized surface plasmon resonance (LSPR) properties, which arise 

from the collective oscillations of the free electrons confined to the nanoscale.1-3 

Nanomaterials of Au and Ag have been proven to be good candidates for applications in 

catalysis,4 surface enhanced Raman scattering (SERs),5 biosensors,6 and plasmonics.7 

The LSPR properties of plasmonic materials strongly depend on their chemical 

composition, size, shape, local dielectric environment, and electromagnetic interactions 

with proximate particles. The contents in this Chapter are mainly related to the 

dependence of elemental composition as well as the shape of metal NPs on the LSPR 

properties.   

In terms of plasmonics, it is important to choose a metal that can support a strong 

LSPR at the desired resonance wavelength. The ability of a metal nanoparticle to support 

LSPR is dependent on its dielectric function, which includes a real part and an imaginary 

part, both of which vary with excitation wavelength.2 The dielectric function of a material 

reflects the unique interaction between its electrons and the light. Quality factor is usually 

used to describe the LSPR strength, where a higher quality factor indicates stronger 

plasmon resonances.8 For example, the aluminum only shows large quality factor in the 
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ultraviolet (UV) region, suggesting aluminum is suitable for UV plasmonics. Among all 

the plasmonic metals, Ag has the largest quality factor across most of the spectrum from 

300 to 1200 nm. Interband transitions, where electrons are excited from the conduction 

band to higher energy levels, also play an important role in dampening the LSPRs.9 The 

interband transitions typically occur at much higher frequencies than the LSPRs. For Au 

and Cu, those transitions limit the LSPR excitation to wavelengths longer than 500 and 

600 nm, respectively.10 

In addition to the elemental dependence, particle shape also plays an important 

role in governing the wavelength of LSPR bands. In comparison with spherical ones, 

nonspherical nanocrystals exhibit anisotropic optical and electronic responses that are 

determined by their topological aspects. Great effort has therefore been devoted to 

controlling the shape of noble metal NPs, varying from spheres to rods, cubes, plates, and 

wires, which greatly broaden the range of the LSPR wavelength. Among those 

nonspherical NPs, nanorods (NRs), especially Au NRs, have been receiving extensive 

attention owing to their tunable plasmonic properties and related promising applications 

in many fields,11-13 such as photothermal therapy,11, 14, 15 sensing,16, 17 SERS,18 and so 

forth. There are two plasmon modes in Au NRs. One is the longitudinal LSPR mode 

associated with the electron oscillations along the length axis, and the other is the 

transverse LSPR mode excited by light polarized along the transverse direction of the 

rod. The plasmon wavelength of the longitudinal mode can be synthetically tuned across 

a broad spectral range, covering the visible and near infrared regions by tailoring their 

aspect ratios.  
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Nanocrystals of Ag, which has the largest quality factor across most of the 

spectrum, have been widely studied and utilized to enhance Raman scattering and 

fluorescence. Compared with Au NPs, Ag NPs exhibit much stronger electric field 

enhancements. Simulation results have shown that the field intensity enhancement factors 

of the Ag NRs are 3.5-6.8 times those of the Au NRs with same size.19 Moreover, Ag can 

support LSPR in the near-UV spectral range due to its higher interband transition energy 

when compared with Au. In fact, plasmon resonances of Ag NRs are able to cover the 

whole visible spectra, making them promising for applications requiring LSPRs in the 

visible range, such as visible photocatlytic reactions and magnifying superlens.20-22 

However, there has been only limited progress in preparing Ag NRs with uniform shapes, 

narrow size distributions, and tunable longitudinal plasmon wavelengths, which would 

severely hinder the use of their attractive plasmonic properties in many plasmon-based 

applications. 23-25 

Thanks to the impressive progress in the preparation of Au NRs, the difficulties in 

direct synthesis of Ag NRs can be circumvented by depositing Ag on the Au NRs to form 

Au@Ag core/shell NRs.19, 26 The longitudinal mode of resulted Au@Ag NRs can be 

finely tailored through varying either the thickness of Ag shell (Ag to Au ratio) or the 

aspect ratio of core Au NRs. Although Ag NRs have intriguing plasmonic properties, 

poor chemical and structural stability limits their wide practical applications. The 

structures and LSPR properties of Ag NPs are subject to changes upon exposing to water, 

halides, oxidative agents, and UV irradiation.27-29 For instance, Ag NRs are rather 

instable and change automatically into nanospheres in aqueous solutions.23, 30 To this end, 



 

23 

 

stable Ag NRs, which are resistant to oxidation and morphological changes, are highly 

desired. 

Several methods have been developed in previous studies to stabilize Ag NPs 

mainly through coating a protective layer such as silica.31, 32 However, the overlayer is 

often vulnerable to external etchants and cannot provide sufficient protection. Deposition 

of Au onto Ag nanocrystals usually causes partial dissolution of Ag due to the 

replacement reaction between Ag and Au precursors.33 Replacement reaction-free coating 

of Au on Ag requires delicate control,34 while thicker coating of Au will diminish the 

plasmonic activity of Ag. Therefore, an alternative and perhaps more effective way is to 

homogeneously alloy Ag with a chemically inert plasmonic metal such as Au. Our group 

recently demonstrated an effective synthesis strategy based on interfacial atomic 

diffusion of Ag and Au in Au@Ag core/shell nanospheres.35 Fully alloyed Ag/Au 

nanospheres with high compositional homogeneity ensured by annealing at high 

temperatures have been obtained, which exhibited large extinction cross sections, 

extremely narrow bandwidths, and remarkable stability in harsh chemical environments. 

As no conventional surfactants can survive at high temperature such as 1000 °C, a layer 

of silica is coated on the Au@Ag core/shell nanospheres prior to their annealing to serve 

as a high-temperature-resistant “surfactant” to prevent particle aggregations.  

In this Chapter, the excellent plasmonic property of Ag and the great stability of 

Au are combined and realized in rods-like nanostructures. More specifically, Au@Ag 

core/shell NRs are converted into fully alloyed Ag/Au NRs through thermal treatment 

under the protection of silica to avoid agglomerations. An optimized annealing 
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temperature has been found to be around 800 °C. Above that temperature, anisotropic 

NRs tend to fuse into spherical particles, while lower temperature annealing cannot 

guarantee the chemical stability. The resulted alloy NRs exhibit strong plasmon 

resonances and superior chemical stability in harsh etchant. In contrast to Au NRs, whose 

transverse mode is usually located at ~520 nm, our alloy NRs show a tunable LSPR band 

positions for both transverse mode and longitudinal mode by simply controlling either Ag 

shell thickness or aspect ratio. Moreover, the peak intensity ratio between the two 

resonance modes could also be adjusted and the intensity of transverse mode could be 

even stronger than that of longitudinal mode. The polarization-dependent optical 

response of the alloy nanorods is also studied by incorporating them within poly(vinyl 

alcohol) thin films and aligning them by heating and stretching the nanocomposite films, 

which enables selective excitation of the plasmon modes. In addition to Au/Ag alloy 

NRs, we also report a dealloying process for the fabrication of porous Au-Ag alloy NRs 

containing abundant inherent hotspots. 

2.2 Experimental 

2.2.1 Synthesis of Au NRs and Au@Ag core/shell NRs 

Au NRs were prepared using a seed-mediated growth method in a binary 

surfactant mixture composed of CTAB and NaOL according to a previously reported 

protocol from Murray’s group.36 In a typical synthesis, 40 mg HAuCl4·3H2O was used 

and the obtained Au NRs were concentrated and re-dispersed in 10 ml H2O. The aspect 

ratios can be tuned by adjusting the pH value of the growth solution as well as the 

amount of seed solution. Au@Ag core/shell NRs were synthesized through controlled 



 

25 

 

epitaxial growth of Ag on Au NRs in the presence of CTAC as a surface capping ligand 

according to a reported procedure with slight modification.26 Specifically, each aliquot 

(0.64 ml) of the Au NRs solution was centrifuged and re-dispersed into 8 ml of aqueous 

CTAC solutions (0.08 M). Subsequently, various amount (0.2 ml to 2 ml) of AgNO3 

(0.01 M) were added into the Au NRs dispersions, followed by the addition of ascorbic 

acid solutions (0.1 M). The volume of the ascorbic acid solution was a half of the AgNO3 

solution. The resultant solutions were kept in a water bath at 65 °C for 3 h. Au@Ag 

core/shell NRs were collected and re-dispersed in 4 ml of H2O. 

2.2.2 Silica coating 

Au@Ag core/shell NRs can be easily coated with silica via a modified Stober 

method. Typically, to the 4ml of the core/shell nanoparticle solution was added 60 ml of 

isopropanol and 8 ml of water. After that, 120 µl of TEOS and 3 ml of diethylamine were 

added in sequence under stirring, and the reaction was allowed to proceed for 2 h. A 

colloid of Au@Ag@SiO2 NPs was obtained after centrifugation and redispersion. 

2.2.5 Annealing and silica removal 

In a standard process, the Au@Ag@SiO2 NPs were dried and annealed at 800 °C 

for 3 h in a tubular furnace under the protection of an Ar atmosphere. The sample after 

annealing was re-dispersed in 40 ml of a water solution containing 1.25 wt% PVP 

(Mw=10 000), 50 mM diethylamine, and 5 mM NaOH, and the resulting dispersion was 

refluxed for 1 h in a nitrogen atmosphere to ensure complete removal of the silica shell 

and restabilization of the alloy NRs with PVP. Ag/Au alloy NRs were then collected by 

centrifugation and re-dispersed in water. 
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2.2.5 Synthesis of porous Au-Ag nanorods by dealloying  

In a typical dealloying process, Ag/Au alloy NRs were dispersed in an aqueous 

CTAC solution (2 ml, 0.01 M), followed by adding a diluted FeCl3 solution (3 ml, 5 

mM). After 5 min of reaction, the resulting porous Au-Ag NRs were collected by 

centrifugation and re-dispersed in water. 

2.2.6 Characterizations 

The transmission electron microscopy (TEM) images were taken with a Philips 

Tecnai 12 transmission electron microscope operating at 120 kV. Ultraviolet-visible-near 

IR (UV-vis-NIR) spectra for Au NRs were measured with a Cary 500 UV-Vis-NIR 

spectrophotometer. All other spectra were measured with an Ocean Optics HR2000 CG-

UV-NIR high resolution spectrometer. 

2.3 Results and discussion 

Figure 2.1a outlines the general synthesis strategy for the preparation of Ag/Au 

alloy NRs, which involves coating of the Au@Ag core/shell NRs with a protection layer 

of silica and subsequent annealing under an Ar atmosphere at high temperature. In a 

typical process, Au NRs were prepared using a seed-mediated growth method in a binary 

surfactant mixture composed of CTAB and NaOL according to a previously reported 

protocol from Murray’s group.36 Their average length and diameter determined from the 

TEM characterization (Figure 2.1b) are 101.6 ± 7.5 nm and 18.2 ± 1.1 nm, respectively. 

Au@Ag core/shell NRs were then prepared through controlled epitaxial overgrowth of 

Ag on Au NRs in the presence of CTAC as a surface capping ligand. As shown in Figure 

2.1 b and c, after deposition of Ag, cylindrical Au NRs are converted to uniform cuboidal  
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Figure 2.1 (a) Schematic illustration for the preparation of Ag/Au alloy NRs. TEM 

images showing the rod-like morphology at different synthesis stages, (b) Au NRs, (c) 

Au@Ag core/shell nanocuboids, (d) Au@Ag@SiO2, and (e) Ag/Au alloy NRs. The scale 

bar is 100 nm. 
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Au@Ag core/shell NRs with sharp edges and corners. The Ag shells at the sides of the 

NRs are observed to be thicker than those at the ends, resulting in a decrease in the aspect 

ratio from 5.59 ± 0.50 to 2.77 ± 0.22. A layer of silica that serves as high-temperature-

resistant “surfactant” was then coated on the core/shell NRs (Figure 2.1d), following 

which Au@Ag@SiO2 NRs were annealed at 800 °C for 3 hours to ensure 

homogeneously mixing of Au and Ag at the atomic scale.35 After silica removal in a 

solution of NaOH, a stable colloid of Ag/Au alloy NRs were finally obtained (Figure 

2.1e). 

Figure 2.2 shows the corresponding photograph and UV-vis-NIR extinction 

spectra of the Ag/Au alloy NRs and their synthesis intermediates. After Ag deposition, 

the color of NRs changed from red to yellow-green, and further changed to striking blue-

green after alloying process. In the corresponding extinction spectra, the longitudinal 

plasmon resonance mode of Au NRs is located at 996 nm, with a full width at half 

maximum (FWHM) of ~165 nm, indicating the narrow size distribution of NRs. After 

epitaxial growth of Ag, the core/shell NRs exhibit four distinct peaks at 727, 434, 391, 

and 344 nm, which are ascribed to the longitudinal and transverse dipolar plasmon 

modes, and two octupolar plasmon modes, respectively.19 The blue-shift of the resonance 

peak from 996 nm to 727 nm is caused by the increased effect of the optical properties 

from Ag as well as the decreased aspect ratios. The longitudinal resonance mode is 

further blue-shifted to 663 nm after high-temperature alloying, which could be attributed 

to both the permittivity changes upon alloying and slight reduction of aspect ratios. In the 

low-energy region of the spectrum, a sharp mono-peak at 421 nm evolves, which belongs  
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Figure 2.2 (a) Photograph showing solutions containing Au NRs, Au@Ag core/shell 

NRs, Au@Ag@SiO2, and Ag/Au alloy NRs (left to right) and (b) the corresponding 

normalized extinction spectra of the samples as shown in Figure 2.1. 
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to the transverse dipolar mode of alloy NRs, indicating high-temperature annealing could 

reshape the cuboidal NRs. Noteworthy is that both resonance peaks in this work are very 

sharp with FWHM of ~136 and ~58 nm for longitudinal and transverse mode 

respectively, which is different from previously reported Ag NRs exhibiting broad 

extinction peaks due to wide size distribution and faceted geometry.25, 37  

Compared with the preparation of Ag/Au alloy nanospheres, relatively lower 

annealing temperature was adopted in this work.35 Different from isotropic nanospheres, 

anisotropic Au and Ag NRs tend to fuse into spherical particles at higher annealing 

temperatures. It was also reported that Ag NRs and nanocubes would undergo 

sublimation under high-temperature treatment, while Au NRs would shrink and fuse into 

spheres.22, 38, 39 As can be seen from the TEM image in Figure 2.3a, annealing at 1000 °C 

led to shrinkage of NRs into spherical particles. Alloy nanospheres and Au nanospheres 

due to the possible sublimation of Ag are both present in the sample. The shape 

transformation as well as the incomplete shape indicates the loss of Ag and the structure 

instability of NRs at 1000 °C. When annealing at 900 °C, alloy NRs are obtained but with 

one incomplete end due to the sublimation of Ag atoms. Alloying at 800 °C yields 

complete NRs with no apparent sublimation of Ag. Those results are consistent with the 

UV-vis-NIR extinction spectra in Figure 2.3d. Only one plasmon peak is exhibited for the 

sample annealed at 1000 °C because of the spherical shape of the fused metal particles. 

Compared with the spectra of alloy NRs annealed at 800 °C, the blue-shift of the LSPR 

peaks for the alloy NRs obtained at 900 °C suggests the shortening of NRs in length and 

the decreasing in aspect ratios. Annealing at lower temperature such as 650 °C could also  
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Figure 2.3 TEM images showing the sample of Ag/Au alloy@SiO2 obtained at various 

temperatures, (a) 1000 °C, (b) 900 °C, and (c) 800 °C. (d) The corresponding normalized 

extinction spectra. The scale bar is 100 nm. 
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increase the diffusion rates of Ag and Au atoms and thus facilitate the alloying process. 

However, our previous work on the alloyed nanospheres suggests higher temperature 

treatment would benefit the chemical stability of the resultant alloy NPs.35 To this end, 

we choose an intermediate temperature of 800 °C for the thermal annealing of NRs. 

Alloy NRs obtained at that temperature are 105.3 ± 8.9 nm long and 44.7 ± 4.5 nm wide. 

Compared with the core/shell NRs (108.3 ± 6.8 nm in length and 39.1 ± 2.0 nm in 

diameter), the aspect ratio slightly shrank from 2.77 ± 0.22 to 2.38 ± 0.32 after heat 

treatment. 

Besides their strong LSPRs, the Ag/Au alloy NRs also displayed excellent 

stability against chemical etching in a strong oxidative environment. The chemical 

stability of Au@Ag core/shell NRs and Ag/Au alloy NRs were examined in a mixture of 

H2O2 and ammonia by monitoring their LSPRs band changes. The mixed solvent of H2O2 

(0.5 M) and ammonia (0.4 M), in which H2O2 plays a role in oxidizing Ag while 

ammonia accelerates the dissolution of Ag by forming soluble [Ag(NH3)2]
+ complexes, is 

believed to be a harsh etchant to rapidly dissolve metallic Ag (within 1 s).35, 40 As 

depicted in Figure 2.4a, the optical features of Au@Ag core/shell NRs quickly vanished 

upon exposure to the etchant, leaving behind characteristic extinction peaks only from Au 

NRs. Dramatic decreases in peak intensities in Figure 2.4a, on the other hand, confirmed 

that Ag could support much stronger LSPRs than Au as same number of NRs occurred in 

the solution. Upon high-temperature alloying, those NRs could survive in the strong 

oxidative etchant with only minor losses in plasmon band intensities (Figure 2.4b). After 

12 h of etching, the peak intensities were well maintained at 92% and 90% of the original  
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Figure 2.4 UV-vis-NIR spectra showing the chemical stability of (a) Au@Ag core/shell 

NRs and (b) Ag/Au alloy NRs in a harsh etchant solution which contains H
2
O

2
 (0.5 M), 

NH
3
·H

2
O (0.4 M), and PVP (surfactant, 0.5 wt %, Mw = 10 000). Initial spectra of the 

NRs (labeled as 0 s or 0 min in the Figure) were recorded in the absence of H
2
O

2
 and 

NH
3
·H

2
O, with their volumes made up by water. 
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values with no further decay within additional 12 h for longitudinal and transverse 

plasmon modes, respectively. Apparently, the more Ag that are present in the alloy 

particles, the less stable they will be. Therefore, in the later discussion, we only focus on 

the tunability of LSPR band positions for alloy NRs regardless of their stability. 

As LSPR band positions are determined by both the elemental composition and 

aspect ratio of NRs, LSPR modes of the resultant alloy NRs could be readily controlled 

by varying the ratio between the amounts of Ag precursor and Au NRs involved in a 

synthesis. As shown in Figure 2.5 a, c, e, and g, various Au@Ag core/shell NRs were 

obtained by adding different amounts of AgNO3 into reaction solutions containing the 

same number of Au NRs. Those core/shell cuboidal NRs were all converted to alloy NRs 

in the absence of sharp corners and edges (Figure 2.5 b, d, f, and h) through high-

temperature annealing. As plotted in Figure 2.5 i, the thickness of Ag shells at the sides 

increased more than that at the end, resulting in that aspect ratios of the core/shell NRs 

decreased gradually from 4.01 to 3.32, 2.38, 2.29, and 2.16, as the amounts of AgNO3 

was increased from 400 to 800, 1200, 1600, and 2000 μl, respectively. Their plasmonic 

properties are plotted in Figure 2.6. As shown in Figure 2.6a and b, the Au@Ag 

core/shell NRs exhibited four resonance peaks while their alloy counterparts showed two 

distinct plasmon bands. The longitudinal plasmon bands of the resultant alloy NRs 

underwent a blue-shift from 736 nm to 648 nm as increasing the amount of Ag, which 

promises a simple yet effective way to tune resonant peaks due to wide size distribution 

and faceted geometry. As depicted in Figure 2.6c, the longitudinal extinction peaks in  
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Figure 2.5 TEM images of Au@Ag core/shell NRs (a, c, e, and g) and the corresponding 

Ag/Au alloy NRs (b, d, f, and h). The core/shell NRs (a, c, e, and g) were produced from 

the growths with 400, 800. 1600, and 2000 µl of AgNO3 solution at 0.01 M, respectively. 

The scale bar is 100 nm. (i) Plot of length and width as a function of the volume of 

AgNO3 precursor. 
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Figure 2.6 UV-vis-NIR extinction spectra for (a) Au@Ag core/shell NRs and (b) Ag/Au 

alloy NRs shown in Figure 2.1 and Figure 2.5. Dependence of resonance peak positions, 

peak intensity ratios, and aspect ratios on the volume of the AgNO3 precursor. (c) 

Longitudinal peak positions and aspect ratio versus the volume of the AgNO3 precursor. 

(d) Transverse peak positions and intensity ratio between transverse and longitudinal 

modes versus the volume of the AgNO3 precursor. The dash line in (d) indicates the equal 

intensities of the transverse and longitudinal modes.  
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both cases blue-shifted first rapidly and then slowly, which is consistent with the 

variations of aspect ratio. 

It is known that the plasmon wavelength of the longitudinal mode for Au NRs can 

be synthetically tuned through simply tailoring their aspect ratios.11, 41 The transverse 

plasmon band is however insensitive to the size of Au NRs, resulting in less tunability on 

the peak positions. On the other hand, the peak intensity of the transverse mode is much 

weaker than that of the longitudinal mode (with a ratio of 0.14 to 1 in this work) for the 

case of Au NRs. In contrast to Au NRs, the transverse mode of our Ag/Au alloy NRs can 

be adjusted in the aspect of peak positions as well as peak intensities as shown in Figure 

2.6 b and d. With an increase of Ag amount, the peak positions can be altered from ~510 

to ~420 nm owing to the joint contribution from Au and Ag, suggesting great tunability 

on both transverse and longitudinal modes. Thanks to the smaller dielectric function of 

elemental Ag than that of elemental Au, Ag is able to support stronger plasmon 

resonances. As indicated in Figure 2.6 b and d, the peak intensity ratios between 

transverse and longitudinal band (IT/IL) increase gradually from 0.14 to 1.22 when 

increasing the Ag volumes, indicating our Ag/Au alloy NRs can support strong transverse 

mode with comparable to or even higher intensities than longitudinal one. 

Considering that the longitudinal mode is greatly dependent on the aspect ratio of 

NRs, we can further tune the LSPR modes through starting with Au NRs with different 

aspect ratios. As an example, Au NRs (~78 nm in length and ~25 nm in diameter) with 

aspect ratio of ~3.16 were successfully prepared (Figure 2.7a). As shown in Figure 2.7b 

and c, shorter Au@Ag core/shell NRs could be readily converted into alloy NRs with an  
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Figure 2.7 TEM images for (a) Au NRs, (b) Au@Ag NRs, and the resultant (c) Ag/Au 

alloy NRs; The scale bar is 50 nm. (d) the corresponding UV-vis-NIR extinction spectra. 
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aspect ratio of ~1.86. The longitudinal extinction peaks blue-shifted from ~754 nm to 

~628 nm after overgrowth of Ag and further moved to ~571 nm upon thermally alloying 

(Figure 2.7d). These results suggest that the resulted alloy NRs in this work could exhibit 

plasmon modes through the whole visible spectrum with narrow extinction peaks. 

Polarization effects provide a useful method for modulating the optical response 

of light in nanorods.42 The polarization-dependent optical response of Au NRs has been 

widely explored.42-44 Polarized light can be used to excite separately the longitudinal or 

transverse LSPR mode of a nanorod if the rods are macroscopically oriented. For 

colloidal suspensions of pure nanorods, one will always observe an average over the 

possible orientation with both longitudinal and transverse resonance bands in the 

spectrum. Our group have previously reported the dynamic and reversible tuning of the 

plasmonic property of Au NRs by controlling their orientation using external magnetic 

fields. The magnetic orientation control enables instant and selective excitation of the 

plasmon modes of AuNRs through the manipulation of the field direction relative to the 

directions of incidence and polarization of light. However, transverse mode of Au NRs 

limits the modulation of light at ~520 nm. Unlike Au NRs, our alloy NRs showed tunable 

transverse peak positions between ~510 and 420 nm, allowing broader modulation of 

light. As one demonstration, alloy NRs were homogeneously incorporated within PVA 

thin films according to previous reports. When stretching the composite thin films, the 

alloy NRs tend to align in the stretched direction driven by the elongation of the PVA 

polymer molecules. Under normal light illumination, both plasmon modes are excited for 

stretched composite films. As shown in Figure 2.8, the two plasmon modes can be  



 

40 

 

 

Figure 2.8 UV-vis -NIR extinction spectra of PVA films containing Ag/Au alloy NRs: 

stretched with normal light (black), stretched with parallel (red) and perpendicular 

polarization (green).   
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selectively excited under illumination of polarized light. The longitudinal mode is 

selectively excited when the polarized light is parallel to the stretch direction, whereas the 

transverse one (~425 nm) is excited when the polarized light is perpendicular to the 

stretch direction. 

Nanoporous Au NPs have attracted great attention owing to their unique porous 

structures and widespread applications such as SERS and catalysis.45-47 Porous Au NPs 

are usually prepared on the substrate by first patterning Au-Ag alloy nanostructures 

followed by a chemical or electrochemical dealloying process, which may make it 

difficult to achieve large-scale production for many practical applications. It is thus 

highly desirable to develop a robust colloidal synthesis method for large-scale fabrication 

of nanoporous Au particles. We have previously reported a dealloying process for the 

fabrication of porous Au-Ag alloy NPs containing abundant inherent hotspots, which 

were encased in ultrathin hollow silica shells so that the need of conventional organic 

capping ligands for stabilization is eliminated, producing colloidal plasmonic NPs with 

clean surface and thus high accessibility of the hotspots.48 The dealloying process was 

completed in a concentrated nitric acid, which is a strong oxidizer and may be harder to 

control the etching of Ag. Here we choose a relatively mild etchant, FeCl3, to convert the 

Ag/Au alloy NRs into porous Au-Ag NRs. FeCl3 is believed to oxidize metallic Ag to 

form AgCl precipitates, which can be washed away by CTAC solution or NaCl 

solution.40 As shown in Figure 2.9a, the bright green color of alloy NRs changed to dark 

greenish color after adding the etchant of FeCl3. The two strong LSPR peaks of alloy 

NRs disappear after dealloying and the resultant colloidal porous Au-Ag NRs exhibit  
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Figure 2.9 (a) Schematic illustration for the preparation of porous Au-Ag alloy NRs and 

the corresponding digital images showing the color of the dispersions; (b) UV-vis-NIR 

extinction spectra for alloy NRs and porous alloy NRs; (c) and (d) TEM images showing 

Ag/Au alloy NRs and porous Au-Ag alloy NRs, respectively. The scale bar is 50 nm.  
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strong scattering across the UV-vis spectra with no apparent extinction peaks (Figure 

2.9b). Figure 2.9c and d shows the TEM images of alloy NRs and porous NRs, 

respectively. The average diameter decreases from 42 nm to 35 nm and the average 

length decreases from 89 nm to 80 nm, indicating the shrinkage of the NRs after 

dealloying, which is consistent with the literature report.48 In addition to SERS, the 

colloidal porous Au-Ag NRs may find use in drug delivery and optical coherent 

tomography because of their porous structure and fascinating optical properties.  

2.4 Conclusion 

In conclusion, fully alloyed Ag/Au NRs combining the excellent plasmonic 

property of Ag and the great stability of Au have been demonstrated by a high-

temperature annealing process. Compared with Au@Ag core/shell NRs, the resultant 

alloy NRs exhibit significantly improved stability against harsh corrosive environment. 

Their aspect ratios and thus the longitudinal LSPR peak positions could be readily tuned 

by either varying the ratio between the amounts of Ag precursor and Au NRs involved in 

a synthesis or starting with Au NRs of different aspect ratios, while the peak positions of 

the transverse mode could also be easily adjusted between ~510 nm and ~420 nm. In 

comparison with Au NRs, our alloy NRs showed widely tunable peak intensity ratios 

between the transverse and longitudinal modes. In addition, we further demonstrated the 

polarization-dependent optical properties of the alloy NRs, which can bring modulation 

of light with broader range. Considering the strong, stable, and highly tunable 

longitudinal and transverse LSPR properties, our alloy NRs hold potential in both 

fundamental spectroscopic studies that combine both molecular and plasmon resonance 
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effects, and many plasmonic applications, such as solar energy conversion, photothermal 

therapy, and plasmon enhanced fluorescence. Our ongoing work has shown that the alloy 

NRs exhibit higher photothermal heating efficiency than Au NRs with minimal 

cytotoxicity. This high-temperature annealing strategy may be served as a general method 

to fabricate alloy NPs such as Pt, Pd, and Cu to produce unique optical responses and 

high-performance catalysts. In addition, we have also developed a colloidal route toward 

the synthesis of porous Au-Ag alloy NRs with high-density of coupling spots by 

dealloying the Ag/Au alloy NRs in an etchant of FeCl3 solution. 
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Chapter 3  

Colloidal Resorcinol Formaldehyde Resin Spheres: beyond 

Stöber Synthesis 

3.1 Introduction 

Colloidal synthesis routes are believed to be a superior approach for the 

preparation of nanostructured materials with precise control over the morphology and 

composition, narrow size distribution, complex architectures, and multi-functionality.1-3 

In addition, colloidal nanomaterials are handled in solutions and are easily incorporated 

into applications in which dispersability is required.  Last but not the least, the low cost 

and easy scalability through common chemistry equipment allows for the mass 

production of colloidal nanoparticles for commercialization. With the development of 

various colloidal synthetic strategies over the past few decades, researchers are able to 

produce a widespread of nanomaterials with various controllable morphologies, including 

solid and hollow nanoparticles in different dimensions, such as nanospheres and 

nanoshells, nanorods and nanotubes, etc.4 In contrast to their solid counterparts, hollow 

nanostructures, owing to the combination of shells and void spaces, offer additional 

properties, such as large surface area, low density, and high loading capacity, that can be 

well utilized for rational design of novel functional materials toward many desired 

applications, including energy storage, photothermal therapy, nanoreactors, catalysis, and 

so forth.4-7 
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Three major categories of synthetic approaches for hollow nanostructures are 

usually divided, namely (1) hard templating method, (2) soft templating method, and (3) 

self-templating method.4, 5 Several self-templating approaches have been developed 

based on different principles, including Ostwald ripening, the Kirkendall effect, galvanic 

replacement, surface-protected etching, and so on. Thus, covering all the synthetic 

strategies would be beyond the scope of this thesis, so discussion will center on both hard 

templating method and surface-protected etching approach that are relevant to the work 

presented here.  

Hard templating method is conceptually straightforward. Typically, hard 

templates are first synthesized, followed by coating with a layer of targeted materials. 

After selective removal of the core templates and/or post-treatment, hollow 

nanostructures are then obtained. A surface modification step changing the surface 

functionality is usually required to achieve a successful coating. Silica is one of the most 

commonly employed hard templates due to low cost, high uniformity, and tunable size. 

Colloidal silica spheres with size ranging from 50 nm to 2 µm are usually prepared 

through Stöber method by hydrolyzing silica precursor tetraethyl orthosilicate (TEOS) in 

a mixture solvent of ethanol and water in the presence of ammonia solution.8 To facilitate 

the coating process, the surface property of silica can be easily modified with various 

functional groups, including amine, carboxylate, siliane, etc.4 HF and NaOH are two 

mostly used acid and base etchant, respectively, to remove silica template.  

TiO2 is considered to be one of the most useful semiconducting metal oxides and 

has been fervently investigated over the past few decades due to its applications in 
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sensing, energy storage, and photocatalysis.9-11 One effective way to enhance the 

performances (e.g. photocatalytic, electrochemical, etc.) of TiO2 is to produce hollow 

structures with high surface area and pore volume.12-16 Hollow TiO2 spheres can be 

synthesized by templating against colloidal silica spheres. With hydroxypropyl cellulose 

(HPC) as the surfactant, a layer of amorphous titania is deposited on the silica surface to 

form SiO2@TiO2 nanocomposites through the sol-gel reaction of titanium tert-butoxide 

(TBOT).13 The silica template is then removed in an aqueous solution of NaOH, resulting 

a hollow structure of amorphous TiO2. Post-treatment such as acid washing and 

calcination produces well-defined hollow TiO2 spheres with high surface area and 

mesoscale pores in shells. Our group also demonstrated a ‘silica-protected calcination’ 

process, in which SiO2@TiO2 nanocomposites were calcined under the protection of a 

silica layer that limits the growth of TiO2 and produces mesoscale porosity.13, 17  

Hollow nanostructures with carbon shells have attracted considerable attention in 

catalysis and energy storage because of the unique properties of carbon shells, such as 

high surface area, high structural and mechanical stability, and good electrical 

conductivity. To produce hollow carbon spheres, the coating of silica templates with 

appropriate carbon precursors is a very effective strategy. Many attentions have been paid 

to nanostructured resorcinol-formaldehyde (RF) resins as a precursor of carbon materials. 

Since Lu and co-workers’ seminal report on the synthesis of monodisperse RF resin 

colloidal spheres through an extended Stöber process in 2011, RF resin has been widely 

used to make core-shell nanocomposites because of the simple setup and excellent 

reproducibility.18 Our group has developed a general sol-gel process to form a coating of 
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RF resin on inorganic nanostructures of various compositions and morphologies.19 By 

modifying the silica surface with a cationic surfactant, cetyltrimethylammonium bromide 

(CTAB), RF resin can absorb onto silica spheres and form a uniform shell. SiO2@RF 

core@shell composites can be readily converted into SiO2@C by heating at a high 

temperature in an inert atmosphere (e.g. N2). The as-obtained SiO2@C composites could 

be readily converted into hollow carbon shells through a simple NaOH etching process. 

In addition to templating against silica spheres, hollow carbon shells with tubular 

structures have also been synthesized by employing rod-like nickel-hydrazine complexes 

as hard template, followed by etching the core in HCl solution.20 

Direct synthesis without the need of additional templates is preferred in practical 

applications due to significantly reduced production cost and the ease of scaling up.4, 21, 22 

In contrast to hard templating methods, the templates used in self-templating methods are 

not only the templates used to create inner hollow structures, but also the integrant 

composition of the outer shells. Our group introduced the concept of ‘surface-protected 

etching’ in 2008, which involves enhancing the relative stability of the surface layer of a 

single-component nanostructure to make it more stable than the interior and subsequent 

preferential etching of interior material using an appropriate etching agent.23, 24 For 

instance, sol-gel derived solid silica spheres are coated with PVP, whose carbonyl groups 

can form strong hydrogen bonds with the hydroxyl groups on the silica surface and thus 

protect the near surface layer. Hollow silica spheres with porous shells are produced by 

selectively etching the interior of the silica spheres using NaOH. Our group also 

demonstrated the preparation of TiO2 microcapsules by heating sol-gel-derived TiO2 



 

53 

 

microspheres with poly(acrylic acid) (PAA) in a diethylene glycol (DEG) solution. In this 

case, DEG acted as an etching agent to transform TiO2 into soluble titanium glycolate, 

while PAA served as a cross-linker to connect adjacent NPs into a stable shell. By 

rationally choosing the reaction components, many hollow nanostructures, such as 

Prussian blue and Cu2O, have been realized using the concept of surface-protected 

etching.25, 26 

Hollow nanostructures possess fascinating properties such as large surface area, 

low density, abundant inner void space, and reduced length for both mass and charge 

transport. The presence of nanoscale hollow interiors with functional shells endows them 

with technological significance in energy storage and conversion, phtocatalysis, gas 

sensing, and biomedicine.4, 5 For example, the above mentioned mesoporous TiO2 hollow 

nanostructures with high surface area showed significantly enhanced photocatalytic 

activity when used as photocatalysts for the degradation of Rhodamine B under UV 

irradiation.12 As an anode material, porous TiO2 shells with precisely controlled carbon 

incorporation, which combines the advantages of porous shells (beneficial to the 

diffusion of the lithium ions) and high conductivity of carbon materials, exhibited 

significantly improved rate capability and cycling performance for lithium ion batteries.27  

 ‘Mold clay to form a bowl. It is the empty space which makes the bowl useful.’ 

The proverb from Laozi, an ancient Chinese philosopher, expresses the essence of using 

the inner void space for multiple applications, including nanoreactors and photonics. By 

taking advantage of the void space, our group developed a general method for the 

synthesis of noble metal nanorods, such as Au, Ag, Pt, and Pd.28 The rod-like void space 
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in silica nanotubes, which are synthesized by templating against nickel-hydrazine 

nanorods, provides a versatile platform for the preparation of nanorods. After gold seeds 

loading, seeded growth of noble metals, and removal of silica shells, high-quality metal 

nanorods with tunable aspect ratios could be readily obtained, which proves the empty 

space making silica nanotubes useful. In addition to the utilization of hollow 

nanostructures as nanoreactors, the void space can also bring attractive optical properties. 

Optical response from resonant Mie scattering of hollow nanostructures attract much 

attention. Hollow silica nanoparticles with thin shells exhibited unexpected colorations 

such as blue and green when placed on a dark background.29 The experimentally 

measured reflectance spectra is in good agreement with the theoretically calculated 

spectra according to the Mie scattering model. The transport mean free path of light could 

be significantly increased, allowing the resonantly scattered light to escape the powder 

with reduced multiple scattering. The visible Mie scattering phenomena can also be 

observed for hollow magnetite spheres and hollow titania spheres.30, 31 A dark 

background is usually required to absorb the forward scattered light, making the back 

scattered light with better contrast. Hollow magnetite spheres showed bright green color 

in the absence of dark background as the intrinsic color of magnetite is black itself. Our 

group have demonstrated a series of hollow TiO2 shells with different void spaces 

showed various bright colors such as blue and green by incorporating small amount of 

carbon derived from HPC surfactant. 

Since the pioneering work reported by Werner Stöber and his team in 1968, the 

so-called Stöber method has been the most widely used sol-gel approach to produce 
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colloidal silica spheres with controllable particle size and narrow size distribution.8 In a 

typical Stöber process, tetraethyl orthosilicate (TEOS) is hydrolyzed and subsequently 

condensed in alcohol/water mixture in the presence of ammonia as a catalyst. In addition, 

the Stöber method has also been widely explored to form silica coating on various 

colloidal nanoparticles to enhance their chemical and colloidal stability. RF resin 

polymers are highly crosslinked and have served as excellent precursors for carbon 

materials.32 RF resin derived carbon materials have exhibited attractive properties such as 

low cost, high surface areas, and remarkable electrical conductivity, leading to intensive 

studies in the fields of energy storage and catalysis.32 Pekala and co-workers are among 

the first to report the synthesis of RF aerogels via organic sol-gel procedure which is 

analogous to silicate sol-gel process.33 Recently, Lu and co-workers have further 

demonstrated that monodispersed polymeric spheres of RF resin can be successfully 

fabricated by an extension of the Stöber method owing to their similar sol-gel 

chemistries.18 In addition to the synthesis of colloidal RF spheres, coating of RF resin on 

different colloidal nanostructures have also been realized by modifying the surface 

charge of the core materials using positively charged ligands such as CTAB.19 As tons of 

studies have been conducted on colloidal silica, it is thus possible to gain a more rigorous 

understanding on colloidal RF particles by comparing the two systems. Furthermore, 

from the viewpoint of fundamental research, it is highly desirable to further investigate 

the similarities and differences beyond Stöber process. 

In contrast to the one-step Stöber process for silica colloids, RF resin spheres are 

usually prepared first at room temperature and subsequently heated to form crosslinked 
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polymers. The subsequent gelation process includes the condensation reaction to form 

methylene and methylene ether bridged compounds.32 However, the properties for the RF 

colloidal spheres obtained before and after crosslinking have not been well compared and 

reported to date. With new impetus towards carbon based nanomaterials for energy 

conversion and storage, it is therefore both timely and necessary to examine the 

properties in more detail with the goal of obtaining improved control over the RF 

structures. 

In this Chapter, we first investigate the synthesis and surface properties of RF 

spheres through a comprehensive study, as described in Section 3.3. This significantly 

refined understanding allows us to better control the coating process. In Section3.4, we 

report an extension of the surface-protected etching process toward hollow RF capsules. 

In Section 3.5, we describe a template-engaged method which allows fast and facile 

preparation of hollow MnO2 spheres, which exhibit bright colors due to the resonant Mie 

scattering. 

3.2 Experimental 

3.2.1 Synthesis of RF resin spheres 

Colloidal RF resin spheres were synthesized based on the extension of Stöber 

method developed by Lu’s group with some modifications. In a typical synthesis of RF 

spheres with size of 380 nm in diameter, 20 mg of resorcinol was dissolved in 28 ml of 

water, followed by adding 28 µl of formaldehyde solution. Ammonia aqueous solution 

(100 µl, 2.8%) was subsequently added to initiate the reaction. After 12 h of reaction at 

room temperature, colloidal RF spheres were obtained and re-dispersed in 20 ml of water 
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after centrifugation, which is denoted as w-RF (weakly crosslinked RF). To further 

crosslink the RF spheres, colloidal RF dispersion was refluxed at 100 °C for 12 h, which 

is then referred to as s-RF (strongly crosslinked RF). RF spheres with other sizes can be 

obtained following the protocols from literature. 

3.2.2 Synthesis of TiO2 and MnO2 hollow spheres 

TiO2 coating on RF spheres was made using an established procedure.16 Briefly, 

colloidal RF spheres was washed with ethanol three times and re-dispersed in 20 ml of 

ethanol. To 5 ml of the RF/ethanol dispersion a mixture of ethanol (15 ml) and 

acetonitrile (7 ml) was added and mixed under vigorous stirring. After adding 0.2 ml of 

concentrated ammonia, a mixture of TBOT (0.2 ml), ethanol (3 ml), and acetonitrile (7 

ml) was injected into the mixture. After 2 h of reaction, the RF@TiO2 core-shell 

composites were collected by centrifugation, washed with ethanol, and re-dispersed in 

water. The RF templates were easily removed in an aqueous NaOH solution at room 

temperature. 

RF@MnO2 core-shell structures were prepared based on a template-engaged 

redox etching strategy. The as-prepared RF spheres were dispersed in 40 ml of water and 

mixed with a specific amount of aqueous KMnO4 solution (0.2 M) under vigorous 

stirring. The redox reaction was continued for 4 h in order to make the reaction as 

complete as possible. The composites were collected by centrifugation, washed with 

water, and re-dispersed in water. Hollow MnO2 spheres were obtained by etching away 

the RF template by NaOH at room temperature.  
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3.2.3 RF coating on silica and bowl-like RF capsules 

RF coating on various nanostructures were prepared per a reported procedure with 

some modifications.19 SiO2 spheres with various sizes were prepared through a modified 

Stöber method. In a typical synthesis of silica spheres with size of 360 nm in diameter, 

4.5 ml TEOS was injected into a mixture of 61.75 ml of ethanol, 24.75 ml of deionized 

water, and 9 ml of NH3·H2O at room temperature under magnetic stirring. After reacting 

for 2 h, the colloidal spheres were collected by centrifugation, re-dispersed in 10 ml 

deionized water. The particle size could be tuned by changing the concentration of 

ammonium hydroxide as well as the solvent ratio. To form a complete RF coating on the 

silica spheres, to 0.5 ml of the above colloidal silica dispersion PVP solution (0.5 wt%, 

10 ml) was added and stirred overnight to allow adsorption onto the silica surface. The 

solution was then washed and re-dispersed in 10 ml deionized water. In a typical RF 

coating process, the PVP coated silica spheres (10 ml) was added to a solution with 

resorcinol (0.02 g), formaldehyde (28 µl), and water (18 ml). The solution was stirred for 

ten minutes and an aqueous ammonia solution (2.8%, 0.1 ml) was added and the solution 

was stirred for 12 h at room temperature or 2 h at 50 °C. The SiO2@RF composites were 

then collected by centrifugation, washed with water three times, and re-dispersed in water 

(20 ml). For poly-condensation of the RF layer, the SiO2@RF water dispersion was 

refluxed for 4 h. To obtain the RF capsules, the silica core was removed by etching with a 

NaOH solution (1 ml, 2.5 M) at room temperature for 8 h.  
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3.2.4 Synthesis of FeOOH nanorods and FeOOH@RF core-shell structures 

The synthesis of FeOOH nanorods is based on a previous report with small 

modifications.34 Typically, 7.776 g of anhydrous FeCl3 were dissolved in 80 mL water. 

The solution was added into 450 μL of 37% HCl and then centrifuged at 11000 rpm for 3 

min for the removal of unsolvable precipitates. The purified solution was heated to 98 C 

in a 100 mL three-neck flask with refluxing and was then maintained for 16 h. The solid 

product was collected by centrifugation after the reaction and washed by water for 

several times. 50 mg of as-prepared FeOOH nanorods was dispersed in 20 ml of water, 

and 1 mL 0.1M PAA solution was added for the surface modification of nanorods. After 

overnight stirring, the nanorods were recovered by centrifugation and were re-dispersed 

in 10 ml of water. In a typical RF coating process, the PAA modified FeOOH nanorods 

(10 ml) was added to a solution with resorcinol (0.02 g), formaldehyde (28 µl), and water 

(18 ml). The solution was stirred for ten minutes and an aqueous ammonia solution (2.8%, 

0.1 ml) was added and the solution was stirred for 12 h at room temperature or 2 h at 

50 °C. The FeOOH@RF composites were then collected by centrifugation and re-

dispersed in water (20 ml). The dispersion was refluxed for 4 h to further crosslink the 

RF polymer layer. To obtain the tubular RF structures, the FeOOH nanorods were 

removed by etching with HCl at room temperature for 12 h. 

3.2.5 Synthesis of Au@SiO2 and Au@SiO2@RF core-shell structures 

Au nanoparticles were prepared using the Turkevich method.35 Briefly, 18 mg of 

hydrogen tetrachloroaurate trihydrate was dissolved in 30 ml of water and the solution 

was heated to reflux under magnetic stirring, followed by quick injection of 1 ml of 
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freshly prepared trisodium citrate aqueous solution (3 wt%). The refluxing was continued 

for 30 min and then the solution was cooled to room temperature. An aqueous solution of 

PVP (3 ml, 12.8 mg/ml) was added to the solution. The mixture was kept at room 

temperature for overnight under magnetic stirring, allowing PVP molecules to attach to 

Au nanoparticles. The PVP modified Au nanoparticles were then collected by 

centrifuging at 11,000 rpm for 45 min and re-dispersed in 5 ml of water. The Au 

nanoparticle dispersion (1 ml) was added to a solution with TEOS (0.86 ml), water (3.3 

ml) and ethanol (23 ml). The solution was stirred for 10 min and an aqueous ammonia 

solution (28%, 0.65 ml) was injected. After 4 h of reaction under stirring, the Au@SiO2 

core-shell nanocomposites were collected by centrifugation, washed with ethanol and re-

dispersed in 20 ml of water. Au@SiO2@RF sandwiched structures were prepared 

similarly to the preparation of SiO2@RF core-shell particles. Briefly, 10 ml of Au@SiO2 

was mixed with resorcinol (0.02 g), formaldehyde (28 µl), and water (18 ml), followed 

by injecting 0.1 ml of ammonia solution (2.8%). The solution was stirred for 12 h at room 

temperature or 2 h at 50 °C. The solution was further refluxed at 100 °C for 4 h to 

facilitate the poly-condensation of RF and the sample was collected and washed with 

water. To obtain the Au@RF yolk-shell nanostructures, the silica core was removed by 

etching with a NaOH solution (1 ml, 2.5 M) at room temperature for 8 h. 

3.2.6 Synthesis of Au@RF core-shell structures 

The Au nanoparticle dispersion (0.2 ml) was mixed with water (27.8 ml), 

resorcinol (0.02g) and formaldehyde (28 µl) and the mixture was stirred for 10 min, 

followed by injecting 0.1 ml of ammonia solution (2.8%). The coating process continued 



 

61 

 

for 12 h at room temperature under magnetic stirring. The Au@RF core-shell particles 

were obtained after centrifugation and re-dispersed in water. 

3.2.7 Synthesis of RF capsules through surface-protected etching approach 

An extension of surface-protected etching approach was adopted to prepare RF 

capsules. 5 ml of the colloidal RF sphere dispersion was first diluted with 15 ml of water, 

followed by incubating the solution in a 50 °C water bath. After certain incubation time, 

the solution was cooled down to room temperature and subsequently 0.5 ml of HCl 

solution (1 M) was added. RF capsules were then obtained after centrifugation.  

3.2.8 Characterizations 

Morphology of the products was characterized by using a Tecnai T12 

transmission electron microscope (TEM). A probe-type Ocean Optics HR2000CG-UV-

NIR spectrometer was used to measure the UV-Vis extinction spectra and transmittance 

spectra. Zeta potential measurements of the colloidal dispersions were performed by 

using a Beckman Coulter Delsa Nano C Zeta Potential Analyzer. Fourier transform 

infrared spectroscopy (FTIR, Nicolet 6700) was used to characterize the chemical 

structure of the compounds. The crystal structure was determined by X-ray diffraction 

(XRD) analysis using a Bruker D8 Advance Diffractometer with Cu Kα radiation (λ = 

1.5406 Å). The nitrogen adsorption-desorption isotherms of the hollow manganese oxide 

spheres were obtained at 77 K using with a Micromeritics ASAP 2020 Surface Area & 

Porosity Analyzer. The surface area was calculated from the adsorption isotherm using 

the multi-point BET method and the pore size distribution was determined by the BJH 

method from the adsorption isotherm. 
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3.3 A systematic study on the synthesis of RF spheres 

In this study, colloidal RF resin spheres are synthesized based on an extended 

Stöber method developed by Lu et al. with some modifications.18 The reported recipe 

involved two stages of synthesis occurring at 30 °C for 24 h and subsequently at 100 °C 

for 24 h in a Teflon-lined autoclave. The heating process is known to facilitate the poly-

condensation process. We found that the spheres are formed in the first several hours and 

the sizes will not change after that. In our recipe, the colloidal RF spheres are collected 

and dispersed in water after 12 h of reaction at room temperature. For the poly-

condensation process, we heated the colloidal RF dispersion at 100 °C for 12 h. As 

shown in Figure 1a, the color changed from light yellow to orange after refluxing, which 

is possibly due to some manner of oxidation occurring during the network formation 

process at high temperature.36 The stability of w-RF and s-RF are evaluated in both base 

(NaOH) and acid (HCl) solutions, respectively. As shown in Figure 3.1a, the dispersion 

of w-RF spheres can be quickly dissolved in both NaOH and HCl solutions, resulting in 

clear solutions, while s-RF spheres are stable in both solutions. The color changes from 

orange to red after adding NaOH are believed to be caused by the sodium form of RF, 

where the hydroxyl groups (-OH) in the benzene rings are substituted by sodium (-

ONa).37 

The dissolution products in base and acid are analyzed by matrix-assisted laser 

desorption/ionization time of flight (MALDI-TOF) mass spectrometry, which is referred 

to as a “soft” ionization technique and causes minimal or no fragmentation.38 The 

colloidal w-RF spheres are dissolved in aqueous NaOH and HCl solutions respectively 
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Figure 3.1 (a) Digital images showing the stability of w-RF and s-RF spheres in aqueous 

solution of NaOH and HCl. They are w-RF, w-RF dissolved in NaOH, w-RF dissolved in 

HCl, s-RF, s-RF with NaOH, and s-RF with HCl from left to right, respectively. MALDI-

TOF mass spectrum of w-RF dissolved in (b) NaOH and (c) HCl. The intensities are 

normalized based on the strongest peak at 170.09 Da.   
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for MALDI-TOF measurement. Figure 3.1 b and c shows the MALDI-TOF mass spectra 

for the two cases, respectively, which exhibit same peak positions but with slight 

difference in peak intensities. The decomposed species are oligomers which could be 

mainly attributed to monomers, dimers and trimers, suggesting the weak connections 

inside the w-RF structures. This finding, on the other hand, may allow us to investigate 

the mechanism of the organic sol-gel network forming reaction of resorcinol and 

formaldehyde in a reverse manner. The strongest peak at 170 Da can be possibly 

attributed to the following structure, which indicates the addition reaction for resorcinol, 

formaldehyde, and ammonia. Ammonia is usually believed to be the catalyst and to 

provide a basic condition for the addition reaction of resorcinol and formaldehyde.18 

However, our study suggests that ammonia involves in the reaction and plays an 

important role in the formation of RF spheres, which will be discussed later. 

Colloidal silica spheres obtained through the classic Stöber method have been 

widely used as hard templates to prepare hollow nanostructures.4 The most commonly 

used acid and base etchants to remove silica templates are HF and NaOH, respectively. 

Similar to silica, colloidal RF resin spheres have also been demonstrated as hard 

templates.16 The most common way to remove RF core is to calcine RF@shell products 

in air at high temperature. However, many shell materials such as polymer and 

polyelectrolyte structures cannot survive and may lose their surface properties upon 

calcination. The amphoteric nature of w-RF spheres enables them as robust colloidal 
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templates. To demonstrate w-RF colloidal spheres as robust templates, hollow amorphous 

TiO2 spheres are prepared by coating TiO2 onto w-RF spheres and then dissolving the RF 

core in NaOH or HCl. Those amorphous TiO2 shells collapse and form bowl-like 

structures because they are not rigid enough to support the hollow structures and thus 

collapsed into their internal cavities during drying. In contrast to silica colloids, which are 

inert to most shell precursors, RF spheres are believed to be reductive. For example, 

Zhang and co-workers reported that Ag+ could be reduced by RF and form Ag nanoshell 

on RF.39 Here we demonstrate that MnO2 shells could be readily formed on RF spheres 

through reduction of KMnO4 (Figure 3.2 c), which will be discussed in detail in section 

3.5. After removal of w-RF core with NaOH, RF@MnO2 core/shell structures were 

converted into porous MnO2 shells (Figure 3.2d), which have been demonstrated as 

promising electrode materials for supercapacitors and lithium ion batteries.  

We then investigate the surface properties of colloidal resin spheres by measuring 

zeta potential because it is a key indicator of the stability of colloidal nanoparticles. Zeta 

potential is a measure of the magnitude of the electrostatic or charge repulsion/attraction 

between particles, and is one of the fundamental parameters known to affect stability. 

Silica colloids prepared via Stöber method are well dispersed in water and negatively 

charged with a zeta potential value of -67 mV, which is attributed to the hydroxyl groups. 

Similar to silica colloids, the zeta potential for s-RF spheres also exhibits a negative value 

of -72 mV due to abundant phenolic hydroxyl groups. Although there are also plentiful of 

hydroxyl groups in w-RF spheres, the colloidal w-RF resin spheres are positively charged 

with a zeta potential value of 70 mV. Interestingly, we also found that the w-RF colloids 
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Figure 3.2 TEM images showing colloidal w-RF spheres serving as robust hard 

templates for the preparation of core-shell and hollow structures; (a) w-RF@TiO2, (b) 

TiO2 bowl-like hollow structures, (c) RF@MnO2, (d) MnO2 hollow spheres. The scale 

bar is 400 nm.  
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become instable and tend to form agglomerates during the storage, indicating the surface 

property changes upon storage.  

As mentioned in Experimental, the difference between w-RF and s-RF spheres in 

the aspect of preparation is that s-RF spheres are the poly-condensed products of w-RF 

spheres at 100 °C, indicating that the poly-condensation process for w-RF spheres is not a 

simple condensation reaction in which the hydroxymethyl (-CH2OH) derivatives are 

converted into methylene (-CH2-)- and methylene ether (-CH2OCH2-)-bridged 

compounds. The most commonly used alkaline catalyst for the polymerization reaction of 

R with F is sodium carbonate (Na2CO3), which is important for the formation of the 

hydroxymethyl derivatives during the addition reaction. However, the addition and 

condensation reactions cannot explain the positive zeta potential of colloidal w-RF 

spheres because similar structures for w-RF and s-RF spheres would be obtained. Note 

that resorcinol and formaldehyde are mixed in water with ammonia presenting in our 

study. In contrast to sodium carbonate, Gils studied the reaction of resorcinol, 

formaldehyde, and ammonia in 1969 and found that ammonia reacts rapidly with 

formaldehyde to form an unstable intermediate which then reacts with resorcinol and 

forms white precipitates at room temperature.40 He proposed the structure of the 

precipitates containing tertiary amine, which can lead to positive charges. To this end, we 

can attribute the positive charges to the amine groups. The MALDI-TOF mass spectra 

further confirms the existence of amine groups. 

To investigate the surface changes in detail, we performed a time-evolved 

measurement of zeta potential. Briefly, freshly prepared colloidal w-RF spheres are 



 

68 

 

treated in water at a relatively high temperature (e.g. 50 °C) to facilitate the surface 

evolution, followed by collecting samples at different time and measuring their zeta 

potentials. Higher temperature (e.g. 100 °C) treatment is found to accelerate the evolution 

process. As plotted in Figure 3.3a, zeta potential gradually decreased from positive to 

negative as increasing incubation time. Zeta potential decreased from 76 mV to ~ 0 mV 

in 2 h and slowly decreased to -57 mV in 7 h. The amine groups and hydroxyl groups 

together determine the value of zeta potential. More amine groups, more positive charges. 

In principle, the amount of phenolic hydroxyl groups for w-RF and s-RF spheres should 

be the same, indicating the amount of amine groups is decreasing during heating. We 

believe that our new understanding on zeta potential evolution of colloidal w-RF spheres 

will shed light on using them as hard templates. For instance, freshly prepared w-RF 

spheres can be better dispersed in water for more uniform coatings. To slow down the 

surface evolution, w-RF spheres can be stored at lower temperature (e.g. 4 °C in 

refrigerator). 

To study the chemical structure changes during the heating or curing process, 

samples collected at different stages are characterized by FT-IR spectroscopy (Figure 

3.3b). Resorcinol, or 1,3-dihydroxybenzene, is a phenolic tri-functional compound, which 

can add formaldehyde in the 2-, 4-, and/or -6 positions in its aromatic ring.32 For weakly 

crosslinked RF polymers, not all those three positions are substituted, which will be 

reflected on the FTIR spectra. Specifically, the w-RF resin spheres exhibit bands at 745, 

787, 842, and 895 cm-1, which could be ascribed to the out-of-plane and in-plane bending 

modes of hydrogen atoms in the aromatic rings, indicating a large population of 
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Figure 3.3 Time evolution of (a) zeta potential and (b) FTIR spectra for the w-RF 

dispersion incubated at 50 °C and collected at different time intervals. The zeta potential 

values and FTIR spectra for w-RF and s-RF spheres are also plotted in the graph.   
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unsubstituted hydrogen atoms in the benzene rings. Those characteristic peaks gradually 

disappear with increasing incubation time, confirming the occurrence of condensation 

reaction. There is only one characteristic peak at 876 cm-1 that is also ascribed to the out-

of-plane C-H bending modes in the benzene rings for s-RF spheres, suggesting the 

formation of penta-substituted aromatics after long time crosslinking reactions. Notably, 

the CH2 bending band at 1474 cm-1 and C-O-C stretching mode at 1041 cm-1 are evolved 

in the s-RF spheres, indicating the increase of both methylene and methylene ether 

bridges. The band at 1165 cm-1, which could be ascribed to C-N stretching mode, 

gradually fade away as the incubation time prolonged, which is consistent with the 

evolution of zeta potential. Based on those results, we postulate that the C-N bonds are 

broken followed by crosslinking the benzene rings with methylene bridges while small 

molecules of ammonia or amine are formed and dissolved in water. Elemental analysis of 

both w-RF spheres and s-RF spheres may help reveal the difference in nitrogen amount.  

Sol-gel derived silica has been widely used to coat onto colloidal nanoparticles to 

form core-shell structures to greatly enhance the stability against coalescence because of 

its chemical inertness, optical transparency, and porous structure. Our group have 

previously demonstrated a general sol-gel process to form a coating of RF resin on 

inorganic nanostructures by modifying the surface charge of the core materials.19 Highly 

crosslinked RF resin spheres are stable in both NaOH and HCl solutions, enabling them 

as a robust shell material. As revealed in Figure 3.4a and c, RF resin shells are readily 

formed on silica spheres and FeOOH nanorods, respectively, resulting in core-shell 

particles. After refluxing the core-shell particles in water to further condense RF shells, 



 

71 

 

 

Figure 3.4 TEM images showing s-RF resin as robust shell materials; (a) SiO2@RF and 

(b) bowl-like RF capsules, (c) FeOOH@RF and (d) tubular RF capsules, (e) 

Au@SiO2@RF and (f) Au@RF nanobowls. The scale bar is 200 nm. 
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Figure 3.5 TEM images showing the bowl-like RF capsules of various sizes (a) 360 nm, 

(b) 200 nm and (c) 80 nm in inner diameter. (d) TEM image showing bowl-like carbon 

structures after carbonization of the bowl-like RF capsules in (a). The scale bar is 200 nm.  
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the core materials are then removed in the etchants of NaOH (for silica) and HCl (for 

FeOOH). RF capsules with bowl-like and tubular structures could be readily obtained 

(Figure 3.4c and d). The as-prepared hollow RF particles are porous in nature as the 

alkali solution could readily penetrate the shell to etch the core materials. The bowl-like 

RF capsules are formed because polymeric RF shells are not rigid enough to support the 

hollow structures and thus collapsed into their internal cavities during drying.41 In 

addition, we have successfully demonstrated size tunability of bowl-like RF capsules by 

using silica templates with different sizes. The silica templates used in Figure 3.5 a, b and 

c are 360, 200, and 80 nm in diameter, respectively. After RF coating and removal of 

silica templates, all of them result in bowl-like structures, also referred to as nanocups, 

which are promising for intelligent drug delivery/releasing and treatment monitoring. RF 

resin has been widely applied to the fabrication of various carbon nanomaterials, such as 

carbon aerogels and carbon spheres, because of their outstanding properties and 

promising applications. As illustrated in Figure 3.5d, the bowl-like RF capsules can be 

successfully converted into carbon bowls after carbonization at 800 °C for 2 h, which 

could be used as high-performance electrode materials with increased packing density by 

stacking the bowls together.42 

It has been well demonstrated that the encapsulation of functional nanoparticles in 

hollow materials not only effectively enhances the stability of these nanoparticles, but 

also introduces new functionalities for hollow materials.43 Silica has been frequently used 

for making core-shell nanostructures because of the simple setup and excellent 

reproducibility. In combination with silica coating, further coating of RF resin on silica 
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will lead to form sandwich-like core@SiO2@RF structures. The selective removal of 

silica produces core@RF yolk-shell structures. As a demonstration, sandwich-like 

Au@SiO2@RF structures are first obtained through sequentially coating silica and RF 

onto Au nanoparticles (Figure 3e). After selective removal of the inner silica shell using 

either HF or NaOH, Au@RF yolk/shell nanostructures could be produced. Similarly, the 

RF shells collapse and form bowl-like structures after drying. As the RF shells are 

permeable and stable, we believe that the hollow RF nanostructures hold great potential 

in the research field of nanoreactors. 

3.4 Surface-protected etching toward RF capsules  

In addition to the hard-templating approaches toward hollow structures such as 

RF capsules, direct synthesis without the need of additional templates, namely self-

templating method, is preferred in practical applications due to significantly reduced 

production cost and the ease of scaling up.21 The self-templating strategy has been 

developed as one of the most important strategies to effectively fabricate hollow 

mesoporous silicas. Hollow structures can be synthesized by enhancing the relative 

stability of the surface layer of a single-component nanostructure to make it more stable 

than interior. Our group first demonstrated a surface-protected etching process for the 

preparation of permeable silica shells.23 In a typical surface-protected etching process, 

colloidal silica spheres from Stöber method are coated with a protected layer of 

polyvinylpyrrolidone (PVP) followed by selectively etching the interior part by using an 

appropriate etchant such as NaOH or water.  
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Figure 3.6 (a) Schematic illustration of the synthesis of colloidal RF hollow capsules 

through the extension of surface-protected etching process. (b) Digital images showing 

the surface condensation and selective etching of w-RF spheres (I) as-prepared w-RF 

dispersion and (II) after adding HCl solution, (III) w-RF spheres after surface-

condensation at 50 °C and (IV) after adding HCl solution.  
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As the formation process and some properties of colloidal RF spheres are very 

similar to those of silica colloids, an immediate and natural question is whether the 

surface-protected etching approach can be extended to the preparation of hollow RF 

capsules. As weakly crosslinked RF spheres are less stable than highly poly-condensed 

ones, crosslinking the outer layer can enhance its stability, making it possible for 

selective removal of the interior to obtain hollow structures. The scheme in Figure 3.6a 

illustrated the self-templating strategy towards hollow RF capsules. Typically, as-

prepared w-RF spheres dispersed in water are heated to enhance the surface stability. As 

mentioned above, the freshly prepared RF spheres can be easily dissolved in water, as 

shown in Figure 3.6b (II). After incubation in water at an appropriate temperature, the 

surface layer is more crosslinked than the interior, resulting in a more stable out layer. 

The weakly crosslinked inner section can then be easily dissolved away using etchant of 

HCl, leading to uniform polymer capsules. Figure 3.6b (III) and (IV) are digital images 

showing the transmittance difference before and after adding HCl, which clearly indicates 

the selective etching process. Incubation temperature of 50 °C is chosen in this study 

because the entire sphere is quickly cross-linked at higher temperature (e.g. 100 °C), 

while it takes longer time to condense the surface layer at lower temperature. 

The hollowing process can be well controlled by monitoring the transmittance of 

the colloidal system. As shown in Figure 3.7a, upon adding HCl, the overall 

transmittance decreases accordingly with increasing incubation time because more 

crosslinking between RF oligomers results in less dissolution in HCl. The refractive-

index contrast between the capsules and the solution increases as less RF can be replaced 
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Figure 3.7 (a) Optical transmittance spectra of a typical sample of RF spheres during the 

surface-protected etching process. Colloidal RF spheres are incubated in water at 50 °C 

for different time. Samples are collected at 5 min interval, followed by adding HCl to 

selectively etching the interior. (c) Dependence of the transmittance at 600 nm on the 

incubation time.   
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by water during dissolution. The extent of etching can therefore be precisely controlled 

by monitoring the change in the transmittance of the dispersion. For better comparison, 

Figure 3.7b summarize the dependence of the transmittance at 600 nm on the incubation 

time for a typical RF colloidal sample. As it takes time to condense the surface layer, the 

transmittance in the first 10 min of reaction changes very slowly and keeps at ~95%, 

indicating the dissolution of almost the entire spheres. After 60 min incubation, the 

transmittance decreases to ~40%.  

Figure 3.8 shows TEM images of the original RF spheres and three samples 

collected at different incubation time. When the colloids are incubated for only 30 min, 

RF capsules with very thin shells are formed after etching with HCl. Because of the 

weakly cross-linking nature and the thin shells, the shells collapse and form deflated 

capsules. As the incubation time is prolonged to 40 min, thicker out-layer will be cross-

linked, resulting in RF capsules with thicker shells. Permeable shells are formed because 

the RF oligomers can be easily transported outside. Noteworthy is the size of the resulted 

capsules is larger than that of the solid RF spheres, which may be due to the stretching of 

polymeric framework that is similar to the formation of TiO2 microcapsules.24 Hence, we 

have successfully extended the surface-protected etching strategy towards preparing RF 

capsules with controllable shell thickness by partially crosslinking the out-layer and then 

selectively removing the inner part. 

The simple process reported here can also be conveniently used to convert various 

RF coated composite particles into yolk-shell nanostructures. As a robust coating material, 

RF can be easily coated on various nanostructures of different compositions and 
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Figure 3.8 TEM images of (a) as-prepared w-RF spheres, and RF capsules obtained at 

different stages of condensation and etching process: (b) 30 min, (c) 45 min, and (d) 60 

min. The scale bar is 200 nm. 
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Figure 3.9 TEM images showing the conversion of core@RF particles into yolk@RF 

capsules through the surface-protected etching process: (a) FeOOH@RF core-shell 

structures and FeOOH@RF yolk-shell capsules, (c) Au@RF core-shell nanostructures 

and (d) Au@RF yolk-shell capsules. The scale bar is 200 nm. (e) UV-vis-NIR extinction 

spectra suggesting the conversion of core-shell to yolk-shell structures.  
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morphologies, providing a large family of core-shell particles. For example, FeOOH@w-

RF core-shell particles with rod morphology are prepared at room temperature to further 

demonstrate the effectiveness of the extended surface-protected etching strategy. As 

shown in Figure 3.9a and b, after 30 min partially condensation in water at 50 °C, the 

core-shell particles are converted into yolk-shell particles with movable FeOOH rods 

encapsulated in RF capsules. We also use Au NPs (~20 nm) as the core materials to 

fabricate the Au@w-RF core-shell nanoparticles with shell thickness of 80 nm. After 

surface condensation and selective removal, Au@RF yolk-shell can be readily obtained, 

as shown in Figure 3.9c and d. The UV-vis spectra (Figure 3.9e) further confirms the 

dissolution of inner RF shell. After etching, as the RF near the Au surface was replaced 

by water, the Au NP absorption nearly returned to the original peak position of pure Au 

NPs. Based on these results, we believe that surface-protected etching method can be 

successfully applied to the synthesis of RF capsules as well as yolk-shell nanostructures 

with various compositions and functions. The as-prepared yolk-shell particles could be 

converted into carbon composites after the carbonization under N2 atmosphere, which 

hold promising applications in energy storage and catalysis. 

3.5 Template-engaged redox reaction toward hollow MnO2 nanostructures 

Optical properties of nanomaterials can be effectively modulated by manipulating 

their micro-/nanostructures. Particularly, the rational design and synthesis of hollow 

structured materials are of great significance due to their intriguing structure-induced 

properties and widespread applications. Recently, template engaged redox reactions have 

shown great potential for the synthesis of hollow nanostructures. For example, Xia and 
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co-workers developed a template-engaged replacement reaction approach to the large-

scale synthesis of hollow noble metal nanostructures with controllable voids and shell 

thicknesses.44 By utilization of template-engaged redox etching on shape-controlled Cu2O 

crystals, Lou and co-workers reported the synthesis of Fe(OH)x hollow structures with 

designed shapes and complex interiors.45 Hollow manganese oxide spheres have shown 

great potential in diverse fields, such as supercapacitors, lithium ion batteries, and 

molecular adsorption.46-48 One effective way to prepare hollow MnO2 is to use reactive 

templates such as carbon and MnCO3 to reduce KMnO4 to manganese oxides.47-49 

However, preparation of carbon templates as well as post removal of the carbon cores 

usually require high temperature treatment, which is time consuming, not energy efficient, 

and may cause environmental concerns. It is thus highly desirable to develop a simple yet 

effective protocol to synthesize hollow manganese oxide nanostructures.  

In this section, we report a simple template-engaged redox reaction route to 

synthesize hollow manganese oxide nanostructures based on the redox reaction between 

RF resin spheres and KMnO4. Since Lu and co-workers’ seminal report on the synthesis 

of monodisperse RF resin colloidal spheres through an extension of Stöber method in 

2011, much attention has been paid to utilize RF resin polymer spheres as both hard 

templates and coating materials.18 By utilizing the reductive property of RF, Zhang et al. 

have synthesized silver shells on RF spheres through the reduction of silver-ammonia 

complexes.39 In our strategy, the coating of MnO2 can be quickly completed at room 

temperature by redox etching of RF polymers to form soluble species. By modifying the 

surface properties, our group developed a general sol-gel process to form a coating of RF 
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resin on inorganic nanostructures of various compositions and morphologies. SiO2@RF 

core-shell nanospheres with a thin layer of RF resin are used to monitor the evolution 

process of shell formation. Based on the improved understanding, the strategy presented 

here can be easily extended to the design and preparation of interesting structures such as 

core-shell and yolk-shell structures. Thanks to the facile control over the sizes of RF 

spheres, we demonstrate that hollow manganese oxides shells with certain sizes exhibit 

bright colorations owing to resonant Mie scattering.  

The spheres of RF resin were prepared based on an extension of the Stöber 

method reported by Lu and co-workers with minor modifications. RF resin spheres with 

size of ~380 nm in diameter (Figure 3.10a) were synthesized at room temperature and 

redispersed in water, followed by introducing an aqueous solution of KMnO4 to initiate 

the redox reaction. As a strong oxidizing agent, KMnO4 has been commonly utilized to 

oxidize a wide range of organic molecules, producing molecules with functional groups 

of carbonyl and carboxylic acid, and a precipitate of manganese oxides. The precipitates 

are confined to the vicinity of the template surface and evolve into a porous shell around 

the RF template, as shown in Figure 3.10b. The inner template can then be dissolved 

away by adding NaOH, leading to the formation of hollow MnO2 spheres (Figure 3.10c).  

The Fourier transform infrared (FTIR) spectroscopy was carried out to study the 

composition changes. As shown in Figure 3.10d, the FTIR spectrum of the RF resin 

templates is consistent with the reported ones. After manganese oxides deposition, the 

FTIR spectrum of the obtained core-shell composites matched well with that of the pure 

RF with an extra band in the low frequency region at ~560 cm-1, which also appears in 
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Figure 3.10 TEM images of (a) colloidal RF spheres, (b) RF@MnO2 core-shell particles, 

and (c) MnO2 hollow spheres. The scale bar is 200 nm. (d) FTIR spectra for the above 

three samples. (e) XRD pattern for hollow MnO2 spheres. (f) N2 adsorption/desorption 

isotherms of hollow MnO2 spheres. Inset shows the BJH pore size distribution.  
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hollow MnO2 spheres and could be attributed to the Mn-O vibrations. The 

crystallographic structure of the resultant hollow structures is examined by powder X-ray 

diffraction (XRD), as shown in Figure 3.10e. The diffraction peaks can be indexed to the 

birnessite-type manganese oxide (JCPDS No. 80-1098), which has a lamellar structure.50 

The broaden peaks with low intensity indicate that the sample is in poor crystalline state 

because the reaction is carried out at room temperature. Figure 3.10f shows the N2 

adsorption-desorption isotherms and the Barrett-Joyner-Halenda (BJH) pore size 

distribution curves (inset) of a typical hollow MnO2 spheres. The isotherm has the 

characteristic Type IV shape indicating the presence of mesopores, as confirmed in the 

BJH pore size distribution with average pore diameter of 8.4 nm. A relatively large BET 

specific surface area of 287.8 m2/g is found for the typical sample, which would be very 

beneficial for adsorbing and removing organic contaminants and hold great potential in 

supercapacitors. 

To better understand the evolution of MnO2 shells, SiO2@RF core-shell structures 

are used for the redox reaction because clear contrast could be visualized under TEM. A 

thin layer of RF resin (~ 5 nm) was first coated on colloidal silica spheres to form 

SiO2@RF core-shell particles. As can be seen from Figure 3.11b, very thin and porous 

manganese oxide shells with needle or sheet-like shapes are readily formed when small 

amount of KMnO4 was introduced. As increasing the amount of the precursor, a gap 

between the shell and the template was found (Figure 3.11c), suggesting the oxidative 

etching of the RF resin possibly into oxidized RF oligomers. This also proves that species 

including MnO4
- and oxidized RF oligomers can transport across the shells freely during 
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Figure 3.11 TEM images showing the evolution of MnO2 shell formation. (a) SiO2@RF, 

Deposition of MnO2 shells on SiO2@RF core-shell structures by adding different volume 

of precursors (b) 50 µl, (c) 200 µl, and (d) 1 ml of 0.02 M KMnO4 solution. The scale bar 

is 100 nm.  
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the etching process. Further addition of KMnO4 results in the depletion of RF and the loss 

of the gap due to the inward diffusion of KMnO4 and the deposition of manganese oxides 

in the void space, which also indicates the formation of SiO2@MnO2 core-shell 

nanocomposites (Figure 3.11d). One advantage of using RF templates is that RF resin can 

be coated on various colloidal nanostructures through a general sol-gel process, which 

provides an ideal platform to deposit manganese oxides on various colloidal particles 

with the aid of a thin layer of RF resin coating.  

The template-engaged redox etching mechanism allows the fine control over the 

structures.44, 45, 51 In addition to the formation of core-shell structures, nanorattles or yolk-

shell nanostructures could be readily obtained by controlling the degree of redox etching. 

Au@RF core-shell nanospheres are used to demonstrate the facile control over the 

structures. As shown in Figure 3.12a and b, a thin layer of MnO2 is deposited onto the 

surface of RF with a small amount of KMnO4, while increasing the amount of KMnO4 

leads to the formation of Au@RF-MnO2 nanorattles. The eccentric position of Au@RF 

core confirms the freely movable yolk in the void space. When adding more manganese 

precursors, the shell thickness is further increased, as shown in Figure 3.12c. By carefully 

investigating the inner and outer diameter of the hollow spheres in Figure 3.12b and c, we 

found that the outer diameter does not increase much (~5 nm) while the inner diameter 

decreases dramatically (~45 nm), which further confirms the deposition of MnO2 mainly 

onto the inner surface of the shell. With excess addition of KMnO4, which is visually 

observed through the purple supernatant, all the RF polymers have been consumed and 

dense shells with further reduced void space are formed (Figure 3.12d).  
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Figure 3.12 TEM images showing the fine control over the structures by adding different 

volume of KMnO4 precursors.  MnO2 deposition on Au@RF core-shell nanoparticles to 

form (a) Au@RF@MnO2 sandwich structures, (b) Au@RF-MnO2 yolk-shell structures, 

(c) and (d) Au@MnO2 yolk-shell structures by adding 50 µl, 200 µl, 500 µl, and 1 ml 

0.02 M KMnO4 solutions. The scale bar is 100 nm.  
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Another advantage of employing RF resin spheres as sacrificial templates is the 

wide size tunability. Lu and co-workers reported that the particle size of RF spheres 

could be readily tuned from 200 to 1000 nm by an extension of the Stöber method, which 

provides a large family of templates with tunable sizes.18 Optical responses from resonant 

Mie scattering of hollow nanostructures attract much attention. For instance, multiple 

color appearance ranging from blue and green to yellow and violet has been observed for 

hollow silica spheres with different sizes.29, 52 The utilization of a hollow nanostructure 

significantly enhanced the transport mean free path of incident light, thereby inhibiting 

the multiple scattering and making the color from Mie resonance visible to the bare eye. 

Mie theory is used to explain the color effect as well as to rationally design new hollow 

nanomaterials with resonant Mie scattering. The resonant Mie scattering is highly 

dependent on the refractive index of the shell material, which is reflected on the size 

variations for different materials. For example, hollow silica spheres of 333 nm in 

diameter exhibits blue coloration, while the size of hollow TiO2 shells with blue color is 

220 nm in diameter because of the difference in their refractive indexes.29, 31 Calculations 

using Mie theory (Figure 3.13a) suggest that MnO2 hollow spheres will exhibit colors 

with sizes around 500 nm of inner diameter. As a demonstration, we have synthesized 

two types of hollow MnO2 spheres with inner diameter of ~470 and 530 nm (Figure 

3.13b and 3.13c), respectively. Those hollow MnO2 spheres were spray-coated on a black 

substrate by an airbrush in a butterfly pattern. Remarkable colors are observed for the two 

hollow structures: the smaller one exhibits purple color and the larger one presents green 

color (Figure 3.13d). The color of visible Mie scattering in the hollow shells was highly 
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Figure 3.13 (a) Simulation of Mie backscattering for hollow MnO2 spheres with 500 nm 

inner diameter and 40 nm shell thickness using n=2.1+0.05i. TEM images of hollow 

MnO2 spheres with inner diameter of (b) 470 nm and (c) 530 nm. The scale bar is 200 nm. 

(d) Spray-coating the hollow spheres onto a patterned butterfly with carbon black as 

background showing remarkable colors of purple and green for samples in (b) and (c), 

respectively.  
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responsive to the surrounding medium such as solvent, which is particularly favorable for 

anti-counterfeiting applications.31 

3.6 Conclusion 

In summary, we have carried out a systematic study on the properties of RF 

spheres. Differences between w-RF spheres and s-RF spheres have been elucidated in the 

aspect of stability, surface property, and chemical structures. Colloidal w-RF spheres can 

be easily dissolved or etched in either aqueous NaOH solution or aqueous HCl solution, 

while colloidal s-RF spheres are stable in both solutions. The high stability of s-RF resin 

structures can be used to create various hollow RF capsules by removing the core 

particles in core@RF core-shell structures, while colloidal w-RF spheres can be used as a 

robust hard template for the preparation of hollow shells which are sensitive to high 

temperature calcination. A new understanding on the chemical structures of w-RF and s-

RF resin spheres is proposed, which is different from the literature reports. The abundant 

amine groups (secondary and tertiary) in the colloidal w-RF resin spheres make their 

surface positively charged, while the loss of amine groups and the abundant hydroxyl 

groups render negative surface charges for s-RF spheres. We believe that our new 

understandings will shed light on the rationally design and synthesis of RF-based 

nanostructures.  

Surface-protected etching has been successfully applied to the preparation of 

hollow RF capsules. The method involves the surface condensation of RF spheres at 

elevated temperature, followed by removal of the inner weakly-crosslinked part through 

chemical etching. Tuning the condensation time controls the shell thickness of the hollow 
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RF capsules which collapse to deflated capsules after drying. This self-templated strategy 

can be further used to construct yolk-shell nanostructures, in which nanoparticles such as 

Au nanoparticles and FeOOH nanorods can be easily encapsulated in the RF capsules to 

prevent the aggregations of those core particles. We believe that the porous RF capsules 

are expected to find use in important applications such as catalysis and nanoreactors. 

We have also demonstrated a useful strategy for synthesis of high-quality 

mesoporous MnO2 hollow structures with controlled shell thickness by template-engaged 

redox etching of RF resin polymers. This synthetic strategy is highly efficient and 

applicable to RF resin coated nanocomposites, which provides a versatile method for 

selective synthesis of core-shell, yolk-shell, and hollow nanostructures. A thin RF resin 

coating could be employed as a mediated layer for coating of MnO2 on different 

nanostructures, providing a useful tool to construct core-shell nanocomposites. The same 

strategy can be used to rationally tailor the morphology of the final products to form 

uniform hollow structures such as Au@RF-MnO2 yolk-shell structures. Using Mie theory, 

we can design the visible Mie scattering from hollow MnO2 spheres and tune the color 

appearance from purple to green by adjusting the template diameter from 470 to 530 nm.  
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Chapter 4  

Designing and Structural Engineering of Nanostructures for 

Optical Applications 

4.1 Introduction 

Optical properties of nanomaterials such as noble metal nanostructures and 

photonic crystals are highly dependent on their surrounding media or surrounding 

refractive index because of light interactions with both surroundings and optical 

nanomaterials. For example, when the solvents infiltrate into the voids of opal solids, the 

effective refractive index of the whole colloidal crystal increases due to the replacement 

of air with solvent, which leads to the red shift of reflection accordingly.1 The above 

explains the working principle of photonic crystal sensors, which have been widely 

investigated to detect ions, solvent, humidity, and volatile organic compounds.2-5 TiO2 

hollow spheres can switch color from green to purple due to the surroundings changing 

from air (n=1) to ethanol (n=1.35), which holds great potential for anticounterfeiting and 

sensing applications.6  

Localized surface plasmon resonance (LSPR), the collective oscillations of 

electrons in noble metals at the nanoscale, has found a wide range of potential 

applications in many areas, such as biotechnology, sensing, and biomedicine.7-9 The 

LSPR wavelength, extinction cross-section, and local electric field enhancement are all 

highly dependent on the material, size, shape, and its surrounding environment.10 
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According to Mie theory, the optical absorption α of metal NPs embedded in a medium 

of refractive index n is: 

𝛼 =
18𝜋𝑄𝑛3𝜀2/𝜆

(𝜀1 + 2𝑛2)2 + 𝜀2
2 

where Q is the volume fraction of nanoparticles and ε1 and ε2 are the cluster-size 

dependent dielectric constants which are functions of radius (r) and wavelength (λ).11, 12 

Therefore, the extinction position can be tailored by changing the n of the matrices. As 

discussed in Chapter 2, the chemical composition and shape of noble metal 

nanostructures will greatly affect their LSPR properties, where Ag-Au alloy NRs 

manifest strong and tunable plasmon resonances. Simulation results in Figure 4.1 clearly 

illustrate the effect of local refractive index on LSPR frequencies, where the extinction 

peak positions of 70 nm Au NPs gradually red-shift upon increasing the refractive index 

of surrounding medium. The polarization of the surrounding medium is used to explain 

this red-shift phenomenon.10 Basically, an electric field near the NPs will induce the 

polarization of the dielectric medium, leading to charge accumulations at the interface 

between the dielectric medium and the metallic NP, which will partially compensate the 

charge accumulation and reduce the net charge at the NP surface. The larger refractive 

index, the larger the polarization charge, and thus the larger the effect on the LSPR. 

Reduction in the net charge leads to smaller resonant frequency. Therefore, increasing the 

dielectric constant of the surrounding media will shift the LSPR band towards longer 

wavelengths (red shift). As shown in Figure 4.1, the resonance intensity also increases 

with increasing the refractive index of the medium, which is expected because the 

amplitude at resonance will increase when the resonance frequency decreases.10 
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Figure 4.1 Optical extinction spectra for Au NPs with 70 nm size in a dielectric medium 

with different dielectric functions calculated according to Mie theory. The y-axis is 

extinction efficiencies.   
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The plasmonic properties of Au and Ag nanostructures can be tailored by 

structurally engineering the surrounding media. One of the efficient ways to control 

LSPR properties is to construct metal@shell (non-metal) core-shell architectures. By 

engineering the shell composition as well as the shell thickness, one can fine-tune the 

optical responses of metallic NPs and set the plasmon resonances at a specific 

wavelength or spectral region to match a specific application, which has stimulated 

tremendous interest in studying hybrid nanostructures.13 For instance, epitaxial growth of 

Cu2O on Au and Ag nanoparticles to form Au@Cu2O and Ag@Cu2O core-shell 

structures allow for fine control over LSPR properties.14-16 Noteworthy is that the shell 

material can not only enrich the plasmonic tunability but also protect the metal core from 

aggregation and stabilize the colloidal objects. Another way is to change the LSPR peak 

positions and cross-section intensity in a reversible manner by incorporating the Au and 

Ag nanostructures into surrounding active media, which can change their refractive 

properties upon external stimuli, such as pH, light, and temperature.17, 18 For example, the 

LSPR peak of gold nanoparticles in a weak polyelectrolyte gel network has been 

reversibly tuned by changing the environmental pH, owing to the packing density change 

and hence the resulting refractive index change in the polyelectrolyte gel network 

induced by the swelling−deswelling mechanism.19  

In this Chapter, two scenarios which are related to the effect of surrounding 

refractive index are discussed. First, the dichroic property of noble metal NPs on a 

mirrored substrate has been investigated. By tuning the dielectric environment of those 

metal NPs, we have achieved a wide range of dichroic colors. In the other section, the 
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drying process of hollow TiO2 spheres has been revealed by studying their optical 

responses. 

4.2 Experimental 

4.2.1 Synthesis of hollow TiO2 shells 

Hollow TiO2 shells were synthesized by using an established procedure.20 

Colloidal silica spheres with 200 nm diameter were synthesized and dispersed in 5 ml of 

absolute ethanol for TiO2 coating, followed by adding into a mixture of absolute ethanol 

(15 ml), acetonitrile (ACN, 7 ml), and hydroxypropyl cellulose (HPC, 0.05g). After 

magnetic stirring for 15 min, 0.2 mL of NH3·H2O was subsequently added. Finally, the 

mixture of titanium n-butoxide (TBOT, 1 mL), ethanol (3 mL) and ACN (1 mL) was 

injected quickly into the above system. The precipitate was separated by centrifugation 

after stirring for 2 h, and washed 3 times with ethanol and 2 times with water. Then, the 

as-obtained SiO2@TiO2 sample was re-dispersed in 20 mL of de-ionized water. Silica 

templates were easily removed in an aqueous NaOH solution at room temperature. 

4.2.2 Synthesis of Au@TiO2 yolk-shell nanostructures 

Au@SiO2 were first synthesized per section 3.2.5 and dispersed in 5 ml of 

absolute ethanol. The TiO2 coating was then applied to the Au@SiO2 spheres. After 

removal of silica template, the Au NPs (~20 nm) in the yolk-shell structures were used as 

seeds for the seeded growth of larger Au NPs according to a procedure reported by our 

group.21 Typically, a specific amount of Au@TiO2 yolk-shell structures were quickly 

injected into a freshly prepared growth solution of Au containing 500 μL of PVP (5 wt%), 

250 μL of L-ascorbic acid (0.1 M), 200 μL of KI (0.2 M), 60 μL of HAuCl4 (0.25 M), 
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and 2 mL of H2O. After 10 min the Au nanoparticles formed were collected by 

centrifugation and redispersed in water. The size of the Au nanoparticles can be facilely 

tuned by injecting different amounts of the seed solution in a defined typical synthesis. 

4.2.3 One-pot synthesis of Ag@RF core-shell nanostructures 

Ag@RF core-shell nanoparticles were synthesized using an established 

procedure.22 31.2 mL of an aqueous solution containing 0.01 g of resorcinol, 0.14 mL of 

formaldehyde, 30 mL of water, and 1 mL of 0.01 M AgNO3 was mixed in a three-necked 

flask under vigorous magnetic stirring. The solution was then heated to boiling. After 0.1 

mL of 2.8 wt% NH3·H2O was injected, the solution was refluxed for 30 min. The core-

shell particles were then collected by centrifugation and re-dispersed in ethanol. 

4.2.4 Synthesis of Ag NPs and Ag@Cu2O core-shell NPs 

Ag NPs were prepared by kinetically controlled seeded growth from a reported 

procedure.23 In a typical preparation of seed solution, 5 mL of PVP (5 wt % in H2O) and 

10 μL of HAuCl4 (0.25 M) were dissolved in 5 mL of H2O. After that, 0.6 mL of NaBH4 

(0.1 M) was injected under vigorous stirring, giving rise to a yellowish solution of Au 

nanoparticles. The Au nanoparticles obtained were then aged for 6 h. For the seeded 

growth of Ag NPs, 2 mL of PVP (5 wt % in H2O), 1 mL of acetonitrile, and 200 μL of 

ascorbic acid (0.1 M) were added in 2 mL of H2O, followed by adding 150 μL of AgNO3 

(0.1 M) and quick injection of 1.2 μL of the seed solution. After 15 min of reaction, the 

Ag quasi-nanospheres were finally collected by centrifugation and re-dispersed in 2 ml 

water. Ag@Cu2O core-shell nanoparticles were synthesized through epitaxial growth of 

Cu2O nanoshells on Ag surfaces at room temperature.14 Typically, 0.5 mL of colloidal Ag 
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quasi-spherical nanoparticles was first introduced into 5 mL of 2 wt % PVP aqueous 

solution. Various amounts (2.5–100 μL) of 0.1 M Cu(NO3)2 solution, depending on the 

desired thickness of the resulting Cu2O shells, was subsequently added. Then 11.2 μL of 

5 M NaOH and 5 μL of N2H4 solution (35 wt %) were added under magnetic stir. The 

solutions were kept stirring for 10 min and the resulting core–shell nanoparticles were 

subsequently separated from the reaction mixtures by centrifugation.  

4.2.5 Characterizations 

Morphology was characterized by using a Tecnai T12 transmission electron 

microscope (TEM). A probe-type Ocean Optics HR2000CG-UV-NIR spectrometer was 

used to measure the UV-Vis extinction spectra and transmittance spectra.  

4.3 Dichroic film on mirrored substrate  

Date back to the 4th century, the Romans created the dichroic Lycurgus Cup 

containing gold and silver nanoparticles that can appear different colors depending on the 

direction of light illumination because of the light absorption and scattering. When light 

interacts with noble metal nanostructures, light is either absorbed or scattered, causing 

extinction of the incidence light. The size of metal NPs has a dramatic effect on the light 

absorption and scattering, in which the increase in the size resulted in an increase in the 

extinction cross-section as well as the relative contribution of scattering.  

In this section, we propose and demonstrate a design strategy to show an angle-

dependent dichroic film on a mirrored substrate based on the light absorption and 

scattering of plasmonic nanomaterials. Spray-coating of core-shell or yolk-shell 

nanoarchitectures are proposed to realize the dichroic properties. When light is shone on 
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Figure 4.2 Schematic illustration of the working principle for the dichroic film on a 

mirrored substrate.  
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to it, the film appears bright green color from the reflection direction and changes to red 

when viewed from all other angles. We have also proposed and expanded the red-green 

color system to a wide range of colors by utilizing various core-shell nanostructures. 

Anti-counterfeiting has also been demonstrated practicable by using the dichroic optical 

behavior. 

Figure 4.2 illustrates the design and working principle for the angular dependent 

dichroic film on a mirrored substrate. There are two possibilities of interaction of a 

medium with light, which are scattering and absorption. When incidence light illuminate 

on an ideal mirrored substrate, light will be specular reflected at a definite angle. 

Applying a coating of plasmonic nanomaterials will change the interactions between 

incidence light and substrate. The incidence light will be scattered and absorbed by the 

plasmonic nanomaterials, resulting in the transmitted light reaching to the mirrored 

surface and being reflected. From the view angle of reflection, the transmitted light 

through plasmonic NPs will be perceived, while the scattered light will be observed from 

the other view angles. 

In the present work, to fabricate films with dichroic properties, loading plasmonic 

NPs on the substrate remains challenging. Here we propose to utilize core-shell or yolk-

shell architecture to resolve the following issues. The shells play an important role for the 

successful observation of the dichroic property. It is worthy to mention that the loading 

density of noble metal nanoparticles on a substrate using conventional method such as 

dipping coating and lithography is usually low, which makes the optical responses weak. 

The spray-coating of colloidal particles has recently attracted much interest due to its 
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simplicity, low cost and scalability over a large area on both planar and curved surfaces.24, 

25 However, the spray-coating of colloidal Au NPs using air brush is not feasible because 

interparticle interactions caused by aggregations after drying will weaken the plasmon 

resonances. Different form Au NPs, the dielectric shells can prevent the Au NPs from 

aggregation so that spray-coating thicker films to increase the scattering intensity without 

affecting LSPR properties is feasible. On the other hand, the interaction between Au NPs 

and the substrate can also be avoided by the outer shells, preserving the origin of the 

colors from plasmon resonances of the metal NP itself.  

Based on the above design, we first synthesized Au@TiO2 yolk-shell 

nanostructures through a hard templating method followed by a seed mediated growth of 

Au NPs. The TEM image in Figure 4.3a shows the typical morphology of the Au@TiO2 

yolk-shell nanostructures with 110 nm Au NPs and 60 nm amorphous TiO2 shells. Figure 

4.3b shows the UV-vis extinction spectra, where a strong resonance peak appears at 610 

nm. The gold NPs with size of 112 nm in diameter manifest a LSPR peak at ~585 nm, 

indicating the TiO2 shells in the yolk shell structures will affect surrounding refractive 

index of Au NPs and red-shift the resonance peak although TiO2 is not directly coated on 

the Au NPs.21 As mentioned above, the increase in the size of Au NPs results in an 

increase in the relative contribution of scattering to the whole extinction, suggesting 

larger gold NPs exhibit stronger scattering.10 For colloidal dispersion of small gold NPs 

(e.g. 20 nm), the red color we perceive is the transmitted light because the scattering of 

such small gold NPs is negligible. For larger gold NPs, the scattering becomes noticeable 

and the dichroic feature occurs. As shown in Figure 4.3b, the dispersion of the Au@TiO2  
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Figure 4.3 (a) TEM image showing Au@TiO2 yolk-shell nanostructures. The scale bar is 

200 nm. (b) UV-vis-NIR spectra of the yolk-shell structures. Inset shows the digital 

images of the dispersion with different background. (c) Digital images showing the 

dichroic properties on stainless steel. Green one was taken from the reflection angle and 

the red one is taken from the top.  
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structures exhibit a dichroic feature similar to the Lycurgus cup, where orange color is 

observed for the dispersion with a black background and blue color with red tone is 

perceived owing to the combination of scattered light and transmitted light. The dichroic 

properties of the Au nanostructures on a mirrored substrate were then investigated. The 

Au@TiO2 yolk-shell structures can be well dispersed in ethanol and easily spray-coated 

onto a mirrored substrate such as stainless steel using an air brush. As shown in Figure 

4.3c, bright green letter R can be observed from the view angle of reflection when 

shining light, while red color is perceived from all other angles.  

To investigate the function of mirrored substrate, the yolk-shell nanostructures 

were applied onto a glass substrate (Figure 4.4a). Without a mirrored substrate, the 

optical behavior of the glass slide is like the behavior of Au NP dispersion or the 

Lycurgus cup. When the stainless-steel substrate was placed under the glass slide, similar 

dichroic properties are observed, indicating there is no interaction between Au NPs and 

the substrate. We have also demonstrated the aluminum foil can also act as a reflecting 

mirror layer, as shown in Figure 4.4b. Using the robust spray-coating strategy along with 

patterns, various shaped color display can be readily achieved. As shown in Figure 4.4c, a 

butterfly pattern was used and red-green switching of butterfly has been realized. In 

addition to Au@TiO2 yolk-shell nanostructures, Au@SiO2 core-shell structures can also 

be used for the dichroic film (Figure 4.4d), in which the silica shells play the same role as 

TiO2 shells. 

Next, we further extended the dichroic properties to Ag NPs to enrich the ranges 

of colorations. As discussed in Chapter 2, Ag has the largest quality factor across most of  



 

109 

 

 

Figure 4.4 Dichroic properties on different substrates. Au@TiO2 yolk-shell structures 

spray-coated on (a) glass substrate with stainless steel underneath and (b) aluminum 

substrate. (c) Patterned dichroic film on stainless steel. (d) Dichroic film by spray-coating 

Au@SiO2 core-shell structures on stainless steel. The right TEM image shows the 

morphology of Au@SiO2 core-shell nanostructures. The scale bar is 100 nm.  
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the spectrum and exhibits strong electric field enhancement.26 Ag NPs exhibit stronger 

scattering compared with gold NPs of same size. In addition, Ag nanostructures can 

support surface plasmons across the whole visible spectrum, making it an ideal choice for 

constructing dichroic films with wide range of colors. Finally, Ag is much cheaper than 

gold, especially when the size of gold NPs needs to be large enough to scatter light. As a 

demonstration, we prepared Ag@RF core-shell nanostructures through a one-pot 

synthesis approach developed by Zhang and co-workers.22 Figure 4.5a shows the TEM 

image of monodisperse Ag@RF core-shell nanoparticles with 45 nm Ag NPs and 30 nm 

RF shells. As shown in Figure 4.5b, colloidal Ag@RF NPs exhibit a sharp and strong 

resonant peak at 466 nm. The colloidal dispersion shows jade green color from scattering 

and red-orange color for transmitted light. After the dispersion was spray-coated on a 

stainless-steel substrate, the film can display two colors: pink from the reflected view 

angle and jade green from all other directions (Figure 4.5 c and d). As mentioned above, 

the resonance frequencies of the Ag NPs can be facilely tuned across the whole visible 

spectrum by controlled epitaxial growth of Cu2O of various thickness using a robust wet 

chemistry approach. As revealed in Figure 4.5e, the plasmon resonance peak position can 

be manipulated over the whole visible range by simply adding different volume of copper 

precursor. The digital images in Figure 4.5f shows the dichroic properties of three typical 

samples of Ag@Cu2O, where purple, blue and green color can be observed through the 

transmittance mode, while orange and red color can be perceived with a black 

background. Therefore, the capabilities to fine-control over the optical properties of 

Ag@Cu2O core-shell NPs enable us to develop dichroic films with complex colorations. 
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Figure 4.5 (a) TEM image of Ag@RF core-shell nanoparticles. The scale bar is 100 nm. 

(b) UV-vis-NIR spectra of the Ag@RF structures. Inset shows the digital images of the 

dispersion with different background. Digital images showing the dichroic properties of 

the Ag@RF nanostructures view from different angles. (c) From the top and (d) from the 

reflected angle. (e) UV-vis-NIR extinction spectra of Ag@Cu2O core-shell nanoparticles 

with increasing volume of Cu(NO3)2. (f) Digital images showing the dispersion of 

Ag@Cu2O particles with different background.  
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Figure 4.6 (a) Schematic illustration for the design of anti-counterfeiting film. (I) 

Patterning the substrate, (II) and (III) viewing the substrate from different angles. Two 

demonstrations utilizing the patterned dichroic films for anti-counterfeiting. (b) Heart-

shaped flower with the right two hearts on HPC coated stainless steel. (c) Letters of ucr 

with the letter c on HPC coated stainless steel.   
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Finally, the dichroic film on the mirrored substrate have been demonstrated for a 

potential application of anti-counterfeiting. The scattering is negligibly affected by the 

mirrored substrate while the reflected light or transmitted light (which are similar in this 

case) depends on the mirrored surface. Based on this understanding, we have proposed an 

information-encoding platform with enhanced anti-counterfeiting features. As illustrated 

in Figure 4.6a, the mirrored stainless steel substrate was first spray-coated with a 

patterned layer of dielectric material such as polymer (e.g. HPC) to change the surface 

reflectivity, followed by spray-coating the desired plasmonic nanomaterials to form a 

film. The same optical responses are found in the presence or absence of the dielectric 

layer when viewed from most directions, which can be used for encoding the information. 

The decoding can be realized by perceiving the film from the reflected angle, where the 

mirrored surface determines the reflection angle. As a simple demonstration, two patterns 

are used: one is heart-shaped flower, the other one is letters of ucr. As shown in Figure 

4.6 b and c, there are no color differences for the patterns of flower and letters when 

viewed from the aspect of scattering, both of which show red color. When illuminating 

the substrate, and viewing from the reflected direction, the color information can be 

clearly revealed, in which the polymer coated areas (two hearts and letter c) look dark 

greenish while the uncoated areas display bright green color. The encoded information 

can be made more complex by introducing Ag nanostructures for multi-color encoding. 

In addition, the mirrored surface can be realized on planar and curved substrates (e.g. 

PET) by depositing metal reflectors such as aluminum, providing a great platform for 

creating patterned dichroic films with high complexities.25, 27 
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4.4 In-situ optical probing on drying process of hollow structures 

Based on Mie theory, the Mie resonance is dependent on the relative refractive 

indexes of both the core and shell materials to the surrounding medium. We have 

reported that the color of visible Mie scattering in the hollow TiO2 shell was highly 

responsive to the surrounding medium.6 For example, the purple hue of the hollow TiO2 

spheres switches to blue color after spraying ethanol onto the patterned film. The color 

can change back after the evaporation of ethanol. It is thus desirable to investigate the 

related evaporation process. The aim of this study is to analyze the evaporation of solvent 

or the drying process in a spray-coated film containing hollow TiO2 spheres. 

The hollow TiO2 shells used in this study were prepared based on TiO2 coating on 

colloidal silica template. After removal of silica, no further treatment such as calcination 

was made to the hollow shells, indicating the amorphous nature of TiO2 shells. Figure 4.7 

shows a typical TEM image of hollow TiO2 shells with 200 nm inner diameter and 25 nm 

shell thickness. We used a spray-coating technique to spread the TiO2 particles onto a 

polystyrene substrate, which was also used in the preparation of dichroic film in the 

Section 4.3. After coating of TiO2 hollow shells, the clear substrate becomes translucent, 

as shown in Figure 4.7 b (i). After 5 µl of ethanol was dropped onto it, the substrate 

appears much more clear (Figure 4.7 b (ii)) because water is filtrated into the pores, 

which dramatically reduces the number of scattering interfaces.28 During the drying 

process, there is an intermediate stage in which the substrate is opaque and white, as 

revealed in Figure 4.7 b (iii). This is because a large area of unfilled open pores is formed  
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Figure 4.7 (a) TEM image of TiO2 hollow shells. (b) Digital images showing (i) TiO2 

shells on polystyrene substrate, (ii) Applying ethanol, and (iii) Opaque effect during 

drying process. (c) Optical transmittance spectra during the drying process. (d) 

Dependence of the transmittance at 600 nm on the drying time.   
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in the film and more light is scattered at the water/air interface. Similar phenomena are 

found in nature, where the petals of Diphylleia grayi turn from white to transparent in the 

rain.29 

UV-vis spectroscopy has been applied to study dynamic processes such as growth 

of gold nanorods in a tubular template, formation of silver nanoplate, and surface-

protected etching of silica spheres.30-32 As the transmittance is varying during the drying 

process, it is thus a good way to use UV-vis spectroscopy to monitor the drying process 

of the film in an in-situ manner. As shown in Figure 4.7c, dynamic transmittance spectra 

for the drying of hollow TiO2 shells on a PS substrate are recorded at an interval of 5 

seconds. During the drying process or the solvent (ethanol in this study) evaporation 

process, the transmittance first decreases very quickly (red lines) and then gradually 

returns to almost the initial dry state. For better illustration, we summarize the 

dependence of the transmittance at 600 nm on the drying time, as shown in Figure 4.7d. 

The initial dry state shows a transmittance value of 74% and there is a 10% increase after 

dropping ethanol, which is consistent with the digital images shown in Figure 4.7b. In the 

first 25 seconds, the transmittance quickly decreases to 11%, which is opaque as shown 

in Figure 4.7 b (iii). The modulation of light transmittance through external stimuli is 

useful in smart devices such as smart windows.28, 33 At the initial drying stage, the air 

quickly substitutes the evaporated solvent, resulting in rapid formation of abundant 

air/liquid interface to scatter the light. The continuing evaporation of ethanol leads to a 

decrease of air/liquid interface and thus an increase in transmittance. As the hollow 
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particles are movable, there will be microcracks formed after drying, leading to slight 

decrease in transmittance after drying.34  

As discussed in the introduction, the LSPR peak position is dependent on the 

surrounding refractive index. Au NPs can be used as probes to sense their local 

environment changes. To investigate the drying process in detail, we incorporated 70 nm 

Au NPs into the film of hollow TiO2 shells to monitor the drying process. The Au NPs 

were either encapsulated in the shells or directly mixed with hollow TiO2 shells. 

Au@TiO2 yolk-shell nanostructures were prepared through a hard templating method 

followed by a seed mediated growth of Au NPs. The drying process of the film composite 

was then monitored by UV-vis-NIR spectrometer. As shown in Figure 4.8 a, the 

extinction spectra are recorded at an interval of 1 second. The surface plasmon resonance 

peak shifts from 528 nm to ~560 nm after infiltration of solvent into the dry film because 

the surrounding of Au NPs changes from air (n=1) to ethanol (n=1.35). During the drying 

process, the extinction intensities first rise and then fall back, which is consistent with the 

transmittance spectra shown in Figure 4.7. The resonance peak of Au NPs is unchanged 

during the rising stage, while there is a quick blue-shift of the resonance peak with the 

decreasing of extinction intensities. Figure 4.8c summarize the time evolution of 

resonance peak position and peak intensity during the evaporation process of ethanol. 

When the peak intensity reaches to its maximum, the peak position is at ~560 nm, 

indicating the Au NPs are surrounding with ethanol. It is noteworthy that the time scale 

of evaporation varies from each drying process possibly because evaporation is affected 

by the rate of airflow, which is not controlled in the measurement. Figure 4.8b shows the  
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Figure 4.8 Optical extinction spectra during drying process of (a) Au@TiO2 yolk-shell 

structures and (b) Au/TiO2 shell mixture. The insets in (a) and (b) show the TEM images 

of the yolk-shell structures and Au/TiO2 shell mixture, respectively. Dependence of peak 

position and peak intensity on the drying time. (c) Au@TiO2 yolk-shell and (d) Au/TiO2 

mixture.  
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extinction spectra evolution for the film with a mixture of Au NPs and TiO2 shells. The 

evolution of peak intensity is similar. As shown in Figure 4.8d, the surface plasmon 

resonance peak starts to blue-shift before the peak intensity reaches to its maximum, and 

keeps blue-shifting when the peak intensity is decreasing, suggesting the evaporation of 

the ethanol outside of the shells first.  

From these UV-vis-NIR spectra results, we deduce the following drying sequence 

of hollow TiO2 shells. The solvent surrounding the hollow shells in the stacking pores 

first evaporates. Air invades into the dried space and cause light scattering at the 

air/solvent and air/solid interfaces, which leads to the dramatic decrease in transmittance. 

The voids in the hollow shells then starts to dry and empty once the hollow shell walls 

are exposed to air. 

4.5 Conclusion 

In conclusion, a dichroic film has been designed on a mirrored substrate based on 

the scattering and absorption of plasmonic nanomaterials. Spray-coating of core-shell 

nanostructures has been proposed to realize the dichroic properties. The shell materials in 

the core-shell structures play an important role in protecting the noble metal core from 

aggregation and interactions. In addition, fine-control over the core-shell structures allow 

the optical properties tunable across the visible spectral regions, which enriches the color 

complexities of dichroic film. The application in anti-counterfeiting has been successfully 

demonstrated by manipulating the surface of mirrored substrate, where the encoded 

information can be made more complex by introducing multi-color encoding.  
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