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Abstract 

Surface plasmon resonance is a photophysical phenomenon, which attracts broad 

interest with possible applications in sensing, nanolasers and electrochemical 

reaction catalysis. Meanwhile, gold nanoparticles are excellent candidates among 

all plasmonic noble metals, showing good and controllable plasmonic features. 

The aim of this thesis is to study the unique optical properties of gold 

nanoparticles and gold composites and demonstrate the energy transfer in 

plasmon enhanced fluorescence, SPASER and oxygen evolution reaction (OER) 

catalysis via microscopic and spectroscopic techniques.   

 

Firstly, synthesis of colloid gold nanoparticles was introduced in Chapter 3.  

Surface modifications of gold with silica and polymers were also discussed in this 

part as well as 2D MnO2 nanosheets fabrication. In addition, the function of each 

reaction regents was also explained as well as the development background of 

each synthetic method. 

 

 

Then in Chapter 4, the surface plasmon effect on the energy transfer towards 

SPASER was investigated with a Rh 800 doped polystyrene-gold nanorod core-

shell structure. The steady state and time-resolved fluorescence spectroscopy 

study disclosed an enhanced energy transfer when the longitudinal surface 
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plasmon mode of the gold nanorods overlapped with the absorption and emission 

of Rh 800.  

 

Further study was performed on the metal enhanced fluorescence employing 

Mega 520 dye loaded mesoporous silica coated gold nanorods in Chapter 5. 

Fluorescence enhancement was found arising from both increased excitation rate 

as the transverse surface plasmon mode of gold nanorods overlapped with the 

excitation wavelength and enhanced quantum yield when the emission of the dye 

was not coincident with the longitudinal plasmon mode. Furthermore, this study 

revealed the distance dependence of the enhancement effect.  

 

Finally in Chapter 6, a gold-MnO2 catalyst was designed and prepared with 

excellent OER catalytic performance. It is believed that the plasmon-induced 

Mnn+ species provide active sites to extract electrons from OH- to facilitate the 

oxygen evolution. By tuning the laser intensity from 100 to 200 mW, the over-

potential was decreased from 0.38 to 0.32 V, which was comparable to IrO2 and 

RuO2 catalysts.  
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1. Introduction 

The length scale of the electronic motion determines materials’ properties. When 

size shrinks to nanometre scale, the electronic and chemical properties of a 

material change tremendously. In semiconductors at nanoscale, the property 

change is dominated by quantum confinement of the electronic motion. For noble 

metal nanoparticles, the coherent charge density oscillation can be excited and 

leads to an enhanced local electric field, which is called localized surface plasmon 

resonance. These unique features would provide great potential for the 

nanoparticles to be used in many applications, such as metal enhanced 

fluorescence, nanolasers, and electrochemical catalysis.  

      The overall aim of this project is to provide vital information regards the 

surface plasmon resonance for optical and electrochemical applications and 

investigate the chemical physics processes in nanoscale. Firstly, an introduction 

of fundamental principles of surface plasmon resonance, electrochemical oxygen 

catalysis and fluorescence techniques used in this project is presented in Chapters 

1 and 2. After the introduction of synthetic methods in Chapter 3, the study on 

the surface plasmon energy transfer towards SPASER is included in Chapter 4, 

where a polystyrene-gold nanorod core-shell structure was used for the study. 

Chapter 5 reveals the metal enhanced fluorescence process from the system of 

Mega 520 dye loaded mesoporous silica coated gold nanorods. In Chapter 6, a 

gold-MnO2 catalyst is prepared with excellent OER catalytic performance, and 
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possible working mechanism is proposed. Finally, in Chapter 7, a brief summary 

and outlook to future work are presented.   

1.1. Localized Surface Plasmon Resonance 

Localized surface plasmon resonance (LSPR) represents a collective coherent 

charge density oscillation confined to metal nanoparticles and metallic 

nanostructures (Figure 1.1 left), whose resonance wavelength is sensitive to 

permittivity changes of the environment, as well as to the size and shape of the 

nanoparticle.[1–6] In addition, electric fields near the particle’s surface are greatly 

enhanced as shown in Figure 1.1 right.[7–12]  

 
 

Figure 1.1 (Left) Schematic diagram illustrating a localized surface plasmon 

resonance.[13] (Right) Spatial redistribution of the electric field intensity of a gold 

nanorod (GNR) was illuminated by a plane wave at the longitudinal plasmon 

resonance wavelength (a); (b) & (c) zoomed-in area of the dashed box in (a) and 

(b), respectively.[7] 

      Compared to other nanocrystals, gold nanorods (GNRs) offer significant 

advantage as their LSPR properties can be tailored by synthetically tuning their 
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sizes and shapes. There are two plasmon modes in GNRs, as shown in Figure 1.2: 

the longitudinal mode (L mode) associated with the electron oscillations along 

the length axis, and the transverse mode (T mode) excited by light polarized along 

the transverse direction of the nanorod.[10,14–18] The L mode is sensitive to the 

shape (aspect ratio, AR) of the particle and can be synthetically tuned across a 

broad spectral range covering the visible and near-infrared regions.[19–21] To 

understand in depth how this LSPR works, we must turn to the Mie theory. 

 
 

Figure 1.2 Schematic of transverse (left) and longitudinal (right) surface plasmon 

modes in gold nanorods.[22] 

1.1.1. Mie Theory 

In 1908, Gustav Mie published his famous paper on developing an analytical 

solution on Maxwell’s equations that described the scattering and absorption of 

light by spherical particles.[19,23–25] This theory evolves rapidly in the following 

decade with many applications in plasmonic areas.[26] Finding the scattered fields 

produced by an incident plane wave on a homogeneous conducting sphere results 

in the following total scattering, extinction and absorption cross-sections[1,27]: 
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𝜎"#$ =
&'
|)|*

∑ (2𝐿 + 1)(|𝑎3|& + |𝑏3|&)5
367                                          (1.1) 

𝜎89: =
&'
|)|*

∑ (2𝐿 + 1)[𝑅𝑒(𝑎3 + 𝑏3)]5
367                                           (1.2) 

𝜎$?" = 𝜎89: − 𝜎"#$                                                                           (1.3) 

where 𝑘  is the incoming wavevector and 𝐿 is integer representing the dipole, 

quadrupole and higher multipoles of the scattering. 𝑎3 and  𝑏3 are the parameters 

composed of Riccati-Bessel functions 𝜓3 and 𝜒3: 

𝑎3 =
DEF(D9)EFG (9)HEFG (D9)EF(9)
DEF(D9)IFG (9)HEFG (D9)IF(9)

                                                 (1.4) 

𝑏3 =
EF(D9)EFG (9)HDEFG (D9)EF(9)
EF(D9)IFG (9)HDEFG (D9)IF(9)

                                                 (1.5) 

Here, 𝑚 = 𝑛L/𝑛D , where 𝑛D is the permittivity of surrounding medium, 𝑛L =

𝑛N + 𝑖𝑛P  is the complex permittivity of the metal. 𝑛N  and 𝑛P  are the real and 

imaginary permittivity of the metal, respectively. Also, 𝑥 = 𝑘D𝑟, where r is the 

radius of the particle and 𝑘D is the wavevector in the medium (𝑘D = 2𝜋 𝜆D⁄ ) 

other than in vacuum.  

      To gain insight of the surface plasmon phenomena, simpler expressions are 

needed. As the nanoparticle is very small (|𝑚|𝑥 ≪ 1), then |𝑏7| ≪ |𝑎7|. With this 

assumption, the amplitude scattering matrix elements are accurate to terms of 𝑥W, 

and Equation 1.4 and 1.5 can be simplified to[26,27]:  

𝑎7 ≈ − Y&9Z

W
D*H7
D*[&

                                                            (1.6) 

𝑏7 ≈ 0                                                                            (1.7) 
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and the higher order 𝑎3 and 𝑏3 are zero (only when keeping terms up to 𝑥W). To 

find the real part of 𝑎7  as required in Equation 1.2, substitute 𝑚 =

(𝑛N + 𝑖𝑛P) 𝑛D⁄  into Equation 1.6: 

𝑎7 = −𝑖 &9
Z

W
]^*H]_*[Y&]^]_H]`*

]^*H]_*[Y&]^]_[]`*
                                               (1.8)  

Next, switch to the complex metal dielectric function 𝜀̃ = 𝜀7 + 𝑖𝜀&  with the 

following relations: 

𝜀7 = 𝑛N& − 𝑛P&                                                            (1.9) 

𝜀& = 2𝑛N𝑛P                                                             (1.10) 

and switch to the medium’s permittivity function: 𝜀D = 𝑛D& . The substitution 

leads to: 

𝑎7 =
&9Z

W
HYcd*HYcdc`[Wc*c`HYc**[Y&c`*

(cd[&c`)*[(c*)*
                                      (1.11) 

Substitution of 𝑎7 in Equation 1.11 to Equation 1.1 and 1.2 yields the widely 

quoted expression for nanoparticle plasmon resonance: 

𝜎89: =
7e'c`

Z/*f
g

c*(g)
[cd(g)[&c`]*[c*(g)*

                                      (1.12) 

𝜎"#$ =
W&'hc`				*f*

g
(cdHc`)*Hc*		*

(cd[&c`)*[c*		*
                                           (1.13) 

where 𝑉  is the particle volume. Although the above approximations are only 

appropriate to small nanoparticles (less than 10 nm in diameter), these predictions 

of dielectric sensitivity remain suitable and accurate for larger particles.[28]   

      In Equation 1.12, the extinction cross-section would be maximized when the 

condition of  𝜀7 = −2𝜀D can be made. This reveals that the LSPR extinction peak 
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is dependent on the surrounding dielectric medium. In addition, the LSPR 

sensitivity originates from the real part of the dielectric function at the 

wavelength.[29] And the imaginary part of the dielectric function plays the 

important role on plasmon damping, that is the resonance peak broadening 

observed in experiment. In general, silver suffers lower energy loss than gold, 

however, gold is more often chosen for plasmon related experiments, such as 

biosensing, nanolaser and metal enhanced fluorescence, since it is easier to be 

surface modified, less prone to react with oxygen and shows low toxicity for 

biosensing and imaging.[30–32]  

1.1.2. Gans Theory 

Although some predictions of Mie’s theory remain suitable and accurate for 

particles larger than 10 nm, it is strictly applicable to spherical particles. In 1912, 

Richard Gans extended Mie’s results to spheroidal particles of any aspect ratio in 

the small particle approximation.[1,13,19] He proved that the absorption cross-

section of a prolate spheroid was similar to the Equation 1.12 of:  

𝜎$?" =
k
W#
𝜀D
W/&𝑉 ∑

(7/lm
*)c*

{cd[[(7Hlm)/lm]c`}*[c**
p                                   (1.14) 

Here, the sum over j considers the three dimensions of the particle. 𝑃p includes 

𝑃r, 𝑃s and 𝑃t, which are the depolarization factors of each axis of the particle 

(A > B = C for a prolate spheroid), and they could be expressed as follows:  

𝑃r =
7H8*

8*
[ 7
&8
ln w7[8

7H8
x − 1]                                                   (1.15) 
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𝑃s = 𝑃t =
7Hly
&

                                                                     (1.16) 

where 𝑒 is the factor in Equation 1.17 including the particle aspect ratio R. 

𝑒 = [1 − (s
r
)&]7 &⁄ = (1 − &

N*
)7 &⁄                                          (1.17) 

The extinction spectrum for a prolate spheroid should have two peaks based 

on the Equation 1.14. One is corresponding to the transverse plasmon mode from 

the x and y contributions to the sum and the other is corresponding to the 

longitudinal plasmon mode from the z contribution. The scheme of transverse and 

longitudinal plasmon modes are shown in Figure 1.2. Meanwhile, the Equation 

1.14 also provides a simple and direct understanding of the geometric effect on 

the LSPR peak wavelength. The factor weighting  𝜀D is 2 for spherical particles 

and (1 − 𝑃p)/𝑃p for prolate spheroids. As the increase of aspect ratio, the (1 −

𝑃p)/𝑃p  could be much larger than 2 and this would lead to a redshift of the 

plasmon peak as well as the increased sensitivity to the dielectric environment.[1,10]  

1.1.3. Photoluminescence of Gold nanoparticles 

In recent studies, the photoluminescence from gold nanoparticles has proven to 

be a promising property for the applications of imaging and sensing.[6,33–35] 

Although the luminescence quantum yield (QY) of gold nanoparticles is much 

lower than that of fluorescent molecules or quantum dots, their large absorption 

cross section compensates for their low QY and makes them high-contrast 

imaging agents. The first observation of photoluminescence of gold dates back to 
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1969, when Mooradian observed a broad luminescence spectrum with a QY of 

about 10-10 from bulk gold.[36] Photoluminescence from bulk gold originates from 

radiative transitions of conduction electrons toward empty electron states, which 

can be either holes in the d-band (electron-hole inter-band transitions), or empty 

electron states or holes within the sp-band (intra-band transitions).[34] Later, the 

surface roughness enhanced photoluminescence of gold was studied, and the 

enhancement was attributed to the presence of localized surface plasmons.[33] 

Since the observation of plasmon-enhanced emission, the effect of localized 

surface plasmons has been investigated in colloidal nanoparticles with different 

sizes and shapes.[37] Figure 1.3 shows the production of hot electron and hot hole 

pairs via inter-band and intra-band relaxations leaded by plasmonic oscillation 

decay, respectively. In general, the observed photoluminescence enhancement 

can be simply explained by the plasmon-enhanced local fields. The reported 

luminescence QY are from 10-7 to 10-4 for gold nanoparticles with different sizes 

and shapes.[12] In particular, Dulkeith et al. proposed a process in which d-band 

holes could also recombine non-radiatively with sp electrons instead of the 

radiative recombination of e-h pairs.[38] In this process, each excited d-band hole 

polarizes the particle and triggers a collective electron oscillation (surface 

plasmon). These plasmons decay either radiatively by emitting photons or non-

radiatively via transformation into excited e-h pairs.  
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Figure 1.3 Decay of the plasmonic oscillation leads to the production of hot 

electron and hot hole pairs via inter-band and intra-band relaxations, 

respectively.[12] 

1.2. Principle of Electrochemical Oxygen Catalysis 

1.2.1. Electrochemical Oxygen Catalysis  

Energy and environment are of great concerns in current age. The demand for 

clean energy has been growing rapidly.[39] Therefore, energy conversion from 

renewable sources has been a promising solution to reduce the dependency of 

conventional fossil fuel. In particular, electrochemical water splitting and metal 

air batteries are the simplest and most efficient classifications. Oxygen evolution 

reaction (OER) is the core reaction for the aforementioned reversible systems 

along with oxygen reduction reaction (ORR) and hydrogen evaluation reaction 

(HER).[40–42] Typically, ORR process in a zinc-air battery contains a few steps: 

oxygen diffusion through the porous electrode, oxygen absorption to catalyst 

surface, electrons movement from the anode to the oxygen molecules, weakening 

and breaking of the oxygen-oxygen bond and the hydroxyl ion transfer through 
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electrolyte to metallic anode.[43,44] Though the mechanism of ORR involves a 

series of complicated reactions, it is believed that a direct four-electron pathway 

or a peroxide two-electron pathway may proceed for the oxygen reduction 

depending on adsorption type.[45] Even for the same catalyst, the ORR behaviours 

may be different depending on its structure. In a four-electron pathway, the 

oxygen directly reduced to OH- under bidentate O2 adsorption, where two O 

atoms coordinate with the catalyst. On the contrary, oxygen indirectly reduced to 

OH- via HO2
- in a two-electron pathway under end-on O2 adsorption where one 

O atom coordinates perpendicularly to the catalyst. Then, this two-electron 

oxygen reduction may be followed by either a two-electron reduction of peroxide 

or the chemical disproportionation of peroxide. The four-electron pathway is 

preferable, because the two-electron pathway forms corrosive peroxide species 

and shows low energy efficiency.[46,47] It is widely believed that the four-electron 

reduction predominates on noble metal catalysts, whereas the two-electron 

reduction primarily participates on carbonaceous materials. For other materials 

such as transition metal oxides, different ORR pathways may occur due to their 

specific crystal structure and molecular composition. The aforementioned 

reactions are given as follows:  

Four-electron pathway:  

O2 + 2H2O + 4e- ® 4OH- 

Two-electron pathway:  

O2 + H2O + 2e- ® OH2- + OH- 
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HO2- + H2O + 2e- ® 3OH- / 2HO2- ® 2OH- + O2 

      Oxygen evolution reaction plays a key part on electrically rechargeable metal 

air batteries and water splitting.[48–50] As the reverse reaction of ORR, OER is also 

a complex process involving several reactions. As oxygen is generally evolved 

from an oxide phase, the mechanism largely depends on the electrode materials 

and the site geometry of the metal cation.[39,51,52] In addition, the reaction is highly 

pH dependent. In acidic and neutral environments, two H2O molecules are 

oxidized into four H+ ions and one O2 molecule; whereas in basic conditions, OH- 

ions are oxidized and transformed into H2O and O2 molecules, as shown as 

follows: 

4OH- ® 2H2O + O2 + 4e- alkaline solution 

2H2O ® 4H+ + O2 + 4e- acidic solution  

Since the current research of OER focuses on the transition metal oxides materials, 

it is necessary to detailed introduce the OER mechanism in alkaline conditions, 

as transition metal oxides are not stable at acidic environment. One of the highly 

recognized mechanism is the electrochemical oxide pathway:  

A + OH- ® A-OH + e- 

A-OH + OH-  ® A-O + H2O + e- 

2A-O ® 2A + O2 
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The major difference of OER in alkali is the first-step absorption of hydroxide 

ion other than absorption of water on the surface of active site (A) in acid.[53] 

Importantly, the active site S undergoes a cycle of oxidation and reduction during 

OER to evolve oxygen and regenerate the surface active sites for the next cycle. 

This means that only metals with variable oxidation states (chemical states) could 

be the catalysts for efficient OER catalysis.[54,55] For the iron group (mainly Fe, 

Co and Ni), they undergo oxidation from the positive divalent to the positive 

trivalent state while coordinating with a hydroxide ion in alkaline environment, 

which leads to the formation of key intermediate, MOOH. Then, the intermediate, 

MOOH, undergo deprotonation-coupled reduction of the active site with the 

evolution of oxygen.[56,57] The common reaction sequences of OER with the 

oxides/hydroxides of iron group metals are given below:  

M2+-OH + OH-  ® M3+-OOH + H+ + e- 

M3+-OOH + OH-  ® M2+-OH + H+ + O2 + e- 
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Figure 1.4 The figure of merit for OER. Notably, this protocol is applicable to a 

full pH range, which is more suitable for real device fabrication. To compare 

different catalysts, one should keep in mind the nature of electrode, mass loading 

and pH.[39]  

      It is believed that the transition metal ions in materials undergo progressive 

oxidation to higher valence states or electron confinement prior to the OER, 

during the electrochemical process.[52,58–60] This indicates that the highly 

oxidative metal ions may be the active sites of OER catalysts. And the 

corresponding investigations confirm that the OER catalytic performance may 

depend on the outer electron states of the transition metal species.[61–63] During 

the LSPR process, hot electrons will be excited and transferred, and 

simultaneously leading to the hole generation on the surface of plasmonic 

materials to capture external electrons.[13] Inspired by the above phenomena, 
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hybridizing the transition metal catalyst with plasmonic metal nanoparticles 

would cause electron-confined transition metal species, and eventually promote 

the OER catalytic performance. In addition, transition metals, such as Mn, have 

multiple chemical states and are easy to form 2D nanostructures. Thus, the 

investigation of transition metal species of Mn with plasmonic nanoparticle is 

highly necessary.      

1.2.2. Electrochemical Measurements  

In general, the electrochemical measurements deal with response of working 

electrode in the electrolyte under the influence of applied potentials. For the work 

in this project, we are interested in the response of the working electrode in a 

potential range, where the oxygen evolution reaction occurs. The conventional 

three-electrode system were used, including a working electrode, a counter 

electrode and a reference electrode. The working electrode contains the catalyst 

(sample). To discuss the electrochemical measurements, the first thing needed to 

know is the reversible hydrogen electrode (RHE). As a reference electrode, it is 

more likely a subtype of the standard hydrogen electrode for electrochemical 

processes. The standard hydrogen electrode (SHE) is a redox electrode which 

forms the basis of the thermodynamic scale of oxidation-reduction potentials. The 

absolute electrode potential forms a basis for comparison with all other electrode 

reactions, and hydrogen's standard electrode potential is declared to be zero volts 

at all temperatures.[64] Unlike the SHE, RHE measured potential does not change 
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with the pH, so it can be directly used in the electrolyte. The name refers to the 

fact that the electrode is in the actual electrolyte solution and not separated by a 

salt bridge. Therefore, the hydrogen ion concentration corresponds to that of the 

electrolyte solution. In this way, a stable potential can be achieved.[65,66] Thus, all 

the experiments performed by other reference electrodes, such as Hg/HgO, need 

to be converted to reversible hydrogen electrode for easy comparation. According 

to the Nernst equation scale: 

ERHE = EHg/HgO +0.059 ´ pH + 0.098                          (1.18) 

the overpotential (η) of OER at j = 10 mA/cm2 was determined using the 

following equation:  

η = ERHE − 1.23 V                                     (1.19) 

where EHg/HgO is the measured potential in experimental system on Hg/HgO 

reference electrode and ERHE is the standardized potential.[67] 

      The most significant factor for evaluating the performance of OER catalysts 

is the onset potentials, however, it is difficult to observe the exact value. 

Therefore, the value of potential at 10 mA/cm2 is more reliable and commonly 

used. Overpotential is the potential difference between the potentials achieving a 

specific current density (commonly used, 10 mA/cm2) and 1.23 V. Generally, a 

catalyst that has overpotential below 0.4 V is considered to be an excellent 

catalyst for OER (as shown in Figure 1.4); however, there is few catalysts that 

have overpotentials less than 250 mV.  
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      Tafel slope is another significant factor to evaluate the performance of OER 

catalysis. The Tafel equation in electrochemical kinetics relates the rate of an 

electrochemical reaction to the overpotential, which is named after Swiss chemist 

Julius Tafel. Tafel analysis is usually employed to understand the reaction 

kinetics and mechanism and to compare the catalytic activity of different catalysts. 

The Tafel slope also helps to define the rate determining step by examining the 

sensitivity of the current response to the given voltage by Equation 1.20: 

η = b	𝑙𝑜𝑔(p p�⁄ )                                           (1.20) 

where η denotes the overpotential, b represents the Tafel slope, 𝑗 is the current 

density and 𝑗� is the exchange current density. The quality of good OER catalysts 

should have a lower Tafel slope and larger current density.[39,52] In particular, the 

exchange current density is the current in the absence of net electrolysis at zero 

overpotential (at 1.23 V vs RHE). It can be understood as a background current 

density by which the net current observed at various potentials can be 

normalized.[66,68]  

      In order to facilitate comparison between samples and experimental setups, it 

is necessary to identify the Ohmic loss for each experiment. Ohmic losses may 

come from resistance in connections, interfaces, samples and the electrolyte. In 

fact, the ionic conductivity of the electrolyte is a dominant factor and it is quite 

necessary to keep a fixed distance between electrodes for a series of experiments. 

The magnitude of the Ohmic loss can be evaluated by impedance spectroscopy, 
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where the impedance is measured as a function of current frequency. A simple 

equivalent circuit model of an electrochemical interface includes a resistor and a 

constant phase element (CPE) in parallel. The capacitance contribution to the 

impedance vanishes at high frequencies, then the resistance can be revealed as 

the real component of the impedance.[69] 

      Zeta-potential is a scientific term for electro-kinetic potential in colloidal 

dispersions, which is always denoted as ζ-potential by using the Greek letter zeta 

(ζ). It is the potential difference between the dispersion medium and the stationary 

layer of fluid (such as surfactant and polyelectrolyte) attached to the dispersed 

particle. As shown in Figure 1.5, Zeta-potential is caused by the net electrical 

charge difference within the region between Stern layer and the slipping plane, 

and it also depends on the location of the slipping plane.[70] Thus, it is widely used 

to quantify the surface charge and stability of nanoparticles. Notably, Zeta-

potential is not equal to the Stern potential or electric surface potential in the 

double layer, since their location definitions are very different. Commonly, 

differential light scattering technique is used for Zeta-potential measurement, and 

electrophoretic mobility is the key experimentally-revealed parameter for the 

indirect Zeta-potential measurement.[71] Zeta-potential is a key indicator of 

colloidal stability. The magnitude of the Zeta-potential indicates the degree of 

electrostatic in a dispersion. For nanostructures, a high Zeta-potential will confer 

stability and resist aggregation. When the potential is small, attractive force may 

exceed this repulsion and the dispersion may break and flocculate. Therefore,  
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high positive or negative Zeta-potential over 30 mV would lead to mono-

dispersity, and low values (smaller than 5 mV) could lead to agglomeration.[72,73]  

 

Figure 1.5 Schematic diagram of Zeta-potential.[70]  
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2. Fluorescence  

2.1. General Principle of Fluorescence 

The physical process of light emission involves both luminescence and 

incandescence. As a special case of thermal radiation, incandescence is the 

emission of light (electromagnetic radiation) from a hot matter as a result of the 

temperature.[74] The physical mechanism of luminescence can be described as the 

emission of light from electronically excited states of any substances and could 

formally divided into two categories: fluorescence and phosphorescence.[75,76] 

Generally, absorption occurs in about 10-15 s. For fluorescence process, an 

electron is usually excited to a higher S1 or S2 electronic level which has the 

opposite spin state to the second electron in the ground state. For some special 

cases, molecules in condensed phases rapidly relax to the lowest vibrational level 

of S1, which is called internal conversion and generally occurs less than 10-12 s.  

Consequently, the excited electron (spin allowed) rapidly returns to the ground 

state (S0) by releasing a photon. Typically, the emission rates of fluorescence are 

around 108 s-1; thus, the fluorescence lifetime is near 10 ns, where the lifetime of 

a fluorophore is the average decay time from excited state (S1) to the ground state 

(S0).[77,78] The notation of S0, S1 and S2 refers to the singlet ground, first and 

second state. On the other hand, in the case of phosphorescence the excited 

electron undergoes intersystem crossing from the S1 state to the excited triplet 

state (T1). Since the same spin state in the orbital, the direct transition to the 
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ground state is not allowed. Therefore, the emission rate of phosphorescence is 

much lower and the lifetime is in the millisecond to second 

range.[79,80] Intersystem crossing is more likely to take place when the vibrational 

levels of the singlet and triplet state overlap, since only a small amount of energy 

is lost in the transition.[80] A Jablonski diagram can be utilised to show the 

physical processes involved in luminescence, as shown in Figure 2.1. 

 

Figure 2.1 Jablonski diagram of physical processes that take place during 

fluorescence and phosphorescence.[75]  
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Figure 2.2 Simplified diagram of the physical process of fluorescence decay.      

      As shown in Figure 2.2, the excited electron of a fluorophore can return to the 

ground state through either a radiative decay (emission of a photon) or non-

radiative process. The fluorescence quantum yield is the ratio of the number of 

photons emitted to the number absorbed, which can be defined as:   

Q = Γ/(Γ + 𝑘]�)                                             (2.1) 

where Q, Γ and 𝑘]� represent the quantum yield, the radiative decay rate and the 

non-radiative decay rate, respectively. Since the existence of Stokes loss (Stokes 

shift), the quantum yield is always less than the unity. The Jablonski diagram, 

Figure 2.1, shows that the energy of emission is less than that of absorption and 

fluorescence always occurs at longer wavelength. After first observation by Sir 

G. G. Stokes at University of Cambridge in 1952, this phenomenon is named as 

Stokes shift.[74,75,80] Figure 2.3 shows the absorption and emission spectra of Mega 

520 dye which has a large Stokes shift of around 150 nm. Indeed, energy loss 

between excitation and emission is widely observed for fluorophore molecules in 
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solution. The common cause of the Stokes shift is the rapid decay to the lowest 

vibration level of S1 as well as the decay to the higher vibrational levels of S0, 

which result the loss of excitation energy to heat of the vibrational energy. In 

addition, solvent effects, complex formation and energy transfer may also lead to 

further Stokes shift.   

 

Figure 2.3 Absorption and emission spectra of Mega 520, which show a large 

Stokes shift of around 150 nm.       

      The easiest way to estimate the quantum yield of a fluorophore is to compare 

with standards which have known quantum yield. Some of the most used 

standards are quinine sulfate, fluorescein, rhodamine 6G and rhodamine 101. The 

quantum yields of standards are mostly independent of excitation wavelength, so 
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that they can be used wherever they show useful absorption. Determination of the 

quantum yield is generally accomplished by comparison of the absorption and 

emission of the unknown to that of the standard. The optical densities of the 

sample and reference (r) either need to be kept below 0.05 to avoid inner filter 

effects (self-quenching effects), or should be matched at the excitation 

wavelength.[75] The quantum yield of the unknown sample is calculated using: 

𝑄 = 	𝑄N
P
P^

��^
��

]*

]^*
                                               (2.2) 

where 𝑄  and 𝑄N  are the quantum yields, 𝐼  and 𝐼N  are the integrated emission 

peak areas, 𝑂𝐷  and 𝑂𝐷N  are the absorbance and 𝑛  and 𝑛N  are the solution 

refractive index of the sample and reference, respectively. In this expression it is 

assumed that the sample and reference are excited at the same wavelength, so that 

it is not necessary to correct for the different excitation intensities of different 

wavelengths.[75,81,82]  

      Another main distinguishing characteristic of fluorescence is the time spends 

in the excited states, which is also known as the fluorescence lifetime. As 

described before, the lifetime of a fluorophore molecule is the average time the 

electron stayed in the excited orbital before returning to the ground state, and can 

be expressed as:  

𝜏 = 1/(Γ + 𝑘]�) .                                            (2.3) 
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Importantly, the fluorescence emission is a random process and few molecules 

emit their photon at 𝑡 = 𝜏. The fluorescence lifetime is an average value of the 

time spent in the excited state.[75]  

2.2. Fluorescence Quenching and Energy Transfer Models  

Fluorescence quenching is the decrease of fluorescence emission intensity of a 

fluorophore by a wide variety of physical and chemical processes.[74,83,84] It can 

occur under different mechanisms. As the most common one, collisional 

quenching occurs when the excited fluorophore is deactivated upon contact with 

other molecule (quencher) in solution leading to the excited electron to relax to 

the ground state without emitting, which is illustrated on the Jablonski diagram 

in Figure 2.4. The energy is released as heat and dispersed into the surrounding 

environment. This collision between the fluorophore and quencher will cause no 

chemical alteration of the fluorophore. Thus, collisional quenching can be used 

as a probe to locate the fluorophores within proteins and macromolecules.[85] Due 

to the nature of collisional quenching, temperature and pressure of the 

environment are the key factors linking to the process, which would affect the 

diffusive property of the quencher. Meanwhile, the fluorophores with longer 

fluorescence lifetime are more likely to experience a collisional quenching. The 

decrease in fluorescence intensity is described by the Stern-Volmer equation, as 

follow: 

P�
P
= 1 + 𝐾[𝑄] = 1 + 𝑘�𝜏�[𝑄]                                 (2.4) 
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where 	𝐾  is the Stern-Volmer quenching constant; 𝑘�  is the bimolecular 

quenching constant; 𝜏�  is the unquenched lifetime; [𝑄]  is the quencher 

concentration; and 𝐼�  and 𝐼  are the unquenched and quenched fluorescence 

intensity, respectively. The Stern-Volmer quenching constant 𝐾  indicates the 

sensitivity of the fluorophore to a quencher. For instance, a fluorophore buried in 

a macromolecule is usually difficult to access to soluble quenchers, so that the 𝐾 

is small.[85] Larger value of 𝐾 is found if the fluorophore is free in solution or on 

the surface of a biomolecule. Common collisional quenchers found are oxygen, 

metallic ions and  electron-deficient molecules such as acrylamide, which are all 

water soluble.[75,83,85–87] Except for collisional quenching, the static quenching can 

occur by forming non-fluorescent complexes with quenchers, which does not rely 

on diffusion. In addition, quenching may also occur under non-molecular 

mechanisms, such as attenuation of the incident light by other absorbing species. 
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Figure 2.4 Diagram with collisional quenching and Förster resonance energy 

transfer (FRET). The term ∑𝑘Y represents all non-radiative decays to the ground 

state aside from quenching and FRET.  

      Förster resonance energy transfer (FRET) is an important process which 

occurs whenever the emission spectrum of a fluorophore (donor) overlaps with 

the absorption spectrum of another molecule (acceptor).[88,89] In general, FRET 

takes place over a donor-acceptor distance between 2 nm and 10 nm. The donor 

and acceptor are coupled through a dipole-dipole interaction without intermediate 

photon, which results in the excited molecule being quenched and causes the 

acceptor fluorophore to fluorescence, as shown in Figure 2.4.[90] The extent of 

energy transfer process is determined by the factors of spectral overlap and 

distance between donor and acceptor. The rate of energy transfer is shown in 

Equation 2.5: 

𝑘�(𝑟) =
7
��
(N�
�
)�	                                              (2.5) 
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where r is the distance between donor and acceptor and	𝜏� is the original lifetime 

of the donor. And the spectral overlap is described in terms of Förster distance 

(𝑅�), as shown in Equation 2.6.[91] 

 𝑅� = 0.211	(𝑄�𝑛H�𝑘&𝐽)7 �⁄                                 (2.6)      

where 𝑄� is the quantum yield of the donor fluorophore,	𝑛 is the refraction index 

of the environment, 𝑘 is the orientation between donor and acceptor dipoles and  

𝐽  is the spectral overlap integral between donor (emission) and acceptor 

(absorption) spectra. Since the Förster distance is comparable in size to 

biomacromolecules, FRET has been used as a “spectroscopic ruler” for 

measurements of distance between sites on proteins.[75,92,93]   

 

 

Figure 2.5 Schematic illustration of FAM attached hairpin DNA-functionalized 

gold nanorod for mRNA detection.[94]  

      Another method of utilizing FRET involves the hybridization of hairpin DNA 

models to GNRs to sense mRNA, as shown in Figure 2.5. When the FAM 

(carboxyfluorescein) attached hairpin DNA was bound to the GNRs, the 
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fluorescence from donor FAM were largely quenched for the shorter donor-

acceptor separation length. Upon interacting with target mRNA, the hairpin 

unfolds leading to the much larger separation of FRET pairs, where the 

fluorescence from FAM would be largely recovered.[94,95] However, FRET is only 

efficient for separation distances up to 10 nm, which limits this optical-based 

distance measurements on tracking biomolecular conformational changes, drug 

discovery, and cell biology. Thus, the model of surface energy transfer (SET) was 

proposed by Professor Strouse at Florida State University, which described the 

interaction of a dipole (fluorophore) and a surface (noble metal 

nanoparticles).[92,96,97] This SET model is the extension of the seminal work on 

oscillators interacting with bulk metal or thin film.[98,99]  This process is of great 

interest due to its long-range interaction, more than double the range of Förster 

resonance energy transfer (up to 22 nm).[100] The interaction of the emitting 

fluorophore with the metal are strongly dependent on the separation distance 

between donor and the metal nanoparticle acceptor, the frequency of the oscillator 

and the extent of the coupling.[88,99]  The SET rate of 𝑘��� and SET distance of  

𝑑� are given in Equation 2.5 and 2.6, respectively: 

𝑘��� = 0.225 #Z

k���
* k�)��h

����
����

                                 (2.6) 

𝑑� = (0.225
#Z����

k���
* k�)�

)7 �⁄                                     (2.7) 
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where	𝑐 is the speed of light, 𝑄�¡8 is the quantum yield of the donor, ω�¡8 is the 

angular frequency for the donor,	𝜔¤ is the angular frequency for metal, 𝑘¤ is the 

Fermi wavevector for metal, 𝜏�¡8 is the original lifetime of the fluorophore and 

𝑑 is the distance between fluorophore and metal surface. In particular, 𝑑� is the 

convenient distance value for calculation, where a fluorophore would display 

equal likeness for energy transfer and spontaneous emission.[24,101] Notably, both 

FRET and SET models does not include the effect of localized surface plasmon 

resonance from the noble metal nanoparticle. Previous studies show that FRET 

from donor to acceptor molecules can be enhanced within the presence of noble 

metal nanoparticles (surface plasmon resonance).[102–105] In particular, Zhang and 

co-workers found that neither FRET nor SET model could explain the difference 

between the energy transfer efficiency of DAPI (4’-6-Diamidino-2-phenylindole) 

donor and gold nanosphere/gold nanorod acceptor. When the incident light 

wavelength overlaps with the L mode surface plasmon of GNRs, the enhanced 

local field caused by the surface plasmon resonance would lead to a stronger 

surface energy transfer effect.[98] Other than the dipole-dipole interaction of 

FRET, the LSPR modes from noble metal nanoparticles represent the collective 

oscillation of many strongly coupled electrons. Therefore, the coupling of the 

oscillator in energy transfer is best described as an interaction between a 

fluorophore and 3D arrays of dipoles.[99,101]  
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2.3. Plasmon Enhanced Fluorescence Process 

In the fluorescence emission process, the observation of fluorescence intensity 

can be described by Equation 2.8: 

 𝐼 = 𝛾89 ∙ 𝑄 ∙ 𝑓8�                                              (2.8) 

where 𝛾89  is the excitation rate of the fluorophore, 𝑄 is the emission quantum 

yield of the fluorophore and 𝑓8�  is the light collection efficiency of the 

measurement system.[80,84,106] Since the light collection efficiency is a constant 

which is system-dependant, studies that focus on 𝛾89  and  𝑄  need to be 

considered. The excitation rate is determined by Fermi’s golden rule, as shown 

in Equation 2.9: 

𝛾89 = w4𝜋
&
ℎª x | < 𝑒|𝐸 ∙ 𝑝|𝑔 > |&𝜌8                               (2.9) 

where ℎ is the Plank’s constant; 𝐸 is the local field; 𝑝 is the absorption transition 

dipole momentum; 𝜌8 is the density of the excited state; and 𝑒 and 𝑔 are the wave 

functions of the excited and ground states, respectively. If a fluorophore is in the 

vicinity of a plasmonic nanoparticles, the modification of fluorescence emission 

intensity is usually realized in two ways. First of all, the excitation rate would 

arise as the result of the enhanced local electric field caused by the excitation of 

surface plasmon resonance.[107] Secondly, the excited fluorophore would undergo 

non-radiative decay to excite the localized surface plasmon resonance of 

plasmonic nanostructures by energy transfer.[7,108] The localized surface plasmon 

resonance could alter both radiative and non-radiative decay of the fluorophore. 
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Then, the localized surface plasmon resonance would either radiate or undergo 

non-radiative decay to heat energy.[73,109] That is why quenching could also be 

observed instead of fluorescence enhancement as the excited fluorophores would 

relax rapidly through non-radiative energy transfer into the surface plasmon 

resonance.[84,110,111] Of course, both quenching and enhancement are distance 

dependent and scientists have observed almost 100 % quenching to more than 

1000-fold enhancement in fluorescence emission intensity.[73,112–114]  

The lifetime of plasmon is very short of about 10 fs, which suggests that the 

energy transfer is essentially one way from fluorophore to metal.[115,116] With the 

existence of plasmons, as shown in Figure 2.6, the former of increased excitation 

rate (E + Em) would result in enhanced brightness without changing the quantum 

yield. In addition, the latter is to increase the radiative decay by plasmon 

effects.[117,118] In this case, if the non-radiative decay induced by plasmon (km) is 

negligible, which means that the separation between dye and plasmonic metal is 

larger than 10 nm, the quantum yield and lifetime of the fluorophore near the 

metal surface are given by: 

𝑄° = ±[±`
±[±`[)²³

	                                                (2.10) 

𝜏° = 7
±[±`[)²³

                                                 (2.11) 

where 𝑄°, 𝜏°and ΓD are the quantum yield, fluorescence lifetime and radiative 

decay rate due to the metal, respectively. As the value of ΓD  increased, the 
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quantum yield also increases while the lifetime decreases. The enhancement of 

the quantum yield for fluorophore molecules near metal surface could be 

explained as a result of rapid energy transfer to plasmons with a radiation to the 

far field.[119–123] This rapid energy transfer from a donor to an acceptor would 

result in an increased overall quantum yield of the system, where the energy 

transfer is proportional to the radiative rate of the donor and independent of the 

non-radiative decay rate.[112,113,124–126] This effect is larger for fluorophores with 

low quantum yield.[119,127,128]       
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Figure 2.6 Simplified diagram of the fluorescence process with and without metal 

surface. The transition labels are defined in section 2.3. 

2.4. Time-correlated Single Photon Counting (TCSPC) 

Fluorescence lifetime spectroscopy measures the average time that fluorophores 

stay in the excited state. Currently, there are two methods to measure the 

fluorescence lifetime, frequency domain and time domain lifetime measurements. 
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Since the Time Correlated Single Photon Counting technique were used 

throughout this project, it is necessary to introduce this technique in detail. The 

principle of TCSPC is unique, which is based on the concept that the probability 

of detection of a single photon at time t is proportional to the fluorescence 

intensity at that given time. By accurately measuring the arrival time of every 

single photon, the decay waveform could be reconstructed. The sample is excited 

with a pulsed light source. The typical detection rate is 1 photon per 100 

excitation pulses, which is critical to avoid bias on detecting shorter lifetimes. As 

shown in Figure 2.7, when a single emitting photon from the fluorophore is 

detected, the arrival time of the corresponding photon to the detector is measured, 

which adds ‘1’ count in a memory located at an address proportional to the 

detection time. After many signal periods, many photons have been detected and 

the distribution of the photons over time in the signal period builds up. The results 

represent the ‘waveform’ of the optical pulse. 
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Figure 2.7 Schematic illustration of Time-correlated Single Photon Counting 

(TCSPC).[129] 

      A classic TCSPC setup is shown in Figure 2.8. In a single measurement 

process, the experiment starts from the excitation of the samples and sends a 

signal to the electronics. This signal is passed through a constant function 

discriminator (CFD), which accurately measures the arrival time of the pulse. 

Then, the signal is passed to the time-to-amplitude converter (TAC) to form a 

voltage, which increases linearly with time on the nanosecond scale. The voltage 

now is proportional to the time delay between excitation and emission signals or 
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between start and stop pulses. Meanwhile, a second channel detects the pulse 

from the single detected photon. The arrival time of the signal is then accurately 

determined by a CFD and a signal is sent to stop the voltage. The voltage is 

amplified by a programmable gain amplifier (PGA) and the output of analog-to-

digital converter (ADC) is used to convert the voltage to the numerical value.  

 

Figure 2.8 Electronic schematic for Time-correlated Single Photon Counting 

(TCSPC).[129] 
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Figure 2.9 Schematic setup of Horiba Jobin Yvon IBH fluorescence lifetime 

measurement kit.[79]  

      If the TAC range is selected in a time longer than the measured time, it can 

be beneficial to measure in the “reverse mode”. In practical, many experiments 

were performed through a ‘reverse mode’, where the pulse from the detector will 

be the start pulse while the pulse from light source is to stop the TAC. Due to the 

high repetition rate of modern pulsed-light sources, the TAC can be constantly in 

reset mode if the start signals arrive too rapidly. As the emission pulses are much 

less frequent than the excitation ones, a ‘reverse mode’ would be more efficient. 

“Reverse mode” switches the start and stop signals, which makes every 

measurement be for emission event rather than excitation and reduces the total 

data collecting time. Figure 2.5 shows the schematic setup of TCSPC kit from 
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Horiba Jobin Yvon IBH, which was used for all lifetime measurements in this 

thesis.[74]  

2.5. Data analysis of fluorescence lifetime measurement   

To seek the accurate value for fluorescence lifetime, it is necessary to use correct 

mathematical model to fit the data. However, utilizing experimental data from 

TCSPC measurement is complex due to the complexity of the fluorescence 

characteristics. In this thesis, a one or multiple exponential model was used to 

analyze the fluorescence lifetime values, as shown in Equation 2.12: 

𝐼(𝑡) = 	∑ 𝑏Y𝑒𝑥𝑝
(H ´

µ¶
)]

Y67                                       (2.12) 

where 𝐼(𝑡) is the lifetime decay function as regards time, 𝑏Y is the fluorescence 

lifetime intensity, 𝜏Y is the fluorescence lifetime and 𝑡 is the time after excitation. 

In the multi-exponential mode, the intensity is assumed to decay as the sum of 

individual single exponential decays. In order to test the quality of the fitting 

between theoretical function and the measured decay, non-linear least squares 

analysis is employed. The parameter, chi squared value (𝜒&), shows if a fit is good. 

The formula is shown in Equation 2.13: 

𝜒& = 	∑ [·(Y)H¤�(Y)
¸(Y)

]&¹                                     (2.13) 

where 𝑌(𝑖) is the measured data, 𝐹�(𝑖) is the fitting function, 𝜎(𝑖) is the standard 

deviation of 𝑌(𝑖) and 𝑁  is the number of data channels selected for analysis. 
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Typical, a perfect fit should have a 𝜒&  value of 1.0. However, a value of  

1.3	 < 𝜒& < 0.9 is widely accepted as a good fit.  

       In addition to exponential model, analysis using maximum entropy method 

(MEM) allows recovery of lifetime distributions without assumption shape 

functions, which makes the decay distribution be easily visualized. Though the 

commercial algorithms are not completely explained, it has now been widely 

utilized in complex decay analysis.[110,130,131] The MEM is also mathematically 

complex, which is based on the Skilling-Jaynes entropy function as shown in 

Equation 2.14: 

 𝑆 = 	∫ 𝛼(𝜏) − 𝑚(𝜏) − 	𝛼(𝜏)𝑙𝑜𝑔 Â(�)
D(�)

𝑑𝜏5
�                              (2.14)    

where 𝛼(𝜏) is the recovered distribution, 𝑚(𝜏) is an assumed mode that is in 

𝑙𝑜𝑔𝜏 space. The MEM method is also used along with non-linear least square 

analysis to ensure that the analyzed result is consistent with experimental data. 

The MEM is very useful since it provides enough detail to reveal the shape of 

lifetime distribution.[75]         

2.6. SPASER Concept and Purcell Effect 

SPASER is short for surface plasmon amplification by stimulated emission of 

radiation, which was first introduced by Stockman and Bergman in 2003.[3,132,133] 

Thereafter, the possibility of fabricating a SPASER source has attracted 

considerable attentions during the past 15 years, because of its potential 
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applications from sensing and biomedicine to imaging and information 

technology.[134–136],[132] The SPASER concept can be described as: the gain media 

near a noble metal core transfers energy to a resonant surface plasmon (SP) mode 

of the metal core.[3,137–139] The SP stimulates further transitions in the gain 

medium, leading to the excitation of more identical SPs in the same SP mode, 

driving the action of the SPASER.[137] The idea is to confine light in the form of 

localized surface plasmons overlapping with the gain medium to achieve 

stimulated emission and light amplification, and create a coherent light source at 

the nanoscale, eventually.[140]  

 

Figure 2.10 (a) Theoretical model of a V-shape SPASER proposed in 2003.[3] (b) 

Theoretical model of a quantum dots-based SPASER proposed in 2008 and (c) 

the corresponding energy transfer scheme.[134] 

      On the nanoscale, optical fields are almost purely electric oscillations, where 

the magnetic field component does not significantly participate in. The ability of 

a nanomaterial to support and concentrate such optical fields is due to the 

prescence of localized optical modes smaller than optical wavelength.[134] These 
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energy concentrated modes are surface plasmons, which are corresponding to 

oscillations of the electrons. Thus, noble metal nanoparticles, especially for gold 

nanoparticles, are chosen to provide the plasmon modes in experiments. Coupled 

surface plasmon of metal nanoparticles have attracted significant attentions, since 

the large electric field enhancement can be exploited for amplifying 

electromagnetic radiation. However, surface plasmon suffers from strong 

absorption loss that seriously limits the applications in waveguide, metal 

enhanced fluorescence as well as SPASER, due to the non-radiative surface 

plasmon relaxation.[141] Amplification of surface plasmons could be a solution to 

this problem. Thus, an active medium has to be introduced, which provides gain 

at the plasmon frequency.[142] A typical active medium is a system with dye 

molecules embedded in silica/polymer shells.  

      Under this mechanism, a SPASER based nanolaser was demonstrated in 2009 

using a core-shell structure consisting of a gold spherical core and dye-doped 

silica shell that completely overcame the energy loss of localized surface plasmon 

and realized the SPASER concept.[143] Since then, a series of investigations have 

been performed experimentally and theoretically towards understanding the 

mechanisms of a SPASER process.[22,110,136,144–148] However, the experimental 

realization of SPASER is still a major challenge.  

      For a system coupled to an electromagnetic resonator, the spontaneous 

emission probability is increased over its bulk value. This is the concept of Purcell 

effect, which was introduced by Edward Mills Purcell in 1946.[149] And the 
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recombination time reduced by a factor, which is now called Purcell factor. The 

equation of Purcell factor is as follow:  

𝐹Ã = 	
WgÄZ

�'*
�
f
                                               (2.15) 

where 𝑉 is the volume of the resonant mode, 𝑄 is the quality factor and 𝜆# is the 

wavelength in the material. It is a powerful tool for understanding and controlling 

light-matter interaction in resonators, and most of recent related works focus on 

the enhancement of spontaneous emission.[150]   
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3. Synthetic Methods 

3.1. Introduction 

Nanoscience is the exploration of materials on nanoscale. The wet-chemical 

synthesis of such novel materials is an area at the crossroad of conventional 

inorganic cluster and classical colloid chemistry.[19] These new materials will be 

on the foundation for nanotechnologies, which use and manipulate objects with 

at least one dimension in the nanometre range. Although quite a few approaches 

have been developed for the creation of such objects, wet chemistry promises to 

become the preferred choice, because of its relative simplicity and use of 

inexpensive materials.[151,152] The aim of such synthesis is the preparation of 

various nanoparticles with controlled composition, shape and size. In this way, 

the influence factors on the physical, chemical, optical, electronic and catalytic 

properties of the material can be easily studied via various analytical methods. 

One of the most successful examples is the synthesis of gold nanoparticles with 

various shapes (nanorods, nanospheres, nanowires and nanocubes).[153–157] To 

date, the mechanisms governing geometry control over particle growth are still 

far from being fully understood. It is obvious that the studies of morphology 

control are quite necessary to synthesize more complex and customized 

architectures.  

      2D materials are atomically thin sheets that exhibit unique electronic, optical 

and mechanical properties with remarkable potential for various applications.[158] 
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For example, graphene is the prototypical 2D material composed of a honey comb 

network of sp2-hybridized carbon atoms, which exhibits high charge carrier 

mobilities, chemical inertness and high mechanical strength.[159,160] So far, most 

conventional 2D materials have been derived from limited number of bulk solids 

consisting of weakly linked sheets, which reduces the opportunities to realize 2D 

materials by design. Therefore, it is highly required to develop the synthetic 2D 

materials, which could expand the variety of 2D materials with new and tailorable 

properties.[158]  

      As the major work in this project is the synthesis of new nanoparticle and 

nanosheet systems, it is quite necessary to describe the materials preparation in 

detail. In this chapter, various synthetic methods involved in this project are stated 

in full including synthesis of colloid gold nanoparticles and their surface 

modifications with silica and polymers as well as 2D MnO2 nanosheets 

fabrication.  In addition, the function of reaction regents is also introduced as well 

as the development background of each synthetic method.   

3.2. Synthesis of Gold nanoparticles 

3.2.1. Preparation of Gold nanospheres  

Gold nanoparticles have been intensively studied because of their morphology-

dependent physicochemical properties, which are of enormous interest for 

applications in photonics, catalysis and biomedicine.[98,161,162] Among the 

conventional methods of synthesis of gold nanoparticles, the most popular one 



Page | 45 

 

for a long time has been the citrate-stabilized gold nanospheres. Initially 

developed by Turkevich et al. in 1951 and further modified by Frens in 1973, 

these citrate-stabilized gold nanospheres (size between 16 to 147 nm) could be 

acquired by reduction of HAuCl4 via sodium citrate in aqueous 

solution.[157,163,164]  These citrate-capped gold nanospheres always show negative 

surface charges. Meanwhile, the seeding-growth procedure is another popular 

technique that has been used for a century. Recent studies have successfully 

prepared cetyltrimethylammonium bromide-capped gold nanospheres (positive 

surface charge) in the range 5-40 nm, whereas the sizes can be manipulated by 

varying the ratio of seed to metal salt.[165,166] Typically, the step-by-step particle 

enlargement is more effective than a single-step seeding method to prepare fine 

gold nanospheres, where weak reducing agent and aqueous surfactant were used 

to control the growth condition and avoid secondary nucleation.  

      Here in this project, a facile method was used to prepare the positive-charged 

gold nanospheres.[15,161,167] Typically, a CTAB (cetyltrimethylammonium 

bromide) solution (7.5 ml, 0.2 M) was mixed with 2.5 ml of 0.001 M HAuCl4 and 

the mixture was stirred for 10 min. Then, 0.6 ml of ice-cold 0.01M NaBH4 was 

added to the mixture, and slowly stirred for another 2 min. The colour of the 

solution turned from yellow to brown and then to soft pink in one hour. The 

solution was kept in room temperature for a day before usage. Double distilled 

water was used throughout the experiments. After two times of wash and 

centrifugation (12000 rpm, 30 min) by double distilled water, the gold colloid 
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was obtained and kept in water solution. As shown in Figure 3.1, the resulting 

particles is 12.9 ± 2.1 nm in diameter with a concentration of 1012 NPs/mL 

(calculated from its extinction coefficient).[15,161,167] 

 

Figure 3.1 TEM images of gold nanospheres at (a) 200 nm, (b) 100 nm and (c) 

20 nm scale. 

3.2.2. Preparation of Gold nanorods 

Based on the step-by-step growth of gold nanospheres, gold nanorods have been 

conveniently fabricated using the seeded-mediated synthetic route (also called 

seeded growth method) that was developed by Murphy’s group in 2001. The basic 

idea of these syntheses is to use a strong reducing agent (sodium borohydride) in 

solution to prepare seed particles from gold salts; then, a weak reducing agent 

(ascorbic acid) is used to reduce more metal salt onto the seed particles, as shown 

in Figure 3.2.[152,153,168] It is important to perform the second growth step in the 

presence of structure-directing agents (surfactant, e.g. CTAB) that would 

promote the formation of rod shapes.[169] There are two general ways to grow 

GNRs. First of all, they can be prepared in the absence of additive impurity ions, 
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which normally result in longer rods but lower overall yields. Secondly, they 

could also be prepared in the presence of additive impurity ions, silver ions, which 

results in finer control of the nanorod aspect ratio and increased yield of rod-

shaped particles, but does not work for growing extra longer nanorods.[20] 

Although the exact growth mechanism is still unclear, silver ions in the growth 

solution are critical for the dimensional control of gold nanorods.[15,168] In general, 

the higher the silver ion concentration, the higher the aspect ratio of the resulting 

GNRs.  

 

Figure 3.2 Schematic illustration of seeded-mediated method of gold nanorod 

growth.[170,171] 

      In this project, GNRs were synthesized using a typical seeded growth method. 

To prepare the seed solution, a CTAB solution (9.75 mL, 0.1 M) was mixed with 

0.25 mL of 0.001 M HAuCl4·3H2O and the mixture was stirred for 10 min. Then, 

0.6 mL of ice-cold 0.01 M NaBH4 was quickly added to the mixture, and slowly 

stirred for another 2 min. The solution was kept in room temperature for at least 

3 h before usage. To prepare a growth solution, two flasks containing 475 mL of 
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0.1 M CTAB solution were prepared. After 10-minute’s stirring, 25 mL of 0.01 

M HAuCl4·3H2O was added under vigorous stirring for 7 min. To this solution, 

2.50 and 3.75 mL of 0.01 M AgNO3 was added to the two flasks, respectively. 

After 5-minute’s gentle stirring, 2.75 mL of 0.1 M ascorbic acid was added to the 

growth solution and stirred for 5 min. Finally, 600 µl seeds were slowly added to 

the growth solution. The solution was kept 20 h at room temperature for rod 

growth. Afterwards, the as-prepared gold nanorods were purified via 

centrifugation at 12000 rpm for 20 min and dispersed in distilled water for further 

use. Figure 3.3 shows the SEM and TEM images of as-prepared short GNRs 

(AR=2.5) and long GNRs (AR=3.5) used in Chapter 4. 
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Figure 3.3 SEM and TEM images of short GNRs (a and b, AR 2.5) and long 

GNRs (c and d, AR 3.5). 

3.3. Preparation of Gold nanorods Core-shell nanostructures 

Effective wet chemical synthesis methods for nanoparticles of different shapes, 

sizes, and materials have been extensively studied. However, the successful 

integration of as-synthesized nanoparticles into useful devices is of great 

importance, because these nanoparticles often require application-specific 

coatings to passivate and/or fuse the nanoparticle to target molecules or surfaces. 

In addition, the extra coating may also be attractive, for it could provide enhanced 

AA B

C D
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colloidal stability. Silica is an excellent candidate, for it is biocompatible and its 

surface can be further modified.[172] Smooth, uniform silica shells have been 

successfully deposited based on the well-known Stöber method, where a surface 

modification procedure is always involved to neutralize the core surface charge 

before silica coating.[173,174]  

      Meanwhile, a simpler mesoporous silica coating can be fabricated by a 

modified Stöber method for CTAB-capped nanoparticles, where CTAB 

surfactants were added to assist the silica growth.[175,176] Previous studies suggest 

a three-step mechanism for the formation of the mesoporous shell: silica 

oligomerization in alkaline environment, formation of silica/CTAB primary 

particles and the aggregation of the primary particles to form the mesopores.[176,177] 

In particular, the CTAB concentration is critical for the silica shell growth. As the 

increase of CTAB concentration, there are more free CTAB molecules than that 

on the surface of cores, which would lead to the generation of free mesoporous 

silica nanoparticles. This will reduce the amount of TEOS that can form the silica 

shell on core surface, which leads to the thickness decrease of silica shell.    
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Figure 3.4 Bright field STEM images of the silica-coated long GNRs (AR 3.5) 

(a-c) and short GNRs (AR 2.5) (d-f). 

      In this project, a modified Stöber methods was used to fabricate mesoporous 

silica-coated gold nanorods. After initial gold preparation, the as-prepared 

samples were centrifuged a second time at 8000 rpm for 20 min to minimize the 

CTAB concentration (less than 0.1 mM). Then, 0.1 M CTAB was added to 3 

tubes to adjust the CTAB concentration to 0.4, 0.9 and 1.2 mM, respectively. 

After overnight mixing to allow the equilibration, 0.1 M NaOH was added and 

stirred for 30 min. Finally, 90 µL of 20 % TEOS in methanol was slowly injected 

and mixed for another 20 h at room temperature. The as-prepared silica-coated 

gold nanorods were purified via centrifugation at 8000 rpm for 20 min and 

dispersed in 5 mL of ethanol. The morphology of these as-prepared samples is 

shown in Figure 3.4. 
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      Silica coating of gold nanoparticles can be obtained with a good degree of 

control using the Stöber method. However, the extreme alkaline or acidic 

environment required by this method can limit the choice of dyes; Rh 800, for 

example, suffers a dramatic decrease in fluorescence intensity at pH > 10. A 

simple synthesis method was used to coat GNRs with polystyrene (PS), as 

schematically shown in figure 3.5. The growth of PS layer on GNRs is through 

an emulsion polymerization process. It is likely that hydrophobic styrene 

monomer diffuses into the CTAB surfactant bilayer on gold surface and forms a 

CTAB/styrene mixture structure on GNR.[178,179] Arrival of the free APS 

molecules triggers polymerization of monomers inside this structure and initiates 

the growth of PS shell. At the same time, monomer droplets in the solution supply 

monomers which diffuse through the aqueous phase to facilitate the further 

polymerization and growth of the PS layer.[180] To grow PS shells on different 

GNRs, 4 µl of styrene monomer were added to 10 ml GNRs solutions (OD = 1), 

respectively. After stirring for 5 min, 16 µl of 0.1M solutions of the initiator 

ammonium persulfate (APS) were added to above solutions and kept stirring for 

15 min. The PS-coated GNRs were centrifuged (12000 rpm, 30 min) and re-

suspended in 10 ml distilled water after growth for 1 day. The average PS shell 

thickness is around 3 nm, as shown in Figure 3.6. 
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Figure 3.5 Scheme of polystyrene coating on CTAB-capped gold nanorod. 

 

Figure 3.6 Hight resolution TEM image of PS-coated GNRs with a shell thickness 

of 3 nm. 

3.4. Preparation of Au-MnO2 nanocomposite 

Nanosheets are a class of 2D nanomaterials with high specific surface area, 

characterized by a thickness of nanometres and lateral dimensions of sub-

micrometres to micrometres. It is envisioned that single-layer MnO2 nanosheet 

could expose maximal active sites for redox reactions to improve its 

electrochemical performance.[181–184] Traditionally, MnO2 nanosheets have been 

prepared through top-down methods, which always include a time-consuming 
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process of bulk material preparation, ion exchange and exfoliation.[185] Recently, 

bottom-up strategies have emerged to synthesize MnO2 nanosheets, such as 

chelating agent method and biphasic interface redox method, which show the 

advantages of easier operation and better thickness control.[185,186] In particular in 

this project, a biphasic interface redox method was used to synthesize ultrathin d-

MnO2 nanosheets. This biphasic interface redox method involves two simple 

reactions. First of all, ethyl acetate undergoes slow hydrolysis and forms acetic 

acid and ethanol under refluxing condition at the interface between pure ethyl 

acetate and aqueous KMnO4. Then, the generated ethanol reacts with KMnO4 to 

form brown MnO2 nanosheets. And the ultrathin 2D d-MnO2 structures are 

stabilized by the CH3COO- group.[187]    

      To prepare the ultrathin d-MnO2 nanosheets, 150 mL of 2 mM KMnO4 was 

mixed with 40 mL ethyl acetate (99.8 %) in a 250 mL boiling flask under vigorous 

stirring. The reaction was heated by a water bath at 85 °C for 12 h. Meanwhile, a 

condenser was utilized to prevent the evaporation of the solvent. This process 

continued until a great deal of brownish particles formed, which revealed the end 

of the reaction. The ultrathin d-MnO2 nanosheets could be obtained by 

centrifugation (4000 rpm, 5 min), washed by double distilled water and ethanol 

several times to remove the excess potassium permanganate and ethyl acetate. 

Finally, 15 mL ethanol was added to the centrifuge tube to obtain 10 g/L  d-MnO2 

standard suspension. Figure 3.7 and 3.8 shows the SEM and HRTEM images of 
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d-MnO2 with an ~3 nm thickness, where the ultrathin 2D nanostructures were 

clearly identified.  

 

Figure 3.7 SEM images of 2D d-MnO2 nanosheets on (a) 1000 nm and (b) 100 

nm scale. 

 

Figure 3.8 TEM images of 2D d-MnO2 nanosheets on 50 nm scale, which show 

the 2-3 nm thickness of d-MnO2 nanosheets. 

      The Au-MnO2 nanocomposites were prepared via a self-assemble method. 

Gold nanospheres were assembled to the d-MnO2 nanosheets through the 

electrostatic interaction. Firstly, 10 mg (1 mL) of  d-MnO2 were re-dispersed into 

10 mL ethanol under vigorous stirring. Then, 4, 6, 8 and 10 ml of as-prepared 



Page | 56 

 

CTAB-capped gold nanospheres colloid solution was added dropwise. After 

stirring for 3 h and siting for 1 h, the resulting sample Au-d-MnO2 

nanocomposites were collected as sample 1, 2, 3 and 4, respectively. The 

concentration of gold loading is 2.3, 4.2, 6.5 and 8.3 wt % based on the calculation, 

where the sample 0 was the pure d-MnO2 without gold loading. As shown in 

Figure 3.9, it is a typical TEM image of Au-MnO2 nanocomposite with 8.3 wt % 

gold loading. In addition, these samples were denoted as L1-L4 under laser 

radiation and A1-A4 after the laser radiation in Chapter 6. 

 

Figure 3.9 Typical TEM image of Au-MnO2 nanocomposites (8.3 wt % gold 

loading) on 100 nm scale.  
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4. Dye-doped Polystyrene-coated GNRs towards SPASER 

4.1. Introduction 

In this section, we have investigated the synthesis of dye-doped GNRs core/shell 

structures. Rh 800 was chosen because of its absorption and emission near 700 

nm. Silica coating of gold nanoparticles can be obtained with a good degree of 

control using the Stöber method.[174] However, the extreme alkaline or acidic 

growth environment required by this method can limit the choice of dyes; Rh 800, 

for example, suffers a dramatic decrease in fluorescence intensity at pH>10. Here 

in this chapter, a new type of fluorescent core/shell nanoparticles were proposed 

through emulsion polymerization. A modified PS coating method is applied to 

grow GNR core-PS shell particles doped with Rh 800 at neutral pH.[178] The 

thickness of the PS shell can be controlled by varying the synthesis conditions. 

Static optical spectroscopy studies revealed stable dye doped core/shell 

nanoparticles in water solution. Dynamic fluorescence spectroscopic 

measurements revealed strong energy coupling between gold cores and the 

surrounding Rh 800, indicating energy loss compensation of surface plasmon 

resonance. 

4.2. Methods 

To dope dye into the coating, 4 µl of styrene monomer and 0.1 mg of Rh 800 

were added to 10 ml of the GNRs solution (OD = 1). The SEM and TEM images 

of the short GNRs (L mode at 710 nm, AR=2.5) and long GNRs (L mode at 783 
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nm, AR=3.5) used in this part are shown in Chapter 3 (Figure 3.3). The short 

GNRs show an average length of 36.2 nm and the long GNRs shown an average 

length of 50.7 nm. The solution was stirred for 20 min and 16 µl of a 0.1 M APS 

was added. The polymerization was allowed to take place at room temperature. 

The solution was stirred for 20 min then sat for 2 h. The Rh 800-doped PS-GNRs 

were centrifuged and washed twice (12000 rpm) and re-suspended in distilled 

water for characterization. The weak electrostatic interaction between 

polystyrene and Rh 800 assists in maintaining the dye in the coating layer. 

4.3. Results and Discussion  

4.3.1. PS-coated GNRs 

Figure 4.1A shows extinction spectra of GNRs with PS shells grown in 2 hours, 

1 day, 2 days and 1 week with a monomer concentration of 12 µl. The effect of 

coating on the optical response of GNRs is apparent in comparison to that of 

original GNRs. As mentioned in Chapter 1, the factor weighting  𝜀D  is 2 for 

spherical particles and (1 − 𝑃p)/𝑃p for prolate spheroids. Based on the Equation 

1.14-1.17, the (1 − 𝑃p)/𝑃p could be much larger than 2 as the increase of aspect 

ratio. This would lead to the generation of the longitudinal plasmon peak as well 

as the increased sensitivity to the dielectric environment. As shown in Figure 4.1, 

the wavelength of the T mode (short wavelength peak as labelled in Figure 4.1A) 

remains almost unaltered, but the L mode (long wavelength peak as labelled in 

Figure 4.1A) shifts to shorter wavelengths due to a decrease in the local 
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permittivity around the gold core introduced by the PS shell. The increased blue 

shifts at longer growth time suggest the formation of thicker coating layers. 

Figure 4.1B compares the blue shift of 5 samples of different monomer 

concentration (4, 6, 8, 10, and 12 µl) after growth for 2 hours, 1 day, 2 days, and 

1 week. No difference was found among the five samples after 2 hours’ growth. 

However, the difference becomes obvious after 1 day’s growth, where samples 

of higher monomer concentration have larger blue shifts. Plotting the blue shift 

versus time for all concentrations (Figure 4.1C) shows varying growth rates and 

a dependence of growth rate on monomer concentration. In the case of 4 µl, 

growth completed after 2 hours; while in the case of 12 µl, a constant growth rate 

maintained for 2 days followed by a slow growing process until one week had 

elapsed. This suggests that the thickness of PS shell can be controlled by varying 

monomer concentration and growth time. 

      The growth of PS layer on GNRs is through an emulsion polymerization 

process. It is likely that hydrophobic styrene monomer diffuses into the CTAB 

surfactant bilayer on the gold surface and forms a CTAB/styrene mixture 

structure on GNR. Arrival of the free APS molecules triggers the polymerization 

of monomers inside this structure and initiates the growth of PS shell. At the same 

time, monomer droplets in the solution supply monomers which diffuse through 

the aqueous phase to facilitate the further polymerization and growth of the PS 

layer[188]. 
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Figure 4.1 (A) Normalized UV-vis extinction spectra of PS-coated GNRs with 

monomer concentration of 12 µl after growth for 2 hours, 1 day, 2 days, 1 week, 

and original GNRs (all normalized against T modes); (B) and (C) the blue shift 

of L modes as a function of monomer concentration and time during PS-coated 

GNRs growth, respectively. 

4.3.2. Rh 800 Doped PS-coated GNRs  
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Figure 4.2 shows the normalized UV-vis extinction spectra of original GNRs, PS-

coated GNRs, Rh 800-doped PS GNRs, and Rh 800 doped PS spheres as a control 

sample. A 10 nm blue shift was found from PS-coated GNRs, consistent with 

what found in Figure 4.1. The extinction spectrum of Rh 800-doped PS GNRs 

shows an absorption peak at 690 nm sitting on a broad absorption band (L mode 

of GNRs). The 690 nm peak resembles the main absorption of Rh 800, indicating 

a successful dye doping. 

 

 
 

Figure 4.2 Normalized UV-vis extinction spectra of original GNRs (black), PS-

coated GNRs (green), Rh 800-doped PS GNRs (red), (all normalized against T 

modes) and Rh 800-doped PS sphere (blue). 
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Figure 4.3 Emission spectra of Rh 800-dopped PS GNRs (black) and Rh 800 of 

calculated upper-limit concentration in water solution (red). 

      Figure 4.3 shows the emission spectra of Rh 800-doped PS GNRs in 

comparison with that from a Rh 800 solution (3.17 × 10-6 M in 10 ml water 

solution). This molar concentration of the dye molecules was estimated by the 

known initial dye concentration in the reaction taking away the free dye 

molecules remaining in the solution after the reaction (concentration of dye in 

supernatant after centrifugation). This calculation provides the upper limit 

concentration of Rh 800 doped in PS shells. It is clear that the fluorescence 

intensity of dye doped PS-GNRs is about an order of magnitude lower than that 

from free dye in solution. Furthermore, dynamic fluorescence spectroscopic 

studies compare the fluorescence decay process of Rh 800 in PS-GNR particles 

and Rh 800 in PS spheres, as shown in Figure 4.4A and B. The decay curve of 

Rh 800 in PS spheres can be fitted with a single exponential function, generating 
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a lifetime of 0.71 ns. Two exponential fitting of the decay curve of Rh 800 in PS-

GNRs revealed a first discrete lifetime component of 0.71 ns (85.8%) and second 

discrete lifetime component of 0.1 ns (14.2%). While the first lifetime is 

consistent with that of Rh 800 in PS spheres, the second lifetime is much 

shortened. Furthermore, the fluorescence decay curve was also fitted by the 

maximum entropy method in order to explore the likely distribution of decay 

components, as shown in Figure 4.4A. In contrast to a single lifetime distribution 

centred at 0.72 ns for Rh 800 in PS sphere as shown in Figure 4.4C, two lifetime 

distributions centred at 0.10 ns (10.8%) and 0.70 ns (89.2%) for Rh 800 in PS-

GNRs are revealed in Figure 4.4D, confirming the lifetime shortening indicated 

by the discrete two exponential analysis. Both decreased fluorescence intensity 

and lifetime suggest an energy coupling between dye and GNRs.   
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Figure 4.4 Fluorescence decay curves of Rh 800-doped PS sphere (A) and Rh 

800-doped PS GNRs (B); Lifetime distribution of Rh 800-doped PS sphere (C) 

and Rh 800-doped PS GNRs (D) by maximum entropy method. 
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Energy transfer from dye to gold nanoparticles has been described using a surface 

energy transfer (SET) model, where the distance dependence of the transfer rate 

scales at 4th power[92,189]. Previous studies have found that this energy transfer is 

enhanced when a surface plasmon mode overlaps with the excitation wavelength 

where the strong local electromagnetic field arising from surface plasmon 

resonance enhances the absorption of dyes[98,101]. In order to study the surface 

plasmon effect on the energy transfer between Rh 800 and GNRs, longer GNRs 

with an L mode at 783 nm were also used. The extinction spectrum of Rh 800 

doped PS-GNRs-L, Figure 4.5, shows a shoulder on the short wavelength side of 

the surface plasmon mode which matches the main absorption peak of Rh 800 in 

a PS environment. 

 
 

Figure 4.5 Normalized UV-vis extinction spectra of original GNRs (black), Rh 

800-doped PS GNRs-L (red), (all normalized against T modes) and Rh 800 doped 

PS sphere (blue) 
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      The equivalent SET distance 𝑑�  can be calculated from 𝑑� =

(�.&&Å#
ZФ^ÇÈ��

k^È��* k�É�
)7 �⁄ , where c is the speed of light, ωRh800 the frequency of the donor 

electronic transition and the ωF Fermi frequency, and KF Fermi vector of the 

metal.[92,96]  Using ФRh800 = 0.01, ωRh800 = 2.7 × 1015 s-1, ωF = 1.2 × 108 cm-1, and 

KF = 8.4 × 1015 s-1, d0 is calculated as 53.5 Å.[92,98,189] 

Figure 4.6A shows decreased fluorescence intensity from Rh 800-doped PS-

GNRs-L by about an order of magnitude, compared to the Rh 800 reference 

sample (5.39 × 10-6 M in 10 ml water solution). A shorter lifetime component of 

0.28 ns (4.2%) was observed along with a lifetime of 0.73 ns (95.8%) for the Rh 

800-doped PS-GNRs-L particles, as shown in Figure 4.6B. Figure 4.6C shows 

the lifetime distribution of Rh 800-doped PS GNR-L fitted by the maximum 

entropy method, and it indicates the two components of 0.13 ns (2.2%) and 0.71 

ns (97.8%) lifetime for Rh 800 in PS GNRs-L. The existence of a shorter lifetime 

component together with decreased fluorescence intensity indicates an energy 

transfer from dye to GNR. Compared to GNRs with a longitudinal surface 

plasmon of 710 nm, the red shift of SP from long GNRs reduced the spectral 

overlap between the absorption of dye and SP, as well as the excitation of SP, 

resulting in a weakened energy transfer process. 
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4.4. Conclusions 

In summary, we have successfully synthesized a new type of fluorescence GNR 

core-PS shell nanoparticles via emulsion polymerization at neutral pH. The 

thickness of the PS shell can be controlled by varying monomer concentration 

and growth time. Decrease in the fluorescence intensity and lifetime of Rh 800 

were observed in comparison to that from dye doped PS spheres, indicating an 

energy transfer from Rh 800 to GNRs. Moreover, this energy transfer is enhanced 

when the SP overlaps with the absorption and emission of Rh 800. This energy 

transfer compensates for the energy loss of surface plasmon and thus brings 

further insight towards creating a nanorod-based wavelength tuneable SPASER. 
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Figure 4.6 (A) Emission spectra of Rh 800-dopped PS GNRs-L (black) and Rh 

800 of calculated upper-limit concentration in water solution (red); (B) 

fluorescence decay curve and (C) lifetime distribution of Rh 800-doped PS GNR-

L, respectively. 
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5. Revealing the Plasmon Enhanced Fluorescence by Mega 520/Silica Gold 

Nanorods   

5.1. Introduction  

Gold nanorods have attracted considerable attentions during the past decade due 

to their extraordinary capability to manipulate light absorption and 

emission.[1,3,10,168,190] The collective and coherent charge density oscillations on 

their surface give rise to two plasmonic resonance bands defined by aspect ratio 

and can be tuned from visible to near-infrared.[19,20,153,191] Light could be strongly 

absorbed and scattered at the resonant wavelength. The electromagnetic fields 

near the nanoparticles are greatly enhanced due to the charge confinement, which 

has already been widely applied from two-photon imaging, nanolaser, Raman 

resonances, photothermal heating to fluorescence enhancement.[21,110,143,155,192–194]   

      Fluorescence detection is a key technology for biosensing and bioimaging 

science.[94] Since the continuing need for increased sensitivity, there has been a 

growing interest on metal enhanced fluorescence. Fluorescence enhancement was 

first introduced by attaching fluorophores to the vicinity of metal films; and later, 

noble metal nanoparticles were applied due to their unique surface plasmon 

resonance effect.[2,76,108,195] As aforementioned in the Chapter 2, the fluorescence 

intensity can be quantified by 𝐼 = 𝛾89 ∙ 𝑄 ∙ 𝑓8� , where 𝛾89  is the fluorescence 

excitation rate, 𝑄 is the emission quantum yield of the fluorophore and 𝑓8� is the 

light collection constant of the measurement system.[80,84,106] Thus, the 
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enhancement of fluorescence emission intensity is usually realized in two ways: 

enhancement of the excitation rate as the result of the concentrated local field 

and/or the quantum yield due to the modification of radiative decay rate of the 

fluorophore.[7,108] However, in some instances quenching could be observed as 

well as fluorescence enhancement, for the excited fluorophore can relax rapidly 

through non-radiative energy transfer into the surface plasmon resonance.[84,110,189] 

In addition, both quenching and enhancement are highly distance-dependent. 

Thus, from almost 100 % quenching to more than 1000-fold enhancement in 

fluorescence emission intensity have been observed by scientists in their recent 

reports.[73,84,112,113,161,196] 

      So far, many experimental and theoretical works in plasmon-enhanced 

fluorescence have been done, however, the exact mechanism is still not quite 

clear, especially in what dominates plasmon-enhanced fluorescence emission. To 

this end, we present the study of a gold nanorods/silica spacer/large Stokes shift 

dye core-shell system to further investigate this issue. In this system, two types 

of gold nanorods were applied with aspect ratio 2.5 and 3.5, respectively. Then 

25 nm, 35 nm and 45 nm silica spacer was coated on the gold nanorods via a 

modified Stȍber method.[176,177] The large Stokes shift dye, Mega 520, was finally 

attached to the surface of the mesoporous silica, which could be excited at 520 

nm and emit at 672 nm. At the same time, mesoporous silica nanospheres (MSNs) 

were used as the control sample and went through the same dye loading 

procedure. Static optical spectroscopy studies revealed stable dye-attached 
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core/shell nanoparticles in solution. Dynamic fluorescence spectroscopic 

measurements were carried out to reveal the contributions of quantum yield 

enhancement and excitation rate enhancement.    

5.2. Methods 

5.2.1. Preparation of the Mega 520 doped Silica-coated GNRs 

After initial gold preparation, the as-prepared samples were centrifuged a second 

time at 8000 rpm for 20 min to minimize the CTAB concentration (less than 0.1 

mM). Then, 0.1 M CTAB was added to 3 tubes to adjust the CTAB concentration 

to 0.8, 1.0 and 1.2 mM, respectively. After overnight mixing to allow the 

equilibration, 0.1 M NaOH was added and stirred for 30 min. Finally, 90 µL of 

20 % TEOS in methanol was slowly injected and mixed for another 20 h at room 

temperature. The as-prepared silica-coated gold nanorods were purified via 

centrifugation at 8000 rpm for 20 min and dispersed in 5 mL of ethanol.   

The Mega 520 dye molecules were doped into the mesoporous silica shell 

through a facile physical process. Typical, 30 µL of 0.01 M of dye molecules 

were added to 10 mL MSNs ethanol solution. Then, 1 mL of 10 mg/mL 

poly(allylamine hydrochloride) (PAH, in 10 mM NaCl, MW(PAH) = 15000 g/mol) 

solution were slowly added to the mixture.  After gentle stirring for about 24 h, 

the colloid solution was centrifuged twice at 8000 rpm to remove the access dye 

molecules and disperse in 3 mL methanol for further optical measurements.  

5.2.2. Preparation of the Mega 520 doped Silica Nanoparticles 
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Dye-doped mesoporous silica nanoparticles (MSNs) were prepared following the 

same procedure used for silica growth and dye loading. Firstly, 0.1 M CTAB was 

added to a tube of 10 mL double distilled water to adjust the CTAB concentration 

to 1 mM. Then, 0.1 M NaOH was added and stirred for 1 h.  Later, 90 µL of 20 % 

TEOS in methanol was slowly injected and mixed for another 20 h at room 

temperature. The as-prepared MSNs were purified via centrifugation at 8000 rpm 

for 20 min and dispersed in 5 mL of ethanol. Finally, 30 µL of 0.01 M of dye 

molecules were added to 10 mL MSNs ethanol solution followed by 1 mL of 10 

mg/mL PAH. After gentle stirring for about 24 h, the colloid solution was 

centrifuged twice at 8000 rpm to remove the access dye molecules and disperse 

in 3 mL methanol for further optical measurements.  

5.3. Results and Discussion  

Mega 520 dye was chosen for this study for its large Stokes shift of 150 nm and 

the potential of background-free bioimaging applications.  As shown in Figure 

5.1, the maximum absorption and emission peak of Mega 520 are 520 nm and 

672 nm, respectively. Meanwhile, gold nanorods of two aspect ratio, AR 2.5 

(short) and AR 3.5 (long), were prepared using the well-known seed-mediated 

procedure ( see in Chapter 3). Silica coating was carried out through a modified 

Stöber method.[172,174,197] Through carefully control of the reaction parameters, 

such as reaction time and CTAB concentration, one can achieve highly 

reproducible and robust silica coating of various thickness. Typically, after 



Page | 73 

 

centrifugation, GNRs were transferred to various concentrations of CTAB growth 

solution. As the increase of CTAB concentration, silica coating thickness would 

drop from 40 nm to 10 nm.[177] Previous studies have shown that the growth of 

mesoporous silica on metal nanoparticle surface is attributed to a multi-stage 

mechanism: silica oligomerization, formation of silica-CTAB particles and 

aggregation of these silica-CTAB particles.[175,176] This means that the increase of 

CTAB concentration would lead to the generation of free MSNs, which reduces 

the amount of TEOS that can form the silica shell. 

 

Figure 5.1 The absorption, emission spectra of Mega 520 dye and a typical 

absorption spectrum of gold nanorods. 
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Figure 5.2 Bright field STEM images of the silica-coated long GNRs (aspect ratio 

= 3.5) (a-c) and short GNRs (aspect ratio = 2.5) (d-f). High resolution TEM image 

of a typical silica-coated GNRs (g) and silica spheres on (h) 10 and (i) 100 nm 

scale. 
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Figure 5.3 (a)TEM and (b) high resolution TEM images of 35 nm silica-coated 

short GNRs. (c) Dark field STEM image and 2D STEM-EDX elemental mapping 

images of (d) Si, (e)Au and (f) O, and (f) silica-coated GNRs (overlay). 

      Under this silica synthesis mechanism, by tuning the concentration of CTAB 

from 0.4, 0.9 to 1.2 mM, 45, 35 and 25 nm thick silica shell were coated to the 

gold nanorod (sample L4, L9 and L12 for long GNRs; and S4, S9 and S12 for 

short GNRs), as shown in scanning transmission electron microscopy (STEM) 

images in Figure 5.2a-f. Figure 5.2 g shows the transmission electron microscopy 

(TEM) image of long gold nanorods with a 25 nm silica shell (sample L12); and 

Figure 5.2 h and i are the TEM images of control sample MSNs on 10 and 100 

nm scale. Figure 5.3 shows the TEM and STEM-EDX elemental mapping images 

of short gold nanorods with a 35 nm silica shell (sample S9), which indicates the 
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successful coating of silica. The shell thickness results derived from STEM 

images are shown in Figure 5.4, where 25, 35 and 45 nm are the thicknesses along 

short axis (maximum thickness) of gold nanorods.     

 

Figure 5.4 The average thickness of silica coating on long and short GNRs of L4, 

L9, L12, S4, S9 and S12 samples. 
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Figure 5.5 The absorption spectra before and after silica coating on short (a, 700 

nm) and longer (b, 800 nm) GNRs. 

      Figure 5.4 shows average thickness of silica coating along long and short axis 

of gold nanorods derived from STEM images over 100 particles. Both the 

thickness along short and long axes of GNRs were calculated with standard 

deviation provided. It shows that the thickness of silica coating decreases from 

45 to 25 nm as the CTAB concentration increases from 0.4 to 1.2 mM. Previous 

study shows that the amount of free CTAB in solution is critical on silica shell 

growth.[177] As the increase of CTAB concentration, there are more free CTAB 

molecules than that on the surface of gold nanorods, which would lead to the 

generation of free MSNs. This will reduce the amount of TEOS that can form the 

silica shell on gold surface, which leads to the thickness decrease of the silica 

shell. Moreover, Figure 5.4 also exhibits that silica coating are thicker along short 

axis than that along long axis and the influence of aspect ratio is minimal. Figure 

5.5a shows the UV-vis absorbance of short GNRs (AR 2.5) after centrifugation, 



Page | 78 

 

GNRs in CTAB solution (4, 9 and 12 mM) and as-prepared silica-coated GNRs. 

Comparing to the bare gold nanorods after two times of centrifugation, the 

CTAB-capped GNRs S4, S9 and S12 do not show obvious difference. The effect 

of the silica coating on the optical response of GNRs is apparent in comparison 

to that of CTAB-capped GNRs. While the wavelength of the transverse mode 

remains unaltered, the longitudinal plasmon mode shifts to longer wavelengths 

due to the increase in the local permittivity around gold core introduced by the 

silica shell. The slightly increase in the red-shift of the longitudinal plasmon peak 

from S12 to S4 suggests that the formation of coating layers of increasing 

thickness, which are consistent with STEM images (Figure 5.2a-c). In addition, 

the clear ratio of transverse and longitudinal plasmon spectra also indicates no 

obvious aggregations of GNRs or silica-GNRs. Figure 5.5b shows that the long 

GNRs (AR 3.5) also have the same trend where thicker silica shell formed at a 

lower CTAB concentration that results in a larger red shift. The obvious red-shifts 

of longitudinal plasmon peak are good indicators of successful silica-coating on 

the gold core, which are again in line with the results revealed from STEM images 

(Figure 5.2d-f).    

      The dye doped silica-coated GNRs were prepared through the facile 

electrostatic process. Previous researches show that dye molecules can be 

successfully assembled to gold nanorods through layer by layer polymer 

wrapping with long term stability.[72,198,199]  Zeta-potential measurements, as 
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shown in Figure 5.6, also confirm the success of this facile electrostatic process. 

Since the silica shell and Mega 520 are both surface negative charged, a positive 

charged PAH layer is applied to fix dye molecules on the surface of silica shell. 

In the existence of mesoporous structure, it is highly possible to form a PAH-dye-

silica-GNRs structure, where the free dye molecules inside the pores can be 

wrapped in PAH layer. In addition, a dye-PAH-dye-silica-GNRs structure may 

also exist due to the electrostatic interaction. However, the two time of 

purifications may largely reduce the formation of dye-PAH-dye-silica-GNRs 

structure. Thus, the affection from dye-PAH-dye-silica-GNRs structure is 

negligible. Figure 5.7a shows the UV-vis spectra of Mega 520 silica-GNRs after 

the dye loading. It is clearly shown that the transverse and longitudinal surface 

plasmon peaks are almost unaltered, which indicates that there is no aggregation 

during the 24 h of dye loading. In addition, the dye absorption at 520 nm is not 

obvious, which may be caused by the overlapping of transverse plasmon peak 

and dye absorption. After careful evaluation, the dye/silica-coated GNRs ratio is 

up to 300. This ratio was estimated by the known initial dye concentration in the 

reaction taking away the free dye molecules remaining in the solution after the 

reaction (concentration of dye in supernatant after centrifugation). Figure 5.7b 

exhibits the steady state fluorescence intensity spectra of as-prepared samples 

excited at 532 nm. It is clearly shown that the fluorescence intensity increases as 

the thickness of silica shell decrease. The dye/silica-coated short GNRs, whose 

longitudinal plasmon (at 700 nm, AR 2.5) largely overlaps with the wavelength 
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of dye emission, have lower emission intensities comparing to the Mega 520 

silica control sample. On the other hand, the dye/silica-coated long GNRs, whose 

longitudinal plasmon (830 nm, AR 3.5) mismatches the wavelength of dye 

emission, have overall higher fluorescence intensities. Based on the data in Figure 

5.7b, we plot the fluorescence intensity enhancement, as shown in Figure 5.8. The 

fluorescence intensity of L4, L9 and L12 were enhanced by 1.4, 2.0 and 2.1 times.        

 

Figure 5.6 Zeta-potential of long CTAB-capped GNRs, 35 nm silica-coated 

GNRs and PAH-dye wrapped silica-coated GNRs.   
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Figure 5.7 (a)The absorption spectra of various silica coating GNRs after dye 

loading and (b) emission spectra of all samples.  
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Figure 5.8 Enhancement rate (sample fluorescence intensity/control intensity) of 

the as-prepared sample L4, L9 and L12 at peak wavelength. 
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Figure 5.9 Steady state fluorescence decay curve of (a)MSN, L4, L9 and L12; 

and (b) MSN, S4, S9 and S12 samples. 
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Table 5.1 Fluorescence lifetime results of as-prepared samples. 

Sample t1  A1 t2 A2 χ2 
MSN 520 1.67 ns 100 % N/A N/A 1.01 

S4 1.62 ns 2.88% 1.43 ns 97.12 % 1.09 
S9 1.61 ns 2.12% 1.44 ns 97.88 % 0.98 

S12 1.62 ns 2.73% 1.41 ns 96.27 % 1.09 
L4 1.73 ns 2.11 % 1.56 ns 97.89 % 1.03 
L9 1.70 ns 2.71 % 1.51 ns 97.29 % 1.11 

L12 1.66 ns 2.16 % 1.49 ns 97.84 % 1.07 
 

      Figure 5.9 and Table 5.1 exhibits the fluorescence intensity decay curves from 

time-resolved fluorescence spectroscopy measurements and lifetime analysis 

results of the as-prepared Mega 520/silica-coated GNRs samples. In contrast to a 

single lifetime distribution centred at 1.67 ns for Mega 520 in MSNs (control 

sample), two lifetime components were revealed for Mega 520 silica-coated 

GNRs. In addition to the first lifetime in the range of 1.6 to 1.7ns, similar to the 

typical lifetime of Mega 520 in MSNs, a major second (“faster”) lifetime 

component (slightly shortened lifetime component, from 1.41 to 1.56 ns in 

various samples) was found. Since the average dye-gold distance is larger than 

20 nm, the weak interaction is revealed by the approximately 15 % decrease in 

fluorescence lifetime. The first component of regular lifetime is less than 3 %, 

which may be related to a small amount of PAH-dye-silica nanoparticles in each 

system. For Mega 520 silica-coated GNRs (AR 3.5), both first and second 

components of lifetime are decreased as the decrease of silica thickness from 45 

to 25 nm. In addition, more complex Mega 520 silica-coated GNRs (AR 2.5) 
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systems do not show any obvious trend from fluorescence lifetime results. The 

decrease of the fluorescence intensity for Mega 520 silica-coated GNRs (AR 2.5) 

may be caused by the overlap of the longitudinal SP and emission of Mega 520 

at around 670 nm.   

      As discussed before, the observation of fluorescence intensity can be 

described by 𝐼 = 𝛾89 ∙ 𝑄 ∙ 𝑓8�, where 𝛾89 is the excitation rate of the fluorophore, 

𝑄 is the emission quantum yield of the fluorophore and 𝑓8� is the light collection 

efficiency of the measurement system. The components of enhancement on 

quantum yield and excitation rate may be revealed. Without metal nanoparticles, 

the quantum yield and fluorescence lifetime can be expressed as  Q = Γ/(Γ +

𝑘]�) and 𝜏 = 1/(Γ + 𝑘]�). When the gold nanoparticles involved, the quantum 

yield and lifetime would be modified to 𝑄° = ±[±`
±[±`[)²³

 and 𝜏° = 7
±[±`[)²³

, 

which was discussed in Chapter 2. If we assume that the quantum yield of Mega 

520 is in the range from 0.05 to 0.8; then the Γ, 𝑘]�, ΓD and 𝑄° can be calculated 

for each quantum yield based on the lifetime results at Table 5.1. Thus, the 

components of enhancement by quantum yield (Eqy) and excitation rate (Eec) 

can be further revealed based on the data in Figure 5.8. The plots of Eqy and Eec 

versus each quantum yield for L4, L9 and L12 are on shown in Figure 5.10.  It is 

clearly shown that enhancement due to quantum yield modification is more 

significant than that arising from an increased excitation rate for fluorophore with 

low quantum yield of 0.05, while the latter becomes more important at a quantum 
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yield larger than 0.3. Taking quantum yield of 0.3 is an example, the exact Eqy 

and Eec for L4, L9 and L12 can be revealed, as shown in Table 5.2. 

 

Figure 5.10 The calculated enhancement from quantum yield and excitation 

versus assumed quantum yield of Mega 520 from sample L4, L9 and L12.  
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Table 5.2 Enhancement components of L4, L9 and L12. 

Samples Ef Eqy Eex 
L4 1.40826 1.15369 1.22065 
L9 2.02363 1.22355 1.65389 
L12 2.09227 1.25149 1.67181 

 

      However, the situation is more complex for short gold nanorods system since 

there is a spectrum-overlap at the emission of Mega 520 and L mode plasmon 

absorption peak. Based on the data in Figure 5.7b, we plot the fluorescence 

intensity quenching, as shown in Figure 5.11. The fluorescence intensity of S4, 

S9 and S12 were quenched to 54 %, 0.75 % and 0.93 %. However, the 

fluorescence intensity is increased as the decrease of shell thickness. This 

complexity on quantum yield and fluorescence lifetime can also be revealed by 

the further decrease in fluorescence lifetime of the second component. Since the 

dye-gold distance is controlled by the silica spacer and the geometry is very 

similar for the samples with same silica thickness (as shown in Figure 5.4), we 

can assume that Eec is unaltered for the samples with same silica thickness. This 

means that S4, S9 and S12 would take up the Eec of L4, L9 and L12, respectively. 

Thus, the components of enhancement by quantum yield Eqy can be further 

calculated based on the Eec data in Figure 5.8. The plots of Eqy and Eec versus 

each quantum yield for S4, S9 and S12 are on shown in Figure 5.12. Taking 

quantum yield of 0.3 is an example, the exact Eqy and Eec for S4, S9 and S12 

can be revealed, as shown in Table 5.3. 
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Figure 5.11 Quenching rate (sample fluorescence intensity/control intensity) of 

the as-prepared sample S4, S9 and S12 at peak wavelength. 
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Figure 5.12 The calculated enhancement from quantum yield and excitation 

versus assumed quantum yield of Mega 520 from sample S4, S9 and S12, based 

on the results at Figure 4.11. 

 

Table 5.3 Enhancement components of S4, S9 and S12. 

Samples Ef Eqy Eex 
S4 0.54192 0.44396 1.22065 
S9 0.75108 0.45413 1.65329 
S12 0.93287 0.55799 1.67181 
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5.4. Conclusions  

In summary, we present the study of a gold nanorods/silica spacer/large Stokes 

shift dye core-shell system to further study energy transfer and plasmon 

enhanced fluorescence. In this system, two types of gold nanorods were 

applied with aspect ratio 2.5 and 3.5, respectively. Then, two types of Mega 

520 doped silica-coated GNRs with various silica thickness (25, 35 and 45 nm) 

were successfully prepared through a modified Stöber method, revealed by the 

high resolution TEM, STEM and element mapping images. The steady stated 

fluorescence measurements reveal that the fluorescence intensity for L4, L9 

and L12 is increased as thickness of silica shell decrease, where the intensity 

of L4, L9 and L12 is enhanced by 1.4, 2.0 and 2.1 times. However, the large 

overlap of dye emission and longitudinal plasmon (S4, S9 and S12) leads to a 

decreased fluorescence intensity comparing to the Mega 520 silica control 

sample. Time-resolved fluorescence spectroscopy measurements show that in 

contrast to a single lifetime distribution centred at 1.67 ns for Mega 520 in 

MSNs, a major second lifetime component (slightly shortened lifetime 

component, from 1.41 to 1.56 ns in various samples) also exists. Since the 

average dye-gold distance is larger than 20 nm, the weak interaction is 

revealed by the approximately 15 % decrease in fluorescence lifetime. The 

decrease of the fluorescence intensity for Mega 520 silica-coated GNRs (AR 

2.5) may be caused by the large overlap of the longitudinal SP and Mega 520 



Page | 91 

 

emission at around 670 nm. Finally, the contributions of quantum yield 

enhancement and excitation rate enhancement were revealed.  
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6. Plasmon-promoted electrochemical oxygen evolution catalysis  

6.1. Introduction 

Advanced materials in efficient harvesting, storage and utilization of renewable 

energy are of great importance in current energy research.[193,200–204] The splitting 

of water, either electrically or photo-driven, has been widely studied for energy 

conversion into fuels and chemicals; in particular, the oxygen evolution reaction 

(OER) plays a vital role by giving protons and electrons to these processes.[205–

211] However, the intrinsic process of OER is sluggish and suffers from severe 

efficiency loss as well as large overpotentials.[48,201,212–214] Therefore, finding 

proper OER catalysts is critical in accelerating the reaction, reducing the 

overpotential and improving the overall efficiency. In the past few years, 

transition metal based materials (such as cobalt oxides and nickel oxides) have 

been applied as OER catalysts under alkaline and neutral conditions for the 

benefits of cost effectiveness, good stability and low pollution.[52,214–217] It is 

believed that the transition metal ions in materials undergo progressive oxidation 

to higher valence states prior to the OER, during the electrochemical 

process.[52,58–60] This indicates that the highly oxidative metal ions may be the 

active sites of OER catalysts. And the corresponding investigations confirm that 

the OER catalytic performance may depend on the outer electron states of the 

transition metal species.[61–63]  
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      Localized surface plasmon resonance (LSPR) is the coherent charge density 

oscillations confined to noble metal (such as gold and silver) nanostructures, 

which is excited by the electromagnetic irradiation (light).[1,110,190,218,219] This light 

phenomenon attracts a great deal of attention, because it is capable of efficient 

absorbing photons and converting light energy to hot electrons (also referred to 

“energetic electrons”) and enhanced local electric field.[13,220–225] During the 

LSPR process, hot electrons will be excited and transferred, which can lead to the 

hole generation on the surface of plasmonic materials to capture external 

electrons, simultaneously.[13] Meanwhile, the local electric field of the plasmonic 

nanostructures could be greatly enhanced, which leads to many unique features 

such as plasmon enhanced fluorescence and SPASERs.[143,177] Such a LSPR effect 

enables the efficient energy harvest and conversion for photovoltaics, 

photo/electrochemical catalysis.[7,220,226–228] For instance, Wu and co-workers 

proposed a Au@SiO2@Cu2O sandwich nanostructure to enhance the solar-light 

harvesting and the energy-conversion efficiency, which greatly enhanced the 

visible-light photocatalytic activity as compared to the semiconductor alone.[229] 

Snaith et al. investigated incorporation of core-shell Au-SiO2 nanoparticles into 

dye-sensitized solar cells and demonstrated plasmon-enhanced light absorption, 

photocurrent, and efficiency for both iodide/triiodide electrolyte based and solid-

state dye-sensitized solar cells.[193] Inspired by the above phenomena, hybridizing 

the transition metal catalyst with plasmonic metal nanoparticles would cause 

electron-confined transition metal species, and eventually promote the OER 
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catalytic performance. Thus, the investigation of transition metal species with 

plasmonic nanoparticle hybrids is highly necessary. In late 2016, Ye’ group, for 

the first time, proposed a Ni(OH)2-gold catalyst for OER and showed good 

catalytic performance under 1 W of 532 nm laser.[230] However, the study of 

plasmon-assisted electrocatalytic OER behaviours is still in its early stage, and 

few reports have come into view on the coupling effects and the working 

mechanism of high-performance OER catalysis.[223,226,231–234] Almost all the 

works are focusing on the relationship of structure and performance without light 

promotion, especially on the preparation of catalysts with single-atom 

dispersions.[159,235–238]  

      In this study, the gold decorated two-dimensional (2D) d-MnO2 nanosheet 

composites were successfully prepared with various percentage of gold loading. 

The composite showed excellent OER catalytic performance under and after 

green laser excitation. In this composite, d-MnO2 nanosheets were chosen as the 

primary OER catalysts for the multiple chemical states, the unique 2D structures 

and good electrochemical performance. Gold nanospheres (GNSs, 12.9 nm in 

diameter) were decorated on the 2D MnO2 nanosheets as the nanoantennas and 

plasmonic exciters. Importantly, low power of 100 and 200 mW coherent 532 nm 

lasers were used to perform the experiments other than 1 W laser on previous 

research. The electrochemical results showed that the OER catalytic performance 

could be severely enhanced by activating the LSPR from GNSs under the 532 nm 
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laser irradiation. Interesting, after the laser treatment under dark environment, the 

composite showed a maintained OER catalytic performance with an overpotential 

of 0.32 V. Our study indicates that plasmon-induced hot-electron excitation could 

largely promote the confinement of the outer electrons within transition metal 

species. The plasmonic “hot holes” nearby may work as the effective electron 

trapper to form the active Mnn+ species which could provide active sites to extract 

electrons from OH- and finally allow for high-efficiency electrochemical water 

oxidation at lower onset potential. These findings may provide insights on 

activation of plasmon-induced electrocatalysis under low power laser 

irradiation/treatment and the design of novel composite electrocatalysts.  

6.2. Methods 

SEM was conducted by a Zeiss-Supra55 microscope. HRTEM, SAED and EDX 

mapping images were recorded on a Tecnai G2 F30 S-TWIN microscope at an 

acceleration voltage of 300 kV. XRD patterns were examined on a Bruker D8 

Advanced X-ray Diffractometer (Cu-Ka radiation: l = 0.15406 nm). A 

UV−visible spectrophotometer (Cary 5000, Varian Corp.) was used to measure 

the absorption spectra of the “as-prepared” samples. The chemical states were 

measured using an Axis Ultra X-XPS (Kratos Analytical Ltd., UK) equipped with 

a standard monochromatic Al-Ka source (hv = 1486.6 eV). The surface potentials 

of the samples dispersed in a water/ethanol (1/1 volume ratio) solution were 

determined using the Zetasizer Nano ZS-90 system (DLS, Malvern Instruments, 
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England). EPR spectra were recorded on a Bruker A300 electron paramagnetic 

resonance spectrometer at room temperature.  

      All the electrochemical measurements were carried out in a three-electrode 

system via a CHI-760E instrument at room temperature. An Hg/HgO (filled with 

1 M NaOH aqueous solution) and Pt wire were used as reference and counter 

electrode, respectively. The working electrode were made by drop-casting 5 µL 

of sample dispersion (4 mg of catalyst dispersed in 1 mL of 2:1 v/v 

water/methanol mixed solution containing 60 µL of 5 wt % Nafion) on a glassy 

carbon (GC, 3 mm diameter) electrode. Linear sweep voltammetry curves were 

measured at a sweep rate of 5 mV/s.  The measured potentials of all the data were 

converted to the reversible hydrogen electrode (RHE) scale according to the 

Nernst equation (ERHE = EHg/HgO +0.059 ́  pH + 0.098) scale, and the overpotential 

(η) at j = 10 mA/cm2 was determined using the following equation: η = ERHE − 

1.23 V.  
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Figure 6.1 Zeta-potentials of MnO2 nanosheets and gold nanoparticles well 

dispersed in water/ethanol (2:3 volume ratio) mixture. 

6.3. Results and Discussion   

GNSs with an average diameter of 12.9 nm were first prepared by reduction of 

HAuCl4 with NaBH4.[110,167] Then, ultrathin d-MnO2 nanosheets were synthesized 

via a modified distillation reflux method.[181] Based on the opposite surface 

charge of the MnO2 nanosheets (z-potential = - 41.3 mV) and the GNSs (z-

potential = 33.8 mV) on show in Figure 6.1, they could be physically assembled 

through the electrostatic interaction in the solution, which finally result in the 

formation of Au-MnO2 nanocomposites. Figure 6.2a-c are the scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) images of the 

Au-MnO2 nanosheet, respectively. It is clear that the GNSs were well dispersed 
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on the surface on MnO2 nanosheets. The high-resolution TEM (HRTEM) image 

displayed in Figure 6.2d shows the lattice fringe between GNS and MnO2 

nanosheet and confirms the close interfacial contact which would support the “hot 

electron” transfer.[239] The inset, in Figure 6.2e, shows the selected area electron 

diffraction (SAED) image of the GNS on MnO2 nanosheet in Figure 5.2d, in 

which the diffraction rings correspond to the (111), (200) and (222) plane 

reflections of the face-centred cubic (fcc) gold nanosphere. Figure 6.2f shows the 

dark-field scanning transmission electron microscopy (STEM) image of a giant 

piece of Au-MnO2 nanocomposite. The corresponding STEM-EDX elemental 

mapping are on shown in Figure 6.2g-j, from which the uniform distribution of 

GNSs over MnO2 nanosheets is further confirmed.  
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Figure 6.2 (a) SEM, (b, c) TEM and (d) high resolution TEM images of the Au-

MnO2 nanocomposites; the inset (e) shows the corresponding SAED pattern. (f) 

STEM image of the Au-MnO2 nanocomposites; (g-j) STEM image and 2D 

element mapping images of Mn, O and Au in the area shown in (f), respectively. 

      Figure 6.3a shows the corresponding X-ray diffraction (XRD) pattern of Au-

MnO2 nanocomposites and bare MnO2 nanosheets. Consistent with the SEM and 

TEM images, both the d-MnO2 (JCPDS 42-1317) and cubic gold (JCPDC 01-

089-3697) are recognized. The peaks at 2-thetas of 12.2°, 24.5°, 37.1° and 66.2° 

reflects the (001), (002), (200) and (310) plane of d-MnO2 nanosheets, 

respectively; and the 37.5°, 44.9° and 77.9° reflects the (111), (200) and (220) 

plane of the fcc gold, which are also matched with the SAED pattern in Figure 
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6.2e.[181] Importantly, the unusual intensity at 37.1° comparing to the standard 

may be caused by coating sample on a glass substrate for XRD measurement, 

which leads to the over exposure of (200) plane of d-MnO2 nanosheets. The 

absorption properties of GNSs, d-MnO2 nanosheets and Au-MnO2 

nanocomposites were investigated via a UV-vis spectrometer. After assembled 

the GNSs on d-MnO2 nanosheets, the extinction spectra of Au-MnO2 

nanocomposites exhibits an SP absorption peak at 525 nm, as shown in Figure 

6.3b. In addition, with the increase of gold loading the plasmon absorption peak 

is getting stronger. Meanwhile, the peak wavelength of Au-MnO2 

nanocomposites is slightly red-shifted comparing to the pure GNSs (inset of 

Figure 6.3b), which indicates the electronic interaction between gold and MnO2, 

and proves the successful assembly of Au-MnO2 nanocomposites, eventually.[223] 
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Figure 6.3 (a) XRD patterns of the MnO2 nanosheets and Au-MnO2 

nanocomposites; (b) absorption spectra of MnO2 nanosheets and Au-MnO2 

nanocomposites with various Au loading concentrations. The inset shows a 

typical surface plasmon peak of GNSs. 

      The standard and plasmon-promoted electrocatalytic performance of Au-

MnO2 nanocomposites towards oxygen evolution reaction were studied in O2-

saturated 0.1 M KOH electrolyte at room temperature via a typical three-electrode 

system. Meanwhile, GNSs and d-MnO2 nanosheets were also tested as references 

under identical conditions. 532 nm laser source was applied corresponding to 

maximum LSPR peak of GNSs. Figure 6.4a shows the OER polarization (linear 

sweep voltammetry, LSV) curves of d-MnO2 nanosheets and Au-MnO2 

nanocomposites, with and without laser irradiation (100 and 200 mW of 532 nm 

green laser), at a scan rate of 5 mV/s. Without gold, the d-MnO2 nanosheets 

exhibit much weaker OER electrocatalytic performance under dark and 100 mW 
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laser irradiation. Although the Au-MnO2 nanocomposites do not show an 

obviously enhanced catalytic performance compared to d-MnO2 nanosheets in a 

dark environment, they show a much smaller overpotential at 0.38 and 0.32 V (vs 

reversible hydrogen electrode, RHE) once the surface plasmon resonance is 

excited by the 100 and 200 mW of 532 nm laser, respectively. In addition, Figure 

6.4e shows the negligible OER catalytic performance of GNSs in the dark 

environment and under 532 nm laser irradiation. Meanwhile, to identify the 

wavelength dependence properties, a 200 mW of 650 nm laser was used to carry 

out the same experiment. As shown in Figure 6.5, Au-MnO2 nanocomposite 

catalysts show a negligible current enhancement under the 650 nm laser 

irradiation, where this slightly change in current density may be caused by the 

broad band of plasmon peak and photothermal effect that could increase the 

reaction dynamics.[25] These results clearly show that such an active photo-

enhancement effect is mainly caused by the gold LSPR excitation.   
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Figure 6.4 Electrochemical performance of the Au-MnO2 nanocomposites in 0.1 

M KOH electrolyte with and without 532 nm laser irradiation. (a-e) OER 

polarization curves at the scan rate of 5 mV/s of different samples under various 

conditions (dark, 100, 200 and after 200 mW laser treatment); (f) Tafel plots of 

the Au-MnO2 catalysts under 100, 200 and after 200 mW laser treatment. 
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Figure 6.5 OER polarization curves at the scan rate of the 5 mV/s of Au-MnO2 

nanocomposite catalysts in 0.1 M KOH electrolyte under dark, 532 nm and 650 

nm laser irradiation. 

      To further investigate this photo-enhancement effect, various amounts of gold 

loading were carried out. The loading concentration of gold is from 0 to 8.3 wt % 

and the obtained samples were denoted as L0-L4 and A0-A4, which were 

performed for the catalytic experiments under and after laser irradiation, 

respectively. It can be seen in Figure 6.4b that the electrocatalytic performance 

of the as-prepared samples under 100 mW laser irradiation is getting improved in 

order as the increase of GNSs loading, where the L4 (maximum gold loading) 

shows an OER overpotential at 0.38 V. Additionally, Figure 6.4c exhibits the 

LSV curves of the as-prepared samples under more intense 200 mW laser 

irradiation. Showing the similar performance trend as Figure 6.4b, the OER 

overpotential of L4 is further reduced to 0.32 V. This performance is much better 
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than that of Au-MnO2 nanocomposites under the dark environment and 

comparable with IrO2 and RuO2 catalysts, which indicates that the efficient 

electrocatalytic OER reaction could be realized under light irradiation by grafting 

plasmonic antennas on conventional transition metal oxides. Interestingly, the 

samples maintained the OER catalytic performance after 5-min treatment of 200 

mw laser irradiation. As shown in Figure 6.4d, the OER performance of 200 mW 

laser treated samples (A0-A4) show a similar trend of light promoted samples 

(L0-L4) and the overpotential of A4 is maintained at around 0.32 V, which is 

under the same level of L4 under 200 mW laser irradiation. Tafel slope analyses 

were also performed to analyse the kinetics of OER in this work, as shown in 

Figure 6.4f. With laser power increased from 100 to 200 mW, the Tafel slope is 

decreased from 91 to 68 mV/dec, which clearly indicates that the kinetics of 

oxygen evolution reaction are facilitated by LSPR excitation.[230] Meanwhile, the 

Tafel slope of A4 is 71 mV/dec, close to that of L4 under 200 mW laser irradiation, 

proving the maintained OER performance after 5-min treatment of 200 mw laser 

irradiation. 
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Figure 6.6 (a) High resolution Mn 3s XPS spectra of the Au-MnO2 

nanocomposites with and without 532 nm laser irradiation process. (b) Electron 

paramagnetic resonance (EPR) spectra of Au-MnO2 nanocomposite in solution. 

 

Figure 6.7 (a) High resolution Mn 2p XPS spectra of MnO2 and Au-MnO2. (b) 

High resolution Mn 2p XPS spectra of the Au-MnO2 nanocomposites 

with/without 532 nm laser irradiation. 
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      Figure 6.6a exhibits the X-ray photoelectron spectroscopy (XPS) spectra of 

Au-MnO2 catalysts before and after laser irradiation, where an obvious energy 

gap exists. The electron binding energy of Mn 3s in Au-MnO2 catalysts increases 

by 0.3 eV after 5-min exposure of 200 mW 532 nm laser irradiation, which is 

caused by the strong electronegativity of Au.[230] Meanwhile, the electron binding 

energy spectra of Mn 2p were almost unaltered as shown in Figure 6.7. To further 

examine this plasmonic effects, electron paramagnetic resonance (EPR) spectra 

of Au-MnO2 nanocomposites were measured with and without laser irradiation 

(200 mW, 532 nm). As reference, pure MnO2 nanosheets were also tested. As 

shown in Figure 6.6b, loading of GNSs does not lead to any detectable difference 

of the EPR signals, whereas the induce of 532 nm laser to Au-MnO2 

nanocomposites causes an obvious signal alteration at 1582 Gs in comparison to 

the dark environment. These results clearly indicate the formation of active Mnn+, 

in which the outer electrons are somehow confined by LSPR; and demonstrate 

that the generation of “hot holes” on gold surface by LSPR excitation is capable 

to confine the outer electrons of Mn cations and promotes the electron transfer 

from d-MnO2 to gold. 

      To elucidate the OER charge transfer process, electrochemical impedance 

spectroscopy (EIS) Nyquist plots of Au-MnO2 hybrids measured with and 

without 532 nm laser irradiation was performed at 1.65 V (vs RHE), as shown in 

Figure 6.8a. All impedance spectra are fitted using an equivalent RC circuit 
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model, which consists of a resistor (Rs) and a charge transfer resistance (Rct).[240] 

Rs and Rct represent the resistivity of the electrolyte between the working and 

reference electrodes and the charge transfer resistivity of Au-MnO2 hybrids, 

respectively. The Rct of Au-MnO2 hybrids is 180 Ω under 200 mW 532 nm laser 

irradiation, which is much lower than that of the same sample under dark 

environment (275 Ω). This result also indicates that the plasmon excited “hot 

holes” would cause a higher charge transfer efficiency in the electrode and the 

catalysts under 532 nm laser irradiation is more kinetically favourable.   

 

 

 



Page | 109 

 

 

Figure 6.8 Electrochemical impedance spectroscopy (EIS) Nyquist plots of Au-

MnO2 hybrids measured with and without 532 nm laser irradiation. (b) Schematic 

electron transfer path that possibly occurs in the Au-MnO2 nanocomposites under 

532 nm laser irradiation. (c) Chronoamperomertic I-t curve of Au-MnO2 

nanocomposite catalysts with 532 nm laser on and off. 

      Based on the aforementioned results, we propose the following possible 

mechanism to be responsible for the generation of active Mnn+ species and 

subsequent improvement on OER catalysis over the Au-MnO2 hybrid catalysts 

under 532 nm laser irradiation, as shown in Figure 6.8b. Under the 532 nm laser 

irradiation, plasmonic “hot holes” on the gold surface are generated as the 
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effective electron trapper to confine the outer electron of Mn4+ since the 

plasmonic “hot electrons” are transferred to the electrode with the assistance of 

an external voltage.[225,241] Then, the formation of electron-confined active Mnn+ 

species would provide active sites to extract electrons from OH-, facilitate the 

formation and the subsequent deprotonation of the key OOH intermediates and 

finally give rise to the O2 evolution.[52,59,60] And the strong local field and “hot 

holes” generated may also help the fast absorbance of OH- to the active sites of 

the catalyst. In addition, Figure 6.8c exhibits the I-t curve of Au-MnO2 

nanocomposite catalysts with periodic laser (532 nm) on and off. It is obvious 

that removing laser irradiation would lead to an abrupt and remarkable 

suppression of O2 evolution.  

      Surface plasmons can maintain for about 10 fs, at which time the electrons 

dephase. At 100 fs, electron-electron scattering occurs, producing hot electrons 

that couple to phonons after about 1 ps.[13,220] The plasmon generated hot carries 

would rearrange in nanosecond level without irradiation. Obviously, the 

maintained OER catalytic performance (0.32 V overpotential) after laser 

treatment (A0-4 samples), as shown in Figure 6.4d, cannot be explained by the 

mechanism that we proposed. The maintained performance may be caused by the 

photothermal effects. Unlike the samples measured under laser irradiation in the 

liquid electrolyte, the direct laser treatment may lead to a large amount of heat 

that are not easily dissipated and confined to this ~ 0.07 cm2 area (electrode 
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surface area). Firstly, this large amount of heat may cause change on 

microstructure of the drop-cast sample film on glassy carbon electrode, where 

more active sites buried in the bulk film may be exposed. When measured in the 

three-electrode cell, more active sites may contact with the electrolyte, and 

eventually enhance the OER performance.[47] Secondly, this photothermal effect 

may lead to a phase change of MnO2, wherein exists a better catalytic 

performance.[242,243] Finally, the localized heat may lead to the oxidation of Mn4+ 

to a higher state, which may also significantly enhance the OER 

performance.[52,230]  

6.4. Conclusions 

In this work, we have successfully prepared gold decorated two-dimensional (2D) 

d-MnO2 nanosheets composites with various percentage of gold loading via a 

simple electrostatic method. The composites showed excellent OER catalytic 

performance under low power of 200 mW green laser irradiation. The 

electrochemical results showed that the OER catalytic performance could be 

severely enhanced by activating the LSPR from GNSs under 532 nm laser 

irradiation. By tuning the laser intensity from 100 to 200 mW, the overpotential 

was decreased from 0.38 to 0.32 V, which was comparable to IrO2 and RuO2 

catalysts. Through the XPS and EPR results, our study indicates that plasmon-

induced hot-electron excitation would work as the effective electron trapper to 

confine the outer electron of Mn4+ and lead to the formation of electron-confined 
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active Mnn+ species. The active Mnn+ species would provide active sites to extract 

electrons from OH-, facilitate the formation and the subsequent deprotonation of 

the key OOH intermediates and finally allow for high efficiency oxygen evolution 

at lower onset potential. It is believed that our findings may provide insights on 

the activation of plasmon-promoted electrocatalysis under low power laser 

irradiation and the design of novel composite electrocatalysts.  
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7. Summary and Outlook 

The works carried out in the thesis have helped to improve the understanding of 

energy transfer process based on plasmonic metal-dye system. Meanwhile, we 

have also extended the application of surface plasmon resonance effects to 

electrochemical catalysis to effectively improve the catalytic performance. As the 

major work in this project was the synthesis of new nanoparticle and nanosheet 

systems, various synthetic methods involved in this project were stated in Chapter 

3, including synthesis of colloid gold nanoparticles and their surface 

modifications with silica and polymers as well as 2D MnO2 nanosheets 

fabrication. In addition, the function of reaction regents was also introduced as 

well as the development background of each synthetic method. Notably in this 

thesis, the factor weighting  𝜀D is 2 for spherical particles and (1 − 𝑃p)/𝑃p for 

prolate spheroids. Based on the Equation 1.14-1.17, the (1 − 𝑃p)/𝑃p  could be 

much larger than 2 as the increase of aspect ratio. This would lead to the 

generation of longitudinal surface plasmon peak with increased sensitivity to the 

dielectric environment. Due to a decrease in the local permittivity introduced by 

the PS shell, the L mode shifts to shorter wavelengths (in Chapter 4); whereas the 

L mode shifts to longer wavelengths due to the increase in the local permittivity 

introduced by the silica shell (in Chapter 5). 

      Since theoretical design of SPASER first induced in 2003, the Chapter 4 

studied the possible energy transfer process, from Rh 800 to GNRs, towards 
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SPASER realization through fluorescence lifetime technology. This energy 

transfer was enhanced when the surface plasmon overlapped with the absorption 

and emission of Rh 800. This energy transfer may compensate for the energy loss 

of surface plasmon and thus brings further insight towards creating a nanorod-

based wavelength tuneable SPASER.  

       As a key technology for biosensing and bioimaging sciences, there has been 

a growing interest on metal enhanced fluorescence. In Chapter 5, the gold 

nanorods/silica spacer/large Stokes shift dye core-shell systems were presented 

to further study this issue. Through the spectroscopic results, the enhanced 

fluorescence intensities were contributed by both quantum yield enhancement 

and excitation rate enhancement.  

      Advanced materials in efficient harvesting, storage and utilization of 

renewable energy are of great importance in current energy research. In Chapter 

6, with the introduction of the plasmonic effects by design of the Au-MnO2 hybrid 

catalysts, surface plasmon could largely promote the confinement of the outer 

electrons of Mn cations by “hot holes” generated on gold surface. These “hot 

holes” worked as the effective electron trapper to form the active Mnn+ species 

which could provide active sites to extract electrons from OH- and eventually 

facilitate the electrochemical OER catalysis under low laser power. It is believed 

that these findings may provide insights on the activation of plasmon-promoted 

electrocatalysis under low power laser irradiation and the design of novel 

composite electrocatalysts. 
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      Since the fluorescence enhance process has been investigated through the 

Mega 520 silica gold nanorods system, it is possible to apply this kind of 

nanoprobe to cells for background free high-resolution optical imaging, in the 

future. Meanwhile, a Mega 520 silica mini-GNRs system may be developed for 

the same application since smaller (less than 15 nm) nanoparticles could be 

excreted in the urine and stools, which would have potential for human medical 

detection. Furthermore, the silica-gold nanorods would also work as a platform 

to load proper dye molecules in the silica shell to further investigate the nanorods 

based wavelength tuneable SPASER.  

      In the meantime, plasmon-promoted electrochemical catalysis is another 

research field for further study. On the one hand, the account for the maintained 

OER catalytic performance after 200 mW 532 nm laser treatment is still unclear 

and needs further investigation. And we expect to report these findings shortly by 

additional XPS and EPR measurements. It is also possible and necessary to 

investigate the contribution of photothermal effect and charge transfer effect by 

a 10 - 20 nm silica shell to block the charge transfer. This would be good for 

understanding the mechanism of plasmon-promoted electrochemical catalysis. 

Moreover, this feature on OER may be extended to electrochemical CO2 

reduction and/or N2 reduction reaction by plasmonic local heat and/or charge 

transfer effects.      
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