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ABSTRACT OF THE DISSERTATION  
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In this dissertation, I present my research on the colloidal synthesis of anatase 

titanium dioxide nanocrystals and reversible assembly of charged gold nanoparticles as 

well as the applications of these novel nanomaterials.  

Titanium dioxide nanomaterials are well known for their photoactive properties 

and have been used in a variety of energy and environmental applications. Since the 

structural factors of TiO2 nanomaterials including size, shape, crystallinity have 

significant effects on their performance in these applications, it is highly demanded to 

develop robust synthesis methods for the production of TiO2 nanomaterials with highly 

configurable and predictable structure and morphology. Herein, a systematic study on 

shape controlled synthesis of anatase TiO2 nanocrystals was carried out. Synthesis and 

shape transformation of anatase TiO2 nanocrystals with controllable exposing facets were 

realized by a nonaqueous sol-gel pyrolysis reaction with the addition of fluorine as shape-

directing agent. Anatase TiO2 nanocrystals with core-antenna morphology were further 

produced by a seed-mediated growth method. When used in photocatalytic reactions, the 
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core-antenna nanocrystals were found to possess superior photocatalytic activities than 

those with simple morphologies. The high structural configurability of the core-antenna 

nanocrystals made it possible to optimize the catalyst parameters and achieve excellent 

photocatalytic performance.  

Noble metal nanoparticles possess novel optical properties due to surface plasmon 

resonance. Since assembly of plasmonic nanoparticles induces plasmon coupling between 

adjacent nanoparticles and results in optical property change, realization of reversible 

assembly of plasmonic nanoparticles can enable dynamic tuning of the optical properties 

of the materials. In our study, theoretical considerations on how to realize reversible 

assembly by control of colloidal interactions were first discussed. Experimentally, one-

dimensional assembly and disassembly of gold nanoparticles were achieved by 

appropriate synthesis, surface modification and application of external stimuli. Kinetics 

study of the reversible assembly process was also carried out. When the as-assembled 

one-dimensional gold nanoparticle chain structures were transferred into polymer 

matrices, they can also be disrupted by mechanical forces and be used as colorimetric 

stress memorable sensor.  

Based on the results of my current research, future works of the study on colloidal 

synthesis of TiO2 nanocrystals and reversible assembly of plasmonic nanoparticles will 

also be discussed. 
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Chapter 1  

Overview of Colloidal Nanomaterials 

 

1.1 Brief introduction to nanotechnology 

 Date back to ancient times, nanoscale materials have already been existed in 

nature and been manipulated by human beings for different applications. As an example, 

the Romans made the dichromic Lycurgus Cup in the 4th century which contains gold and 

silver nanoparticles. Benefit from the light absorption and scattering properties of these 

nanoparticles, the cup shows red color when lit from inside and green color when lit from 

outside. In scientific studies, as early as in 1857, Michael Faraday had noticed the 

unusual ruby red color of colloidal gold produced by chemical synthesis.[1] However, not 

until Richard Feynman’s famous talk was delivered in 1959 which predicted “there is 

plenty of room at the bottom”, people’s understanding of nanoscale materials and their 

properties start becoming rational. Gradually, nanotechnology becomes a field of study 

with solid theoretical foundations and explicit objectives. 

 Now, it is commonly agreed nanotechnology is a collection of research areas 

aiming at engineering materials and devices at the scale of 1 to 100 nm that allow access 

to new size-dependent phenomena.[2] It has been realized materials at nanoscale possess 

a variety of novel physical and chemical properties including the effect of quantum 

confinement which enables bandgap engineering and tuning of density of states of 

semiconductors[3], giant magnetoresistance by nanoscale multilayers which can change 
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in magnetic susceptibility of materials[4], improved strength and stiffness of materials[5], 

tunable light absorption and fluorescence properties of materials[6, 7], the effect of 

phonon confinement which can improve the thermoelectric performance of materials[8] 

and large surface to volume ratio which allows presence of novel interfacial and surface 

chemistry phenomena.[9] 

 To harness these exciting properties and explore their possible applications, the 

study on synthesis and fabrication of nanostructured materials is of great importance. In 

the past two decades, tremendous efforts have been put on the development of synthesis 

and fabrication strategies for nanostructured materials with well-defined size, shape, 

composition and spatial configurations.[10-14] In general, these efforts can be sorted as 

two categories – top-down and bottom-up approaches. In top-down approaches, bulk 

materials are broken down into nanoscale units by physical or chemical methods. 

However, there are limitations in these approaches. When materials fall into nanoscale, 

conventional top-down synthesis methods such as attrition and milling have little chance 

to produce materials with well-defined size and shape. The products from these methods 

also suffers from drawbacks such as existence of contaminates from the milling media. 

As another class of important materials preparation methods, different types of nanoscale 

lithography techniques are known to be capable to produce nanostructures with positional 

control. However, the nanostructures produced by lithography typically have 

imperfections on surface due to the damage during patterning and resist etching, which 

may cause significant impact on physical property and surface chemistry of 

nanostructures.[15] Besides, the next generation lithography techniques such as e-beam 
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lithography also suffer from problems such as high cost and low throughput.[16] In 

contrast, bottom-up approaches, typically are chemical synthesis reactions starting from 

molecular precursors, have better chances to produce nanostructures with well-defined 

size, shape, crystallinity and surface structures with reasonable cost and throughput. In 

order to fabricate these nanostructures into desired secondary structures and apply them 

in real devices, strategies including self-assembly are widely considered and studied.[17, 

18] However, there also exists bottle-neck for the development of bottom-up approaches. 

To date, colloidal synthesis is generally limited to production of nanomaterials with 

simple structures and there are even fewer mature strategies that can control the assembly 

process in predictable manners.  

 In this chapter, I would like to present a general introduction of colloidal 

nanomaterials from fundamental studies to applications. In Section 1.2, the principle of 

colloidal synthesis of nanocrystals, its recent advances, applications and challenges will 

be discussed. In Section 1.3, development of strategies toward assembly of colloidal 

nanomaterials and their applications will be discussed. Finally in Section 1.4, the scope 

of this thesis will be presented.  

 

1.2 Colloidal synthesis of nanocrystals 

1.2.1 General understandings of colloidal synthesis of nanocrystals 

 As an important branch of bottom-up nanosynthesis approach, colloidal synthesis 

has been utilized for production of a widespread of high quality nanoparticles.[10] 

Although there are different manifestations of colloidal synthesis, they are very similar in 
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general principles. A typical synthesis always starts from a chemical reaction which can 

convert the molecular precursors to the monomers of the targeted materials. Reactions 

include decomposition, reduction, oxidation, metathesis are all possibly to be 

adopted.[19-21] Then, the monomers will grow into nanoparticles through two processes: 

nucleation and growth. 

The theory of nucleation and growth of colloids were first proposed and 

extensively studied by La Mer and coworkers (Figure 1.1a).[22, 23] In this theory, at the 

early stage, the nucleation process is triggered from a supersaturated solution. When the 

monomer concentration exceeds the saturation threshold, a burst of nucleation will occur 

and lead to the formation of a large number of nuclei. Rapid growth of these nuclei will 

then takes place, allow these nuclei grow into larger particles and at the same time 

significantly reduce the monomer concentration to the level lower than saturation 

threshold. At the later stage, the growth process further takes place in which the 

monomers diffuse to the solid-liquid interface and deposit on the nuclei through surface 

reactions. Finally, the monomers are depleted and the nanoparticles come to their 

finalized morphology. 

Through the analysis of the thermodynamics, it is revealed the process of 

nanoparticle growth in solution is continuously driven by minimization of the energy of 

the system (Figure 1.1b).[15, 24, 25] At the stage of nucleation, when a solution is 

supersaturated, the Gibbs free energy of the solution is high and will be reduced if the 

solutes are segregated into solid phase from the solution. Equation 1.1 expresses the 

Gibbs free energy change during the formation of solid phase per unit volume: 
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











0
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GV

  (1.1) 

where C is the concentration of the solute, C0 is the concentration of the solute at 

equilibrium, k is the Boltzmann constant, T is the absolute temperature and Ω is the 

atomic volume. This indicates if the concentration of the solute exceeds its concentration 

at equilibrium, the Gibbs free energy change of the formation of solid phase becomes 

negative and nucleation process becomes energy favorable. Assume a formation of a 

spherical nucleus with a radius of r, the Gibbs free energy change can be described as:  

VV Gr  3

3

4
  (1.2) 

However, the formation of solid phase will simultaneously create a solid-liquid interface 

at the cost of the raise of Gibbs free energy change. In nanocrystal synthesis, this 

interfacial energy, or surface energy is contributed from the extra energy possessed by the 

surface atoms resulted from dangling bonds, torture of bonds between the surface atoms, 

inward force etc. The raise of Gibbs free energy change caused by surface energy of a 

spherical nucleus with a radius of r can be described as Equation 1.3: 

 24 rS    (1.3) 

where γ is the surface energy per unit area. Combining the Gibbs free energy change 

caused from the volume change of solid and the creation of interface, the total Gibbs free 

energy change during the formation of a nucleus with a radius of r can be obtained and 

described as Equation 1.4: 

 23 4
3

4
rGrG VSVtotal   (1.4) 
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Consider the total Gibbs free energy change ΔGtotal as a function of the radius of the 

nucleus r, ΔGtotal reaches its maxima ΔG* if the r reaches the critical value rc at which: 

 cVcrr
total rGr

r

G
c

840 2 



  (1.5) 

According the relationship in Equation 1.5, rc and ΔG* can be described as in Equation 

1.6 and 1.7: 

V

c
G

r



2

 (1.6) 

 2
*

3

16

VG
G





 (1.7) 

These results clearly demonstrate the formation of nuclei needs to overcome an energy 

barrier until the nucleus size surpasses a critical value, there after the growth becomes 

spontaneous. 

After the formation of nuclei, the concentration of the monomers dramatically 

decreases to the level lower than the saturation concentration. At this stage, formation of 

nuclei is no longer energy favorable and subsequent growth process will become 

dominant, although it has occurred simultaneously after the formation of nuclei.[15, 26] 

From the energy point of view, the nuclei are very small in size and have a large surface 

to volume ratio. Consequently, the system is still not thermodynamically stable due to the 

large surface energy contributed from the large surface area of nuclei. Hence, growth of 

the nuclei into larger particles is thermodynamically allowed to reduce the total energy of 

the system. Typically, the growth process is constituted of two components: diffusion of 

monomers which supplies materials for growth and surface deposition reaction which 
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enables incorporation of monomers into the solid particles. After extensive growth by 

direct deposition of molecular monomers, other coarsening effects such as Ostwald 

ripening and agglomeration can also happen in order to further reduce the surface 

energy.[10, 27-30] During the Ostwald ripening process, small particles are consumed 

and re-deposited on large particles due to the Gibbs-Thomson Effect, which effectively 

eliminates small particles and reduce the surface energy of the system. In contrast, the 

growth of particles through agglomeration process is not at the expense of dissolution of 

small particles, in which many primary particles are associated with one another through 

physical and chemical interactions. As an example, faceted nanocrystals can be 

associated and fused into one single crystal through oriented attachment. This process is 

energetically allowed as the coalesce of the high energy surfaces significantly reduces the 

surface energy.[29, 30]  
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Figure 1.1 (a) The La Mer plot which describes the nucleation and growth of 

nanoparticles as a function of reaction time. (b) The plot which demonstrate the free 

Gibbs energy change as a function of the radius of nucleus during the nucleation process. 

Adapted with permission from ref 23. 
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1.2.2 Strategies towards size control in colloidal synthesis 

 Control the size of nanoparticles is very important for synthesis since the 

physicochemical properties of materials at nanoscale are highly dependent on their size.[3, 

31, 32] For example, plasmonic nanoparticles with different sizes will show distinctive 

optical properties.[32-34] Nanocatalysts such as gold nanoparticles also show a size-

dependent activities in carbon monoxide oxidation reaction.[35, 36] In this section, the 

strategies towards synthesis of uniform nanoparticles with controllable size will be 

discussed according to the theoretical considerations presented in the last section. 

Examples of corresponding practical methods will also be introduced. 

Theoretically, to obtain nanoparticles with uniform size in classical synthesis, the 

ideal case is to separate the nucleation and growth processes temporally. Therefore, all 

the nuclei can be grown under similar conditions and at the end, form nanoparticles with 

uniform size. In reality, nucleation and growth always have overlapping period and the 

strategy towards synthesis of monodispersed nanoparticles is to speed up the nucleation 

rate and shrink the nucleation stage to a very short period of time.[15] The nucleation rate 

can be described by the Arrhenius formulation: 
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where J is the nucleation rate, A is the Arrhenius constant, Ea is the activation energy. In 

this case, the activation energy should correspond to the energy barrier ΔG* described in 

Equation 1.5 – 1.7 and Figure 1.1b while the Arrhenius constant is directly related to the 

parameters including the initial monomer concentration C, temperature T, the diameter of 
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the monomer λ and the viscosity of the solution η. According to this relationship, it can 

be concluded fast nucleation is favored by high initial monomer concentration, low 

viscosity of solution, low critical energy barrier and usually high temperature. 

During the growth process, theoretically, high concentration of monomers also 

benefits production of uniform nanoparticles due to the “size focusing” effect (Figure 

1.2a).[37-39] According to Equation 1.1 and 1.6, the critical size of the particles increases 

within the decrease of initial monomer concentration. Therefore, when the monomer 

concentration is low, the Ostwald ripening becomes the dominant pathway for particle 

growth since at such conditions, particles with sizes below the critical size may constitute 

a significant portion of the total particles and these particles tend to be dissolved back to 

the solution rather than continuously grow into larger particles like the particles larger 

than the critical size do, which will cause a defocus of size distribution.  

Practically, several types of synthesis methods have been developed for 

production of uniform nanoparticles. The typical case is synthesis of uniform 

nanoparticles in hot organic solutions with surfactants.[40, 41] This method is capable for 

synthesis of a variety types of nanocrystals including metal, metal oxide, chalcogenide 

etc. with good uniformity.[19, 26, 42-44] In these syntheses, appropriate precursors are 

first chosen to initiate synthesis reactions. Molecules including organometallic 

compounds are favored as they can rapidly decomposed and produce monomers for 

nucleation and growth. For example, in the synthesis of cobalt nanoparticles, dicobalt 

octacarbonyl is preferred in the synthesis as it can be decomposed into metallic cobalt 

atoms, which serve as the monomers for the nucleation and growth, and carbon monoxide, 
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which can easily leave the reaction system, at relatively low temperature.[19] In the 

experiments, the synthesis typically takes place in a hot solution. At elevated temperature, 

in most cases, the decomposition of precursors can be accelerated and the solution is 

overwhelmed with supersaturated monomers. Especially in nanocrystal synthesis by hot 

injection, syntheses can be finished in a time period as short as several seconds with yield 

of nanocrystals with narrow size distribution right after the injection of precursors as high 

monomer concentration as well as high temperature allows an instant formation of nuclei 

and a fast growth process.[19, 40] As an extension to this hot-injection method, by 

sequential addition of precursors into the solution at different reaction time, uniform 

nanocrystals with relatively larger sizes can be obtained. The mechanism in this synthesis 

can be ascribed to the “size focusing” effect.[37-39] With additional injection of 

precursors, the monomer concentration is maintained at a high level, which can prevent 

the size defocusing from the Ostwald ripening and continuously increase the size of the 

particles. This method was first successfully demonstrated in the size-controlled synthesis 

of cadmium selenide quantum dots and was later extended to other materials. 

As discussed early in this section, the ideal strategy towards synthesis of 

monodispersed nanocrystals is to separate the nucleation and growth to two different 

stages. In practice, seed-mediated growth methods were employed to realize size control 

in colloidal synthesis.[45] Different from one-pot synthesis, the principle for seed-

mediated growth method is to synthesize uniform nanoparticles by two steps – 

preparation of seeds and overgrowth on the seeds. In the prior step, nanocrystals typically 

with small size are first prepared as seeds. The seed preparation is typically according to 
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the well-established one-pot synthesis methods for uniform nanoparticles. As an example, 

in gold nanoparticle synthesis, tiny nanoparticles with size less than 5 nm can be prepared 

as seeds by several methods.[46, 47] In the latter step, subsequent overgrowth of 

materials on the pre-existing seeds is realized during which the concentration of 

monomers is kept at a low level in order to minimize nucleation (Figure 1.2b). Typically, 

the strategies for reducing the monomer concentration include choose of mild reagents 

and reaction conditions, reduce the concentration or chemical potential of the precursors. 

As an example, in the synthesis of gold nanospheres by seed-mediated growth, the strong 

reducing agent, sodium borohydride, which was used in preparation of seeds was 

substituted by the weak ascorbic acid in the overgrowth process. Iodide ions were also 

introduced to complex with the typical gold precursor, chloroauric acid. Therefore, the 

reduction potential of the gold precursor was significantly reduced and allowed a high 

precursor concentration in the solution while kept the monomer concentration at a low 

level during the synthesis. This strategy successfully enabled seed-mediated growth of 

gold and silver nanoparticles in a large size range within one round of growth.[33, 34] 

Since the low concentration of monomers also favors size defocusing through the 

Ostwald ripening, in growth step, the synthesis is typically under a mild condition, such 

as at a reduced temperature, compared to the classical synthesis conditions. The seed-

mediated growth strategy has been successfully realized in synthesis of different types of 

nanocrystals, majorly noble metals as well as several types of metal oxides and 

chalcogenides. [47-50] 
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Figure 1.2 Schematic illustration of size control of nanocrystals by (a) size focusing and 

(b) seed-mediated growth. Adapted with permission from ref. 10 and ref. 33. 
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1.2.3 Strategies toward shape control in colloidal synthesis 

The physiochemical properties of nanoparticles are also dependent on their shapes. 

For instance, anisotropic noble metal nanoparticles such as gold nanorods and silver 

nanoplates have distinctive optical properties from isotropic spherical particles due to the 

evolution of new plasmon resonance modes.[51, 52] Some metal and metal oxide 

nanocrystals with specific shape showed improved catalytic performance due to the 

expose of specific facets.[53, 54] As another example, some anisotropic semiconductor 

nanocrystals also show different photoluminescence properties from their spherical 

analogues.[55] Therefore, it is highly demanding to develop robust methods for shape 

control synthesis of nanocrystals. 

 In colloidal synthesis, recent developed methods have allowed effective synthesis 

of nanoparticles with shape control. Imagine if the growth of nanoparticle is infinitely 

slow, the final shape of the particle should be in its most thermodynamically stable form. 

In nanocrystal synthesis, the most thermodynamically stable structure should be its Wulff 

shape.[12, 56] The morphology of the nanocrystals can then be modified into different 

shapes by control the shape of the nuclei (or the seeds in seed-mediated growth) and the 

thermodynamics and kinetics of the growth process. 

From the energy point of view, an efficient way to control the shape of 

nanocrystals is to add ligands which can change the surface energy. Typically, the 

binding of ligands on the nanocrystals has selectivity depending on the facets, which 

effectively lowers the surface energy of specific facets and results in a shape-directing 

effect during the nanocrystal growth.[11, 57, 58] Besides, the growth kinetics also has 
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significant effect on the shape control of nanocrystals. [10-12, 59, 60] At a low growth 

rate, although still in faceted shape, nanocrystals are typically in low aspect ratio after the 

synthesis. In contrast, at high growth rate, nanocrystals with higher aspect ratio can be 

obtained. This is most likely due to the elimination of high energy facets during the fast 

growth of nanocrystals, leaving the nanocrystals terminated by facets with slower growth 

rate. The elimination of fast growing facets can be understood as at high growth rate, the 

deposition of monomers on the high energy facets can be so fast that a second layer of 

atoms may have been capped on the first layer even the first layer may have not covered 

the original facet. In experiments, the choice of ligands is mostly empirical as there are 

no reliable methods to determine the exact binding energy between the ligands and the 

nanocrystal surface. One of the most classic examples for shape control nanocrystals 

synthesis by choosing appropriate ligands and kinetic control is the synthesis of cadmium 

chalcogenide nanocrystals with different shapes.[11, 61] In these syntheses, alkyl 

phosphoric acids were together added into the reaction solution with trioctylphosphine 

oxide, which is a classic surfactant for spherical CdSe quantum dot synthesis. As the 

results, cadmium chalcogenide nanorods were produced and it was revealed the 

phosphoric acids can selectively bind on the side facets of the nanorods. By manipulation 

of the reaction kinetics by methods such as multiple precursor injection, which can 

maintain the monomer concentration to be at a high level, the aspect ratio of the nanorods 

can be tuned. Meanwhile, a combination of manipulation on the phosphoric acids and the 

reaction kinetics can further allow the production of CdSe nanocrystals with higher 

complexity such as tetrapods and dendrite tetrapods. 
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Seed-mediated growth synthesis is also well-known for its capability in shape 

control of nanocrystals.[20, 48, 62, 63] Compare with one-pot synthesis, in addition to 

choice of ligands and manipulation of growth kinetics, the structure of the seeds can also 

direct shape control of the final nanocrystals since the overgrowth process need to 

accommodate with the shape and facets of the seeds. Although the structure of the seeds 

should have been predominantly determined by their crystal structure, it may possibly 

varies from one to another since there may exist defects in the structures such as twinning 

and stacking faults which may significantly affect the final morphology of nanocrystals 

after growth.[12, 64, 65] For example, in fcc metal nanocrystal synthesis by using seed-

mediated growth method, the use of single crystalline seeds typically yield nanocrystals 

with polyhedron shape such as cube and octahedron. In comparison, if the seeds contain 

twinning or stacking faults, the nanocrystal may eventually evolved to the shape of rods 

or plates.[12, 66] Therefore, to ensure nanocrystals adopt uniform shapes after growth, it 

is important to engineer the shape of the seeds. In noble metal nanocrystal synthesis by 

seed-mediated growth, it has been demonstrated oxidative etching is an effective method 

to control the structure of the seeds.[20, 67] In this process, seeds with different 

structures will transform to a uniform shape, typically in energetically stable 

configuration, since the reactive seeds can be dissolved and reformed when etchants such 

as a combination of ligand and oxidants present in solution. Based on this seed 

refinement, nanocrystals with uniform shape can be obtained. In the case of silver 

nanoplates synthesis by seed-mediated growth, addition of hydrogen peroxide in the 

synthesis, together with citrate and polyvinylpyrrolidone which were ligands proven to be 
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effectively bind on (111) and (100) facets respectively, can effectively produce silver 

seeds with planner twinning by selectively etching those without planner twinning. By 

further growth on these seeds with the presence of ligands, 100% yield of silver 

nanoplates can be obtained.[20] Since seed-mediated growth separated the synthesis into 

multiple steps, it also provides flexibility for synthesis of nanocrystals with complex 

structures as the reaction conditions at each individual step can be separately controlled. 

1.2.4 Template synthesis – an extension 

The above mentioned colloidal syntheses have readily enabled production of 

different nanoparticles including metals, metal oxides and other semiconductors with 

well-defined size and shape. There are also approaches extend these syntheses one step 

further, to produce uniform nanostructures that cannot be obtain through direct synthesis. 

Different types of template synthesis are good examples in this case.  

The general idea of template synthesis of nanoparticles in solution is to take pre-

existing materials as templates and perform colloidal synthesis with the restriction from 

these templates.[68] The templates can be classified into two categories: physical and 

chemical templates. Physical templates majorly act as shape directing agents in colloidal 

synthesis. The requirements for physical templates typically include size and shape 

uniformity, cost-effectiveness and easiness to be removed after synthesis. Both hard and 

soft materials such as silica beads, shells or molecular micelles and vesicles can be 

adopted.[69-73] As an example, if a gold nanoparticle seed is encapsulated in a tubular 

silica template, the gold can be grown into nanorods as the shape is growth is restricted 

by the silica.[70] The advantage of this method is that it can be extended for synthesis of 
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several other metal nanorods which typically cannot be obtained from direct synthesis. 

The removal of the silica template is also convenient by simple base etching. In the case 

of chemical templating, the template nanostructures not only act as shape directing agents 

but also as the precursors for the products. The synthesis by chemical templating 

typically involves chemical transformation of template nanocrystals in the forms 

including ion exchange and galvanic replacement.[74-76] Synthesis via ion exchange 

enables production of compound nanocrystals and their derivatives which may not be 

easy to be produced by direct synthesis. In comparison, templating through galvanic 

replacement typically occurred in synthesis of metal nanostructures. The shape of the 

products synthesized through galvanic replacement is highly dependent on which of the 

template, and typically shows more complex structure such as cages, boxes and frames 

due to the volume change. By adjusting the reaction conditions, nanostructures with 

different compositions from pure metal to alloys can readily be produced in controlled 

manners.[76-78] 

1.2.5 Challenges in Future Applications 

Nanocrystals produced by colloidal synthesis have already demonstrated 

applications in various fields including catalysts, sensing, medicines etc.[79-82] There 

still exist challenges in the synthesis for the future development of colloidal nanocrystal-

based applications. For example, the organic ligands which are effective tools for control 

the size and shape of the nanocrystals become noxious when the nanocrystals are used for 

applications such as catalysis and electronics since they may block the access of reagents 

and significantly affect the electron transport. Robust ligand exchange or removal 
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methods are highly demanded for these applications.[83, 84] To date, the yields of most 

of the delicate synthesis are still in the level of milligram scale, which also potentially 

limits the use of the colloidal nanocrystals in industry. Therefore, development of 

methods for scaling up the synthesis has also become a hot-spot in recent researches on 

colloidal synthesis. Strategies such as synthesis by flow reactors have been successfully 

demonstrated to be capable for production of high quality nanocrystals.[85, 86] 

The major challenge for application of colloidal nanocrystals, however, is to 

develop reliable methods to integrate them into more complex structures and apply them 

in devices. The approaches towards integration of nanoparticles are different strategies 

towards self-assembly of colloidal nanoparticles, which will be discussed in the next 

section. 

 

1.3 Self-assembly of colloidal nanoparticles 

1.3.1 General introduction 

Self-assembly refers to the process in which components (can range from 

microscopic molecules to macroscopic objects) spontaneously form ordered 

aggregates.[17, 18] In order to integrate colloidal nanoparticles which are produced 

through bottom-up synthesis methods into complex structures for further applications, 

self-assembly processes are preferred as they have many advantages over top-down 

fabrication methods. First, top-down methods have size-limitations. To date, in 

semiconductor industry, technology node has just passed 14 nm node and fabrication of 

devices below this size is still challenging.[87] However, the materials with size range 
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below 10 nm are important as they located in the size range where novel properties such 

as quantum confinement effect can evolve. Besides, the fabrication of ordered 

nanostructure assemblies typically is not cost-effective since it requires the use of 

expensive instruments and is difficult to scale up.[16] In contrast, self-assembly process 

can be achieved in the size range as small as molecular level. Meanwhile, the process is 

spontaneous and does not require high energy input which is capable to scale up with a 

low cost. [17] In addition, another interesting property for assembly of colloidal 

nanoparticles is the evolution of collective property of the materials which does not exist 

in isolated nanoparticles.[88] Therefore, by control of the assembly behavior of the 

nanoparticles, physical and chemical properties including optical, magnetic, electric 

properties can be tunable. 

The most important issue which need to be considered for self-assembly process 

is the interactions among the assembly building blocks. Self-assembly occurs when 

attractive and repulsive interactions are balanced.[17] Either attractions or repulsions is 

overwhelmed than the other will cause permanent aggregation at first place or prevent the 

aggregation from happening. Only the interactions are balanced, the assembly process 

will be allowed to happen with the presence of reversibility and enable the aggregates 

self-adjust to an ordered structure (Figure 1.3). This indicates the environment for self-

assembly process typically favors in solutions or at the interfaces since these 

environments can ensure the motion of the building blocks. Meanwhile, the interactions 

should be weak, non-covalent and the scale should be comparable to thermal fluctuations. 
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On molecular level, self-assembly has been realized in many different 

manifestations such as self-assembled monolayers[89], block copolymer assemblies[90], 

ionic layer-by-layer assemblies[91] and DNA-based assemblies[92]. These assemblies 

are enabled by different types of interactions. Self-assembled monolayers take advantage 

of steric interactions which direct the packing of molecules into ordered monolayer 

structures. Block copolymers can be assembled into ordered structures such as different 

shaped micelles and bicontinuous structure due to the hydrophobic interactions originated 

from their amphiphilicity. Layer-by-layer assemblies are allowed by interactions 

originated from the charges on different poly-ions which served as building blocks for 

these assemblies. By successive stacking of layers of poly-ions with opposite charges, 

assembly of poly-ions with controlled thickness, composition and ionic properties can be 

achieved. In the case of DNA-based assembly, the complementary nature of DNA base 

pairs provides programmable recognition codes for construction of assembly structures. 

In self-assembly of nanoscale colloidal particles, the assembly is governed by 

interactions among the nanostructures, from both the cores and surfaces. In this case, the 

assembly behavior is majorly manipulated by engineering the nanoparticle surface such 

as surface modification of functional molecules and introduce interactions in molecular 

assemblies. In the next sub-section, nanoscale forces both originated from the nature of 

colloidal nanoparticles and the specific molecules grafted to the nanostructure surface 

will be discussed.  
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Figure 1.3 Schematic illustration of ideal self-assembly process. (a) the interaction 

energy requirement: a net attraction at equilibrium separation, overall a balance between 

attraction and repulsion. (b) irreversible assembly results in random aggregation. (c, d) 

reversible assembly enables building blocks self-adjust to ordered structures. Reprinted 

from ref. 18. 
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1.3.2 Colloidal interactions 

 Understanding of nanoscale forces is important for control the assembly behaviors 

of colloidal nanoparticles as they govern the motion of the colloidal nanoparticles and 

determined the thermodynamics of assembly structures.[93-96] These forces can be 

either attractive or repulsive, and may have different magnitudes and length scales. Their 

magnitude and length scales reflect their ability to assemble the nanostructures as they 

determined the interaction potential among the colloidal nanoparticles and also the ability 

to direct nanoparticle building blocks into ordered structures. Typically, a long-range 

attraction combined with a short-range repulsion favors the assembly as this combination 

is able to create an interaction potential well at a relatively short interparticle distance. A 

classic example is the Lennard-Jones potential which is used for description of 

interactions between spherical atoms: 
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where ε is the depth of the potential well, σ is the finite-distance at which the interparticle 

potential is 0 and rm is the finite distance at which the interparticle potential reaches 

minimum. In this case, the attractive van der Waals forces are in the length scale of r-6 

while the length scale for repulsive exchange interactions is r-12.[94] 

In the past century, different types of colloidal interactions have been revealed, 

studied and been used for controlling the assembly of colloidal nanoparticles. As early as 

in 1920s, scientists have put efforts to understand the aggregation and dispersion 

properties of colloids in solution.[97] A remarkable achievement was the development of 
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the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory in which the two fundamental 

interactions among colloids: van der Waals and electrostatic interactions were understood 

and quantitatively studied. 

Van der Waals interactions are generally attractive in nature and are originated 

from the electromagnetic fluctuations caused from the random movement of the charges 

inside the materials and they are universally existed.[93, 94] They are consisted of 

several different types of forces including dipole-dipole force (Keesom force), which is 

originated from two permanent dipoles, induced-dipole force (Debye force), which is 

originated from a permanent dipole and an induced dipole and dispersion force, which is 

contributed from two instantaneously induced dipoles. The magnitude of van der Waals 

interactions typically range from several kT to hundreds of kT and the length scale is r-6. 

To quantitatively analyze the van der Waals interactions between two colloidal 

nanoparticles, several approaches have been demonstrated. The most straightforward 

approach was known as Hamaker integral approximation[98]. The basic idea of this 

method is to pair-wise integrate the van der Waals interactions of every atom in the two 

colloidal particles. As an example, the van der Waals interaction energy between two 

spheres with radius of a1, a2 and interparticle center-to-center distance of r can be 

described as: 
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in which A is the Hamaker coefficient which is determined by the composition of the 

interacting particles and their surrounding media. Theoretically, this method can be 
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applied to assess the van der Waals interactions between colloidal particles with arbitrary 

shape. However, there are several factors such as many-body effect and retardation effect, 

which also have effect on the van der Waals interactions, haven’t been taken into 

considerations. Several other approaches such as the Dzyaloshinskii–Lifshitz–Pitaevskii 

(DLP) theory[99] and discrete coupled-dipole method (CDM)[100] have been developed 

to take the above-mentioned factors into considerations. Compare the Hamaker integral 

approximation with the DLP theory and CDM, the former is the mathematically simplest 

and also reliable. Therefore, practically, the Hamaker integral approximation is still the 

most widely used method to assess van der Waals interactions in colloidal systems. 

 Electrostatic interactions are originated from the interactions among the 

permanent charges on the colloids. They can be either attractive or repulsive depending 

on the nature of the charges on the interacting colloidal particles. Unlike van der Waals 

interactions which are typically “rigid” as the whole particle contributes to the 

interactions, electrostatic interactions are much easier to be manipulated as they rely 

more on the surfaces. They can be anisotropic if the surface charge distribution is not 

even.[101] They are also sensitive to the environment as factors such as ionic strength 

and pH have significant effect on tuning the surface charge density.[102] Quantitatively, 

the electrostatic interactions among colloidal particles can be described based on the 

diffuse electric double layer (EDL) model.[103, 104] In the EDL model, the net surface 

charge is contributed from a permanent charge layer which is bind the colloidal surface 

and a diffuse counter-ion layer. The distribution of the diffuse counter-ion layer highly 

dominates the net charge density on the colloidal particles and affects the electrostatic 
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potential of the particles, which can further affect the electrostatic interactions among 

particles. Typically, the electrostatic potential of an electric double layer system can be 

described by the Poisson-Boltzmann Equation and the electrostatic potential around a 

charged surface can be described as: 

xe   0  (1.11) 

where ψ0 is the potential on the surface, x is the distance to the surface and κ is the 

inversion of the decay length (or Debye length) which is affected by the bulk 

concentration of the counter-ions c0, dielectric constant of the solvent ε and temperature T. 

When two charged colloidal particle interact with each other, the electrostatic interaction 

potential energy can be derived and described as[97]: 
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Van der Waals attraction and electric static repulsion are classified as DLVO interactions 

as the combination of effects from both interactions are used in the DLVO theory to 

understand the dispersion and aggregation behaviors of colloidal particles in solution. 

This understanding also pointed out the colloidal aggregation behavior can be controlled 

by change of ionic strength, solvent and temperature, which are expected to benefit for 

control of the nanoparticle assembly process. 

 Apart from DLVO interactions, there also exist non-DLVO interactions such as 

solvation force[105, 106], hydration force[107] and hydrophobic interactions[108] among 

colloidal particles which typically originated from the interfacial phenomena that the 

DLVO theory has not considered. These interactions are typically in short range and are 



27 

 

not capable to direct the assembly behavior. However, they are crucial to the reversibility 

of the assembly. Whether the short-range repulsions that colloidal particles experiences 

when they come to very close with each other can counter the attractions or not is the key 

to determine the reversibility of the assembly process.  

In addition, by control of both the properties of the colloidal core and surface 

modifications. Additional interactions can be introduced for control the assembly process. 

Colloidal cores consist of specific materials such as metal chalcogenides or magnetic 

metal or metal oxides possess intrinsic electric dipole moment[109, 110] or magnetic 

dipole moment[111, 112] which can direct the assembly under appropriate conditions. 

Surface modification on colloidal particles which is typically realized by coordination or 

electrostatic adsorption of functional molecules can also bring in various additional 

interactions including molecular dipole interactions[113], specific recognition interaction 

from coordination or hydrogen bonding[114-116], steric repulsion between polymer 

brushes[117], attractive hydrophobic interactions among the alkyl chains[118] etc. In 

addition to interactions that enable self-assembly by taking advantage of the reduce of 

energy, other forces which can favors the ordering of the assembly driven by entropy 

change such as depletion force can also be considered for directing self-assembly of 

nanoparticles.[119, 120] 

1.3.3 Self-assembly of nanoparticles at different dimensions 

In this sub-section, examples for assembly of nanoparticles in one, two and three 

dimensions realized by control of a variety of colloidal interactions will be introduced. To 

obtain high quality assembly structures, in the assembly process, attractions and 
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repulsions are balanced, while long range packing forces are needed to direct the 

assembly and short range repulsion forces are needed to ensure reversibility of the 

assembly. 

In order to assemble nanostructures into one-dimensional assembly, anisotropic 

interparticle interactions originated from electric and magnetic dipoles are employed to 

drive the assembly.[109, 121] For example, metal chalcogenides nanocrystals are known 

to have relative large permanent electric dipole. When peeling off the ligands on the 

nanocrystals, which provide repulsion forces for the nanocrystals, these nanocrystals can 

be assembled into one-dimensional chains driven by the dipole-dipole interactions.[109] 

Ferromagnetic nanoparticles can spontaneously assembled into one-dimensional chain or 

ring structures directed by magnetic dipole-dipole interactions.[121] Anisotropy in self-

assembly can also be originated from the shape anisotropy or the anisotropy of chemical 

property of the assembly building blocks.[122] For example, under appropriate 

conditions, gold nanoplates preferred to assemble into face-to-face one-dimensional 

structure by depletion force as the face-to-face structure is energy favorable.[120] In an 

example for one-dimensional assembly of nanostructure induced by chemical anisotropy, 

faceted gold nanorods with special functionalization at the tip are responsible to assemble 

these gold nanorods into chain structure.[123] Besides, one-dimensional assemblies can 

also be achieved by direction of external field.[96, 124, 125] As an example, 

superparamagnetic nanoparticles can be assembled into one-dimensional nanostructures 

with orientation control by apply external magnetic field.[111, 125] When 

superparamagnetic nanoparticles are experienced with external magnetic field, magnetic 
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dipole moment will be induced and result in evolution of dipole-dipole interactions and 

field-dipole interactions in which the longer range field-dipole interaction is the packing 

force for the assembly. At the same time, repulsion forces, in most cases are electrostatic 

repulsion, provide counter forces to balance the interactions. The packing force can be 

tuned by control the external field strength and the structure such as the interparticle 

distance of the one-dimensional assembly becomes tunable and this property enable these 

assemblies applied for magnetic responsive photonic structures.  

When nanoparticles experienced with additional interactions from substrate or 

interfaces to their interactions in solution, two-dimensional or three-dimensional 

assembly of colloidal nanostructures can be achieved.[126-129] To assemble colloidal 

nanoparticles into two-dimensional arrays, the surface of the nanostructures can be 

appropriately modified in order to allow them to preferentially stay at the interfaces 

including air-liquid and liquid-liquid interfaces.[126, 127] These assemblies can also be 

transferred to substrates by various methods for applications. When substrates are 

involved in the assembly process, other interactions such as capillary force during the 

evaporation can also direct the nanostructures to assemble into two-dimensional or three-

dimensional colloidal crystals.[128, 129] In some early endeavors, these types of 

assembly are realized by mono-component sub-micron colloidal spheres and were 

demonstrated for applications such as photonic crystals.[130] Recently, two and three-

dimensional assembly of colloidal nanocrystals with different sizes, shapes and multiple 

components have been realized by delicately control of the interparticle forces as well as 

the directing agent such as interfaces and substrates.[131] These assembly also have 
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showed potential to be applied in new generation of nanoscale devices such as field-

effect transistors.[132] 

  

1.4 The Scope of This Thesis 

In the last two sections, the two fundamental issues about nanotechnology from 

bottom-up: synthesis and self-assembly have been discussed. Based on these theoretical 

understandings, in this thesis, case studies for both colloidal synthesis and self-assembly 

of nanomaterials will be presented. From the materials aspect, the focus of this thesis will 

be research on synthesis, self-assembly and applications of anatase TiO2 nanocrystals and 

gold nanoparticles. Then, the thesis will be concluded by an outlook and plans for future 

work.  

In Chapter 2, a systematic study on design and realization of shape control 

synthesis of anatase TiO2 nanocrystals with various structures and their applications in 

photocatalysis will be discussed. Synthesis of anatase TiO2 nanocrystals with controllable 

simple faceted structures will first be demonstrated by employing appropriate shape 

directing agent. In the next step, a general strategy to synthesis anatase TiO2 nanocrystals 

with complex core-antenna structure will be demonstrated. In this study, core-antenna 

nanocrystals were synthesized by adopting seed-mediated growth method. In the 

synthesis, different faceted anatase TiO2 nanocrystals were used as seeds. By careful 

control the growth condition, anatase TiO2 nanorod antenna can be epitaxial grown on the 

seed nanocrystals with defined orientation. The morphology of the nanorod antennas 

including the thickness and length can further be controlled. In the last part of this chapter, 
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the photocatalytic activity of anatase TiO2 nanocrystals with diverse morphology will be 

investigated. 

In Chapter 3, the focus will be on design and realization of reversible assembly 

of charged gold nanoparticles and its applications. Theoretical considerations on how to 

realize reversible assembly of charged gold nanoparticles in solution will first be 

discussed. Then, experimental realization of the reversible assembly by change of 

temperature will be presented.  In this case, the thermodynamics as well as the kinetics of 

the reversible assembly will be discussed in details. Finally, the reversibly assembled 

gold nanoparticle chains were demonstrated to be able to be transferred in to polymer 

films and the gold nanoparticle chain-polymer composite film showed stress responsive 

optical property due to the force disassembly of gold nanoparticle chains and can be 

applied as colorimetric pressure sensor. 

Finally, in the Chapter 4, I will give a brief summary of the results presented in 

this thesis. An outlook for this research field will be briefly discussed as follows. Finally, 

a detailed plan for future work based on the current results will also be demonstrated. 
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Chapter 2 

Shape Control Synthesis of Anatase TiO2 Nanocrystals 

and Their Application in Photocatalysis 

 

2.1 Introduction 

In history, TiO2 are widely used as pigments and also in sunscreens, ointment and 

toothpastes as they are chemically stable and the toxicity is low.[133] Their unique 

photoactive property was not realized until in 1972, Honda et al. discovered TiO2 to be 

active for photocatalytic water splitting under UV irradiation.[134] TiO2 is photocatalytic 

active since it is a wide band gap semiconductor and under UV irradiation, hole-electron 

charge separation can occur once it absorbs photons. Holes and electron then migrate to 

the surface and react with the chemical species at the interface by redox reactions (Figure 

2.1c). Since then, tremendous efforts have been put on the study of its photoactive 

properties and how to use it in relevant applications such as photocatalysis and 

photovoltaics.[54, 135-141] In these studies, it is revealed that engineering TiO2 materials 

into nanoscale with well-defined structure is desired and may benefit relevant 

applications as the property of TiO2 becomes different from the bulk. 

Recently, it has been realized that the structural factors of the TiO2 nanomaterials 

including size, shape, crystallinity, hierarchy have significant effects on the performance 

in applications. For instance, it has been realized the photocatalytic activity of anatase 

TiO2 crystals can be controlled by tuning the exposing facets[54, 142-147], while in our 
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group, we have revealed TiO2 nanoshells can possess superior photocatalytic activity 

only when they have optimal crystallinity and surface area.[136, 137] As another 

example, Zheng et al. demonstrated TiO2 nanorods with hierarchical nanowhiskers have 

better performance as electrodes for photoelectrochemical reactions.[148] There also 

exist examples that the performance of photovoltaic devices can be improved by tuning 

the shape and hierarchy of TiO2 nanostructures.[140, 149-153] Therefore, it is highly 

desirable to develop synthetic methodologies for TiO2 nanostructures in highly 

controllable manners. 

Enormous methods have been utilized to produce and control the TiO2 

nanostructures. In colloidal synthesis, the most commonly used method is sol-gel 

synthesis method in which titanium molecular compounds can be converted to TiO2 by a 

hydrolysis and condensation reaction.[154] Typically, classical sol-gel synthesis produces 

amorphous TiO2 which are typically not favored for photocatalysis or photovoltaic 

applications. To overcome this drawback, crystalline TiO2 materials can be obtained by 

either post-calcination of the amorphous TiO2 materials or use extended sol-gel synthesis 

methods such as sol-gel synthesis at high temperature in organic solvents or at 

solvothermal conditions.[58, 155, 156] To accommodate the specific application, surface 

modification of the as-synthesized TiO2 nanocrystalline materials may also be needed. 

In particular for photocatalysis applications, anatase TiO2 nanocrystals are more 

preferred than other polymorphs of TiO2. Compared to rutile phase TiO2, although 

anatase TiO2 is thermodynamically metastable and have a relatively larger band gap 

(~3.2 eV for anatase and ~3.0 eV for rutile), it is favored in photocatalysis since the hole-



34 

 

electron recombination rate is lower and at mean time, its surface shows better adsorptive 

affinity to reactive species such as organic molecules to be degraded.[157-159] As has 

been introduced, the size, shape and crystallinity of the nanocrystals have significant 

effect on the photocatalytic performance, colloidal synthesis methods which are capable 

to realize size, shape and crystallinity control are highly demanded. Anatase TiO2 adopt a 

tetragonal lattice and under thermodynamic equilibrium, it adopts its Wulff shape which 

is truncated octahedron and the crystal is enclosed by two (001) facets and eight (101) 

facets (Figure 2.1b).[133, 160] In order to realize size and shape control in anatase TiO2 

nanocrystal, in the pre-existing synthesis methods, efforts have been put in developing 

methods for control of both thermodynamics and kinetics in the synthesis. For example, 

incorporation of fluorine in the nanocrystal synthesis is known to be effective to expand 

the high energy (001) facets.[54, 161] By controlling the kinetics in high temperature 

pyrolysis reactions, rod-shaped anatase TiO2 nanocrystals can be obtained.[58, 162, 163] 

Apart from the above-mentioned examples, there also exists other types of high quality 

anatase TiO2 nanocrystals including rhombic nanocrystals, nanoplates etc.[161, 164] 

However, most of the methods are still empirical and not capable to programmable 

produce nanocrystals in predictable manners. Meanwhile, empirical methods also limit 

their extension to produce nanocrystals with higher structural complexity, which is 

potentially beneficial for improving the photocatalytic performance. Thus, development 

of a robust method for rational synthesis of anatase TiO2 nanocrystals with predictable 

and complex structures is still required. 
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Figure 2.1 (a, b) Schematic illustrations of the Wulff shapes of rutile phase (a) and 

anatase phase (b) titanium dioxide. Adapted with permission from ref. 160. (c) Schematic 

illustration of the principle of photocatalytic reactions by using titanium dioxide as 

catalyst. 
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In this chapter, I will present a systematic study on design and synthesis of 

anatase TiO2 nanocrystals with highly predictable complex structures. A systematic study 

on shape control of anatase TiO2 nanocrystals with well-defined simple morphology by 

using fluorine ions as shape directing agent will first be discussed in Section 2.3. Then in 

Section 2.4, a study of design and synthesis of anatase TiO2 nanocrystals with complex 

hierarchical structures by seed-mediated growth method will be presented. The 

photocatalytic performance of anatase TiO2 nanocrystals with different shapes including 

those with complex structures is studied and presented in Section 2.5. Finally, this 

chapter will be concluded with a brief summary in Section 2.6. 

 

2.2 Experimental Methods 

2.2.1 Chemicals 

Titanium butoxide 99% (TBOT), titanium isoproxide 98% (TTIP), titanium 

fluoride 99% (TiF4), 1-octadecene 90% (ODE) were purchased from Acros. Sodium 

fluoride (NaF) was purchased from Fisher, and oleic acid 90% (OA), benzoic acid 99.5% 

(BA), oleylamine 70% (OAm), anhydrous toluene 99.8 %, tetramethyammonium 

hydroxide solution 25 wt. % in H2O (TMAH) were purchased from Sigma-Aldrich. 1-

hexadecanol 98% (1-HDOL) was purchased from Alfa Aesar. 200-proof ethanol was 

purchased from Decon Laboratories, Inc. All chemicals were used as purchased without 

further purification. 
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2.2.2 Syntheses 

Unless stated, all the syntheses were carried out under standard Schlenk line 

operation. 

Anatase TiO2 nanorods  

Anatase TiO2 nanorods were synthesized by a heat-up method. In the synthesis, 

22 mL of OA was vented at 150 °C to remove the low boiling point impurities. After 

cooling down to room temperature, 3 mL of TBOT was added into the purified OA. The 

mixture was then heated to 300 °C and kept for 3 hours. After the reaction mixture was 

cooled down, the nanorods were isolated by addition of 200-proof ethanol (1:1) and 

centrifugation (11,000 rpm/5 min). The precipitates were then repeatedly washed by first 

re-dispersed in 15 mL of anhydrous toluene, then precipitation by addition of 200-proof 

ethanol (1:1) and centrifugation (11,000 rpm/5 min) for two times. The nanorods were 

finally dispersed in 15 mL of anhydrous toluene. 

Transformation of anatase TiO2 nanorods into octahedral bipyramidal nanocrystals  

 Anatase TiO2 nanorods were first synthesized by using the same chemicals and 

heating conditions as described above. After the reaction mixture was maintained at 

300 °C for 3 hours, 2 mL of a mixture of purified OA and 0.105g NaF was injected to the 

reaction mixture. The reaction was then raised to 320 °C and kept for a certain period of 

time to ensure transformation. After cooling down to room temperature, the products 

were washed and collected by the same procedures as described for nanorods synthesis 

except change the centrifugation speed from 11,000 rpm to 10,000 rpm.  
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One-pot synthesis of truncated octahedral bipyramidal (TOB-shaped) nanocrystals  

24 mL of purified OA, 3 mL of TBOT and 0.105g of NaF were first added into a 

three-neck flask and mixed by gentle magnetic stirring at room temperature. 

Simultaneously, gentle flow of N2 was introduced to purge the reaction mixture for 30 

min. Then the reaction mixture was brought to 270 °C and kept for 3 hours. After the 

reaction was cooled to room temperature, TiO2 nanocrystals were washed and collected 

by the same procedures for octahedral bipyramidal nanocrystals synthesis. The 

nanocrystals were finally dispersed in 15 mL of anhydrous toluene. 

Synthesis of square-shaped nanoplates  

In a typical synthesis of square-shaped nanoplates, 0.248 g of TiF4, 3 mL of OA 

and 7 mL of ODE were mixed to serve as precursor stock solution in an argon-filled 

glovebox. To ensure thorough dissolution of TiF4, the mixture was stirred and gently 

heated under argon atmosphere for 1 hour. In a three-neck flask, 7.33 g of 1-hexadecanol, 

10 mL of ODE and 0.5 mL of OA were mixed, purged with N2 for 30 min at 120 °C, then 

cooled down to 60 °C. Upon the addition of 1.5 mL of precursor stock solution, the 

mixture was heated to 290 °C and kept for 10 min for seeding. Afterwards, 8.0 mL of 

precursor stock solution was pumped into the reaction mixture at the rate of 0.3 mL/min. 

After pumping in all the stock solution, the reaction mixture was cooled to room 

temperature followed by addition of 5 mL of anhydrous toluene. The nanocrystals were 

isolated by centrifugation at 6000 rpm for 5 min. After removing the supernatants, the 

nanocrystals were repeatedly washed by redispersing precipitates in 10 mL of anhydrous 
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toluene, sonication, addition of 200-proof ethanol (1:1) and centrifugation (8000 rpm/5 

min) for two times. The final product was dispersed in 10 mL of anhydrous toluene. 

Synthesis of fluorine-free rhombic nanocrystals  

Rhombic-shaped nanocrystals were synthesized based on a solvothermal method. 

In the synthesis, 5.0 mL of BA, 2.0 mL of OAm and 0.25 mL of TTIP were first mixed in 

a 10 mL autoclave. After stirring at room temperature, the autoclave was sealed and then 

kept at 180 °C for 24 hours. After cooling to room temperature, the nanocrystals were 

isolated and washed by the same procedure described for TOB nanocrystals. The final 

product was dispersed in 5 mL of anhydrous toluene. 

Seed-mediated growth on TOB-shaped nanocrystals  

The seed-mediated growth process was also carried out under standard Schlenk 

line operation. TOB-shaped nanocrystals were chosen as the typical seeds for 

investigating the growth behavior. In a typical growth, 2.5 mL of toluene solution of TOB 

seeds was first mixed with 24 mL of OA by gentle magnetic stirring, then purged with N2 

at 130 °C for 30 min. Afterwards, the mixture was heated to 270 °C, and 1.0 mL of TBOT 

was pumped into the mixture with the speed of 4.0 mL/h. After introducing all the 

precursor, the system was cooled to room temperature. The product was isolated, washed 

and finally dispersed by the same procedure described for TOB-shaped nanocrystals. To 

investigate the reaction mechanism and control the growth process, a series of control 

experiments are carried out. In order to investigate the effect of reaction time on the 

product, a synthesis was conducted under the same condition as described for typical 

seed-mediated growth except for keeping the reaction mixture at 270 °C for one more 
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hour after finishing the addition of TBOT. Aliquots were taken from the reaction mixture 

by glass syringe at 0.5 mL each time and quenched immediately by 1.5 mL of 200 proof 

ethanol. To investigate the effect of TBOT amount, the syntheses were conducted under 

the same condition as described for typical seed-mediated growth except for changing the 

TBOT amount to 0.5 mL and 2.0 mL. Syntheses with different TBOT introduction rate 

were also conducted. In these syntheses, seed-mediated growth reactions with TBOT 

amount at 2.0 mL were performed as described for typical seed-mediated growth except 

that the TBOT introduction rate was adjusted to 1.0, 2.0, 3.0, 6.0 mL/h. The synthesis 

was also carried out by quick injection of TBOT, followed by keeping the reaction at 

270 °C for another 20 min before removing the heating mantle. After the syntheses, the 

products were washed and collected by the same procedures for the TOB-shaped 

nanocrystals. Seed-mediated growth reactions were also performed by using other types 

of faceted nanocrystals including nanorods, fluorine-free rhombic nanocrystals and 

square-shaped nanoplates as seeds. These syntheses were conducted similarly as 

described for typical seed-mediated growth with TBOT introduction rate at 2.0 mL/h.  

2.2.3 Structural Characterizations 

Transmission electron microscopy (TEM) studies were carried out using a Tecnai 

12 microscope with an accelerating voltage of 120 kV, and high resolution transmission 

microscopy (HRTEM) images were obtained on a Hitachi H9000-NAR microscope with 

an accelerating voltage of 300 kV. All the TEM samples were prepared without any 

purification steps. Lengths and diameters were statistically measured by random selection 

of 50 particles in TEM images of appropriate magnifications. X-ray diffraction (XRD) 
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measurements were conducted on a Bruker D8 Advance Diffractometer with Cu Kα 

radiation (λ = 1.5406 Å). UV-vis absorption spectra were collected by testing a solution 

of nanocrystal on a fiber optic spectrometer (Ocean Optics, USB2000). Zeta potential 

measurements were carried out by testing a dilute aqueous solution of nanocrystals on 

Beckman Coulter Delsa Nano C Zeta Potential Analyzer. FTIR spectra were collected by 

testing a small amount of nanocrystal powders by Bruker ALPHA FTIR Spectrometer. 

2.2.4 Photocatalysis 

Phase transfer of nanocrystals  

In the protocol of phase transfer of nanocrystals from toluene to water, TMAH 

was used as a phase transfer agent as it is known to be efficient in replacing the 

hydrophobic ligands on the surface of nanocrystals.[164, 165] Typically, a toluene 

solution containing approximately 0.2 g of nanocrystals was first transferred into a 

centrifuge tube. Nanocrystals were then precipitated from toluene solution by adding 

ethanol and centrifugation. Upon removal of the supernatant, 15 mL of ethanol and 5 mL 

of TMAH solution (25 wt% in H2O) were added.  The mixture was then subjected to 

sonication until the sample was fully dispersed without any notable insoluble solids. To 

ensure complete ligand exchange, the mixture was transferred into a 50 mL Erlenmeyer 

and stirred for another 3 days at room temperature. The hydrophilic nanocrystals were 

then collected from the colloidal suspension by centrifugation at 11000 rpm for 5 min. To 

remove remaining TMAH, 20 mL of ethanol was added to wash the precipitated 

nanocrystals by sonication followed by centrifugation at 11000 rpm for 5 min. The 
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washing process was repeated twice. After the final centrifugation, the as-obtained 

product was dried under vacuum at 75 °C overnight. 

Photocatalytic activity test  

The photocatalytic activity of the anatase TiO2 nanocrystals was evaluated by 

their capability to degrade Rhodamine B (RhB) under UV light irradiation. After phase 

transfer, the nanocrystal powders were first dispersed in MiliQ water to make a 0.2 

mg/mL stock solution. To carry out photocatalysis tests, 25 mL of the catalyst stock 

solution and 50 µL of RhB aqueous solution (10-5 M) were added to a quartz tube in a 

photoreactor (Xujiang XPA-7). To ensure homogeneous dispersity and sufficient 

adsorption, the solution was stirred in dark for 30 min. Thereafter, the solution was 

irradiated by a 300W Hg lamp with a 365 nm band-pass filter. The extent of RhB 

degradation at different irradiation time was determined by UV-Vis absorption 

measurement (HR2000CG-UV-NIR, Ocean Optics) of the solution after removal of 

catalyst by centrifugation at 14500 rpm for 5 min. 

 

2.3 Shape control of anatase TiO2 nanocrystals by addition of fluorine ions[166] 

Our first strategy towards shape control synthesis of anatase TiO2 nanocrystals is 

to add shape directing agent into the reaction mixture. Recent researches have revealed 

fluorine ion is an effective shape directing agent for anatase TiO2 synthesis as they can 

selectively bind to and passivate the (001) surface of anatase TiO2. As the result, anatase 

TiO2 exposed with a larger percentage of (001) surfaces can be synthesized.[54, 161] 

During the syntheses, fluorine ions were also possible to be doped in anatase TiO2, which 
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was reported to be beneficial for visible light photocatalysis applications. Herein, we 

propose by taking advantage of the shape directing capability of fluorine ions, anatase 

TiO2 nanocrystals with controllable exposing facets can be synthesized. In our design, 

inorganic fluoride salt can be used as the fluorine source and by adding them into the 

TiO2 nanocrystal synthesis reaction mixture under high temperature, the shape control 

can be realized.  

2.3.1 Transformation of anatase TiO2 nanorods 

To start with, sodium fluoride was first added to an anatase TiO2 nanorods-oleic 

acid suspension at high temperature. We expect a combination of oleic acid and sodium 

fluoride was expected to be able to assist the chemical transformation. From the literature, 

syntheses of anatase TiO2 nanorods have been reported by several different methods.[58, 

162, 163] The common feature of these syntheses is all of them are nonaqueous sol-gel 

syntheses with the presence of long carbon chain carboxylic acids. It is believed long 

carbon chain carboxylic acids can effectively bind to some facets of the anatase TiO2 and 

orient the nanocrystals grow into rod structure.[58] By adapting a nanorods synthesis 

recipe reported by Hyeon et al, we are able to produce high quality anatase TiO2 

nanorods.[162] The typical TEM image of the anatase TiO2 nanorods are shown in Figure 

2.2a. The nanorods are typically 40 to 50 nm in length and 2 to 3 nm in diameter. From 

the high resolution TEM image (Figure 2.2a, inset), the nanorods were revealed to grow 

along the <001> direction. This method can be sorted as a typical sol-gel pyrolysis 

synthesis of anatase TiO2. In the synthesis, a combination of titanium alkoxides and 

carboxylic acids at high temperature results in an esterification elimination reaction 
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which produces Ti-O species, similar to the hydrolysis process in conventional sol-gel 

reactions. Then, TiO2 nanocrystals can be formed from these “monomers” via a 

nucleation and growth process. Long carbon chain carboxylic acids also play the role of 

ligands and direct the growth of nanocrystals into rod structure. 

After the nanorods were synthesized, if NaF was added to the reaction mixture, it 

was found the shape of the nanorods can be gradually transforms to octahedral 

bipyramidal structure. From the TEM images, after addition of NaF and maintain the 

reaction temperature at 320 °C for 30 minutes (Figure 2.2b), the rod shape of the 

nanocrystals disappears and there exist both large and small nanocrystals with larger 

diameters. When the reaction was extended to 2 hours (Figure 2.2c), the larger 

nanocrystals exhibit a faceted octahedral bipyramidal structure and the amount of small 

nanocrystals significantly reduced. From both Figure 2.2b and 2.2c, it is observed the 

contrast for large nanocrystals is not even, with the inner part with a rod shape to be 

darker and the lengths of the nanocrystals are similar to those of nanorods. Meanwhile, 

the final shape of the nanocrystals also proved the nanocrystals still adopt the anatase 

phase. These results clearly indicate this reaction is a shape-directed isomerization 

process enabled by a ripening process. During this process, smaller nanorods were first 

dissolved and then re-deposited on larger nanorods. According to our understanding, the 

combination of fluorine ions and carboxylic acid at high temperature can accelerate the 

dissolution-redeposition process by producing hydrofluoric acid, which is a strong 

etchant for TiO2. The etching process resulted in an increase of the concentration of 

titanium molecular species and consequently enabled the shape reconfigurations. 
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However, the growth direction of re-deposited TiO2 did not yield to OA, which should 

help the nanocrystals maintain at rod structure. Therefore, it is believed with the existence 

of fluorine ions, the shape of the newly deposited TiO2 will be dominated by fluorine ions. 

This synthesis proved by adding inorganic fluoride salt such as NaF into nonaqueous 

synthesis reaction, the shape directing effect of fluoride is significant and can be regarded 

as an effective method to allow shape control in synthesis of faceted anatase TiO2 

nanocrystals. 

2.3.2 One-pot synthesis of fluorine doped TOB-shaped nanocrystals 

We further improved this shape control synthesis strategy by addition of NaF at 

the beginning of the anatase TiO2 nanorod synthesis. In the previous synthesis, the shape 

directing is only effective during the ripening process and the size of the nanocrystals is 

highly dependent on the original nanorods and there is a lack of control on the uniformity. 

However, by adding NaF into the reaction mixture at the beginning, the shape directing 

can happen during the nucleation and growth, which is expected to enable production of 

faceted anatase TiO2 nanocrystals with better size control. Figure 2.3a to 2.3f are the 

representative low magnification TEM images of the nanocrystals taken from the aliquots 

of the synthesis reaction with addition of NaF at the beginning. From these images, it is 

revealed at the initial stages, short nanorods were formed. However, as the reaction time 

increased, the nanorods were not significantly elongated. Instead, their shape transformed 

to truncated octahedral bipyramidal (TOB) structures and their size kept increasing. The 

size uniformity of the nanocrystals is improved compared to those synthesized by 

chemical transformation. From the HRTEM images (Figure 2.3g, h), the TOB-shape 
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nanocrystals are in anatase phase and are enclosed by {001} and {101} facets. Although 

the {101} facets are still dominant, the size of the {001} facets considerably increased 

compared to nanorods. The corresponding FFT pattern of the HRTEM image also 

confirmed the nanocrystals were single crystalline.  

In addition to shape directing during the synthesis, fluorine ions were also found 

to be doped into TiO2 during the synthesis. From the XRD spectra of the aliquots (Figure 

2.4a), it revealed during the reaction, the TiO2 kept at anatase phase and the grain size 

kept increased within the increase of reaction time as the diffraction peaks got sharper. It 

was also found that NaF was nearly fully consumed at the first 10 minutes of the reaction. 

UV-vis absorption measurements and XPS measurements provided further evidence for 

fluorine doping in the anatase TiO2. Compared to commercial P25 which is in white color, 

the synthesized anatase TiO2 nanocrystals were in light blue color. From the UV-vis 

absorption spectra (Figure 2.4b), the synthesized nanocrystals also showed enhanced 

absorption in visible region compared to P25. This is a clear hint for doping as the change 

of absorption profile cannot be ascribed to adsorption of the colorless fluorine ions. XPS 

measurements (Figure 2.4c-e) also provided evidence for doping as Ti 2p, O 1s and F 1s 

are all detected in the purified nanocrystal sample. 
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Figure 2.2 Transformation of nanorods to bipyramidal nanocrystals. TEM images of (a) 

as-obtained TiO2 nanorods; (b-c) after adding NaF for (b) 30 min; and (c) 2 hours. 

Reprinted from ref. 166. 
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Figure 2.3 TEM images showing the evolution process of TiO2 nanocrystals with TOB 

shape in one-pot synthesis. (a-e) TEM images of the as-prepared nanocrystals by taking 

samples from the reaction system at (a) 250 °C and after reacted at 270 °C for (b) 1 min; 

(c) 5 min; (d) 10 min; (e) 30 min; and (f) 180 min. The HRTEM images (g) and (h) show 

the crystal structure of the as-obtained nanocrystals. Reprinted from ref. 166. 

 



49 

 

 

Figure 2.4 (a) XRD characterization of the aliquots during the synthesis. It proved a 

successful dissolution of NaF and a continuous growth of anatase TiO2. (b-e) UV-vis 

absorption spectra (b) and XPS measurement confirmed the fluorine doping in the 

product nanocrystals (c-e). Reprinted from ref. 166. 
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2.4 Seed-mediated growth of anatase TiO2 nanocrystals with core-antenna 

structures[167] 

Although shape control synthesis of anatase TiO2 nanocrystals has been realized 

by addition of shape directing agent such as fluorine ions, to construct nanocrystals with 

high complexity structures in predictable manners, seed-mediated growth synthesis 

strategy was considered to be appropriate to adopt. Solution-based seed-mediated growth 

has been regarded as a reliable method for the production of various types of 

nanostructures with tightly controlled size and size/shape uniformity since the existence 

of seeds can minimize self-nucleation which otherwise may cause inhomogeneity, and the 

well-defined shape of seeds can also direct the growth of the resultant nanocrystals. In 

addition, the formation of seeds and their after-growth can be carried out separately under 

different conditions, thus allowing a high degree of control over the complexity of the 

final structures. In this work, we demonstrate that seed-mediated growth of anatase TiO2 

nanorods onto TiO2 nanocrystal seeds pre-synthesized with different shapes can produce 

complex core-antenna structures with high uniformity. By controlling the reaction 

kinetics during the growth stage, we have been able to not only avoid the self-nucleation 

but also control to the number, diameter, and length of nanorod antennas. 

2.4.1 Synthesis of broom-like core-antenna nanocrystals 

We first chose the TOB-shape nanocrystals as seeds to produce broom-like core-

antenna nanocrystals. As shown in the typical TEM images (Figure 2.5a, b), the seed 

nanocrystals are elongated particles with average length of 14.5 nm (ranging from 8 to 30 

nm) and diameter of 8.0 nm (ranging from 5 to 15 nm). To synthesize anatase TiO2 
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nanocrystals with core-antenna morphology, the seed-mediated growth was carried out 

under a reaction condition similar to that of standard anatase nanorods synthesis, but in 

the presence of TOB nanocrystals and with a reduced reaction temperature from 300 °C 

to 270 °C. In this case, titanium precursor (TBOT) was introduced dropwise to the 

mixture in order to minimize self-nucleation. OA was used as the solvent, hydrolysis 

agent as well as ligand binding to the nanocrystal surfaces. In a typical synthesis, the 

amount of TBOT was 1.0 mL and its feeding rate was 4.0 mL/h. After the introduction of 

TBOT, the heating source was removed immediately and the resultant nanocrystals were 

washed and characterized. Figure 2.5c is a TEM image showing the broom-like core-

antenna morphology of the resultant nanocrystals synthesized through the typical 

condition. The core of the resultant nanocrystal is in cuboids morphology and there exist 

two antenna nanorods, one on each end of the core with clear orientational correlation. A 

small portion of them have multiple antennas. The length (average at 19.5 nm, ranging 

from 15 to 30 nm) and diameter (average at 9.8 nm, ranging from 8 to 15 nm) of the 

cores are slightly larger than that of the original TOB seed nanocrystals, indicating certain 

degree of overgrowth of the seeds. The length of the antenna rod is 33.6 ± 5.2 nm and 

diameter is 3.0 ± 0.4 nm. According to the HRTEM image of a core-antenna nanocrystal 

(Figure 2.5d), the {101} facets were no longer the major exposing facets of the core. 

Instead, {001} facets at the original tip sites and {100} side facets are evolved. Besides, 

the growth of antenna rods can be indexed towards <001> direction and there was no 

obvious defect at the junction between the core and the antenna rods. The corresponding 

FFT pattern along [100] zone axis of the HRTEM image further confirmed the single 
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crystalline nature of the core-antenna nanocrystals (Figure 2.5d, inset). XRD analysis also 

indicated that the resultant nanocrystals were still in pure anatase phase (Figure 2.5e). 

Compared to the XRD patterns of the original TOB seeds, the (004) peak is more 

profound than the (200) peak for the core-antenna nanocrystals, which is consistent with 

the fact that nanocrystals experienced a directional growth along <001>.[58] 

2.4.2 Formation mechanism of core-antenna nanocrystals 

Based on the structural characterization, we propose that the core-antenna TiO2 

nanocrystal formation follows a seed-mediated epitaxial growth process. As discussed in 

the last section, in typical synthesis of TiO2 nanocrystals via nonaqueous sol-gel pyrolysis 

reaction, a combination of titanium alkoxide and carboxylic acids at high temperature 

results in an esterification elimination reaction which produces Ti-O species.[162, 163] 

Then, nanocrystals were formed through the nucleation and growth process by 

consumption of these “monomers”. In the current case, preexisting TOB seeds were 

present at the initial stage of the synthesis, which were however not observed after the 

completion of the reaction. The final product only contained uniform core-antenna 

structures. Thus, we believe under our reaction conditions, although Ti-O molecular 

species can be produced through the hydrolysis process, their nucleation into new 

nanocrystals was inhibited. All the newly formed Ti-O species were deposited onto the 

existing TOB seeds. Moreover, since the resultant nanocrystals were single crystalline 

and no free particles of other morphologies could be found, it can be concluded that the 

growth adopted epitaxial growth pathway rather than oriented attachment of the TOB 

seeds and self-nucleated particles. 
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Figure 2.5 Structural characterization of TOB nanocrystal seeds and core-antenna 

nanocrystals after seed-mediated growth. (a, c) Low magnification TEM image of TOB 

and core-antenna nanocrystals. (b, d) Typical HRTEM images of TOB and core-antenna 

nanocrystals. Insets in (b) and (d) are the corresponding FFT patterns (along [100] zone 

axis). (e) XRD patterns of TOB and core-antenna nanocrystals. Reprinted from ref. 167. 
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The synthesis was repeated under the same condition but with extended heating at 

270 °C for 1 hour after the complete introduction of TBOT. The morphology of the 

products taken at different stages showed similar core-antenna structure (Figure 2.6a, b). 

Statistical analysis on the antenna rods obtained at different stages shows no obvious 

change in length (Figure 2.6c), indicating that the seed-mediated growth reaction was 

completed right after the addition of TBOT, and the ripening process which may cause 

shape transformation after epitaxial growth did not occur substantially within the duration 

of one hour. 

We further carried out syntheses with different TBOT introduction amount in 

order to reveal the pathway of surface deposition. Figure 2.7a is a TEM image that 

illustrates the morphology of the resultant nanocrystals when introducing 0.5 mL TBOT 

rather than 1.0 mL in the typical synthesis. In this case, less TBOT was used and TiO2 

growth was less extensive compared to the typical case. As the result, only nanocrystals 

with ellipsoids and cuboids can be observed. The HRTEM image and corresponding FFT 

along [100] zone axis (Figure 2.7b) further confirmed the nanocrystals were single 

crystalline with anatase structure. These results indicate that the first stage of growth is 

the development of the cores. When the TBOT introduction amount changed from 1.0 mL 

to 2.0 mL, the resultant nanocrystals exhibited core-antenna morphology with two or 

three antenna rods at each end of the cuboidal shaped cores (Figure 2.7c). While the 

average diameter of the cores remained similar to that of the typical core-antenna 

nanocrystals synthesized with 1.0 mL TBOT, the lengths of the rods on each core varies, 

suggesting that they were grown at different stages. The HRTEM image taken at the 
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junctions of the core and antennas of a typical such nanocrystal (Figure 2.7d) revealed the 

newly formed nanorods were also epitaxially grown on the core, while the corresponding 

FFT pattern confirmed the core-antenna nanocrystal still maintained single-crystallinity. 

The seed-mediated growth can be divided into three steps: (1) formation of Ti-O 

molecular species by sol-gel esterification reaction; (2) diffusion of the as-formed Ti-O 

species to the nanocrystal-solvent interface; and (3) deposition reaction of the Ti-O 

molecular species to the surface of TOB seed nanocrystals. The crystal growth pathway 

should be described as a successive <001> unidirectional growth process with several 

stages (Figure 2.8). In the early stage, the <001> advancement took place primarily by 

epitaxial growth on {101} facets and resulted in the formation of ellipsoidal and cuboidal 

cores. Typically, large seed nanocrystals appeared to be ellipsoidal as the overgrown TiO2 

was relatively small so the seed nanocrystals did not vary significantly from their original 

TOB shape, while smaller seeds experienced more significant overgrowth and tended to 

transform to cuboidal structures. While the fast growing {101} facets were gradually 

consumed due to overgrowth, monomers produced by further introduction of TBOT were 

subsequently deposited to the secondary fast growing {001} facets, and therefore caused 

the surface nucleation and evolution of nanorods. The reaction condition, which was 

adapted from pure nanorod synthesis, supported preferential one-dimension growth of 

TiO2 into nanorod antennas. Consistent with the classic anisotropic nanocrystal growth 

governed by kinetic control and selective ligand adhesion,[10] the diameter of the as-

formed nanorods was found to be in the same range of as that of the pure TiO2 nanorods 

prepared under similar reaction condition. When the precursor concentration was 
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relatively low, the area of {001} tips of the overgrown TOB nanocrystals was 

considerably small which could support the growth of only one nanorod. Under the 

condition where extensive overgrowth was possible, the areas of the {001} tips were 

larger so that two or more nanorods could be formed on one tip. 

Although according to the law of Donnay and Harker,[168, 169] {001} facets of 

anatase TiO2 have higher surface energy than {101}, such a rule is only valid for crystals 

with clean surfaces. For colloidal nanocrystals, they are covered with organic ligands 

which can dramatically change the relative surface energy of the crystal facets. In the 

standard reaction for growing anatase nanorods, OA molecules as capping ligands can 

selectively adhere to some facets and reduce their tendency of growth.[58] It was 

believed that the growth of the side facets of the nanorods was inhibited, although the 

details of these side facets was not clearly identified in previous reports.[163] Base on 

literature and our own HRTEM studies, there appears to be no well defined facets on the 

sides of the nanorods, making us believe that the sides are covered with a combination of 

very small facets that are stabilized by the capping ligands. This however remains to be 

an interesting topic for further in-depth studies. 
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Figure 2.6 The effect of heating time on the morphology of the core-antenna nanocrystals. 

(a, b) TEM images of the core-antenna nanocrystals synthesized (a) right after the 

complete addition of precursor solution and (b) with 1 hour of additional heating at 

270 °C. Scale bar = 100 nm. (c) Plot showing the dependence of the length of antenna 

nanorods on additional heating time. Reprinted from ref. 167. 
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Figure 2.7 TEM and HRTEM images of nanocrystals synthesized with (a, b) 0.5 mL and 

(c, d) 2.0 mL of TBOT under the typical conditions. Insets in (b) and (d) are the 

corresponding FFT patterns (along [100] zone axis). The arrows in d) indicate the <001> 

direction. Reprinted from ref. 167. 
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Figure 2.8 Schematic illustration showing the growth pathway of core-antenna 

nanostructures from TOB-shaped seeds. Reprinted from ref. 167. 
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During the initial overgrowth stage in the current synthesis, {101} facets actually 

grew faster so they quickly varnished, leaving the nanocrystals covered with relatively 

lower energy side facets and {001} tip facets  a condition similar to that of pure 

nanorod synthesis. Further growth on such seed crystals can only occur on the {001} 

faceted tips, producing the core-antenna structures. The <001> advancement from TOB 

seed nanocrystals started from deposition of Ti-O molecular species on both {001} and 

{101} facets and caused shape transformation of the seeds from TOB to ellipsoids or 

cuboids. When {101} facets were eliminated and sufficiently large {001} were produced, 

dominant growth would be along <001> direction and therefore formed nanorod 

antennas.[170] 

To rule out the possible effect of the fluorine doping in the TOB seeds to the seed-

mediated growth reaction, rhombic anatase TiO2 nanocrystals were synthesized via a 

solvothermal reaction in nonpolar solvent without the presence of fluorine and then used 

as the seed nanocrystals.[164] This type of nanocrystals was chosen since they have 

similarity to the typical TOB nanocrystals. Firstly, they were both synthesized in 

nonpolar solvent and possess hydrophobic surfaces. Second, they were similar in 

morphology, both in size and shape. Figure 2.9a is a typical TEM image for the anatase 

TiO2 nanocrystals synthesized without fluorine. The nanocrystals were clearly enclosed 

by well-defined facets with a rhombic shape. The average length of the nanocrystals is 

18.7 nm (ranging from 12 to 25 nm) and the average diameter is 7.4 nm (ranging from 5 

to 10 nm). High resolution images (2.9b, c) further confirmed that the nanocrystals were 

mainly enclosed by {001} and {101} facets. The seed-mediated growth was performed 
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under the same condition as for the typical TOB seed nanocrystals. OA was still used as 

both the solvent and the capping agent. According to the TEM and HRTEM images of the 

resultant nanocrystals (Figure 2.9d-f), the products also adopted the core-antenna 

morphology and the growth is along the <001> direction, consistent with the growth 

behavior with the TOB seeds. There were slight differences in morphology, including the 

shape of the core, the number and the diameters of antenna rods, between the 

nanocrystals synthesized from the rhombic seeds and TOB seeds, mostly due to the 

differences in the size and shapes of the seed nanocrystals and the precursor/seed ratio. 

Nevertheless, the formation of nanorod antennas through unidirectional growth along 

<001> direction is a consistent growth behavior for both the TOB nanocrystals and the 

fluorine-free rhombic seed nanocrystals, so it can be concluded fluorine does not make 

major contributions to the seed-mediated growth process. 
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Figure 2.9 TEM and HRTEM images of (a-c) rhombic anatase TiO2 nanocrystal seeds 

and (d-f) the resultant nanocrystals after seeded growth. Reprinted from ref. 167. 
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2.4.3 Control the growth by manipulating the growth kinetics 

As with many colloidal pyrolysis syntheses, the kinetics plays an important role in 

determining the exact morphology of the final products. Hereby, we realized control over 

reaction kinetics by changing the TBOT introduction rate. As the diffusion of Ti-O 

molecular species to the nanocrystal surface is the rate-limiting process, the introduction 

rate of TBOT determines the concentration of monomer species, which has proven to be 

crucial for the growth behavior of other nanorods in prior studies.[171] A higher 

concentration of Ti-O monomers is therefore expected to promote the anisotropic growth 

of the nanorods. 

Figure 2.10 illustrates the morphology of the nanocrystals produced with 2.0 mL 

TBOT at the introduction rate varying from the typical 4.0 mL/h to 1.0 mL/h (Figure 

2.10a), 2.0 mL/h (Figure 2.10b), 3.0 mL/h (Figure 2.13a), 6.0 mL/h (Figure 2.10c), and 

instant injection (Figure 2.10d). As shown in Figure 2.10a,b and 2.13a, when decreasing 

the TBOT introduction rate, the nanorods grown on the core exhibited a decrease in 

anisotropy since the diameter of the nanorod increased (4.4 nm in Figure 2.10a, 3.6 nm in 

Figure 2.10b and 3.2 nm in Figure 2.13a compare to 3.0 nm in Figure 2.7c) while the 

length decreased (the average length of the longest rod on the core decreased from 33.6 

nm in Figure 2.7c to 20.1 nm in Figure 2.10a, 26.2 nm in Figure 2.10b and 31.4 nm in 

Figure 2.13a). At the same time, it can be observed that there were only one or two 

nanorods on each end of the core of nanocrystals demonstrated in Figure 2.10a, while in 

both Figure 2.10a and 2.10b, most of the cores have been fully developed into cuboids 

structure. In contrast, an increase in TBOT introduction rate will result in increase in 
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anisotropy of the growth. The nanocrystals synthesized with the TBOT introduction rate 

of 6.0 mL/h showed three or more antenna rods on each end of the core (Figure 2.10c), 

with the length of the nanorods increased (the average length of the longest rod increased 

to 50.1 nm) and the diameter decreased (the average diameter was 2.8 nm) compared 

with samples made with lower TBOT introduction rates. Meanwhile, the cores majorly 

remained as bipyramidal morphology instead of fully developing into cuboids. Figure 

2.10e summarized the influence of TBOT feeding rate on the lengths and diameters of the 

antenna rods and the plot clearly proved the kinetic effect on the morphology control in 

the seed-mediated growth. In the case of quick injection of TBOT, since the Ti-O 

concentration got too high, self-nucleation occurred so that free nanorods were the major 

products. Nevertheless short nanorod antennas could still be observed on each 

bipyramidal core (Figure 2.10d). 
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Figure 2.10 The effect of TBOT feeding rate on the growth behavior. (a-d) TEM images 

of resultant nanocrystals with introduction rate at (a) 1.0 mL/h, (b) 2.0 mL/h, (c) 6.0 

mL/h, and (d) quick injection. Scale bar = 50 nm. (e) Change of length, diameter of the 

longest antenna nanorods with the change of the TBOT feeding rate. Reprinted from ref. 

167. 
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This series of experiments proved that the extent of rod growth can be controlled 

by changing TBOT introduction rate, which significantly affected the monomer 

concentration, and was reflected on the anisotropy of the antenna nanorods as well as the 

shape of the cores. The anisotropy of the rods decreased with the reduction in TBOT 

introduction rate and vice versa. The cores tended to develop into cuboids when the 

introduction rate was low while remained as bipyramidal shape when the rate was high. 

This is consistent with our general understanding of the growth behaviors: at a low 

monomer concentration, the {101} facets can grow more extensively to change the shape 

of the cores as the driving force for nanorod formation was low, while a high monomer 

concentration could drive the epitaxial growth of nanorods at a much earlier stage when 

no significant deposition has occurred on the core surface. These results clearly 

demonstrate the advantage of the seed mediated growth process in controlling the number, 

length and diameter of the antenna rods of the core-antenna nanocrystals. 

2.4.4 Growth on seeds with different shapes 

The above-demonstrated syntheses have indicated the directional epitaxial growth 

of nanorods on seeds along the <001> direction. As the growth is limited by how large 

the {001} surface of the seed nanocrystal is, it is expected by enlarging or shrinking the 

{001} surfaces of seed nanocrystals, tunable amount of aligned nanorod antennas can be 

fabricated and core-antenna nanocrystals with complex morphology could be created. 

Here we choose two types of nanocrystals to represent the two extreme cases of seeds 

with small and large {001} surfaces – anatase TiO2 nanorods and square-shaped 

nanoplates.[161, 162] Both of them were synthesized from nonaqueous sol-gel pyrolysis 
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methods according to previous reports and therefore possessed hydrophobic surfaces and 

could accommodate the seed-mediated growth at later stages. 

Figure 2.11a shows the TEM images of the original nanorod seeds, which are 43 ± 

8 nm in length and around 3 nm in diameter. As described in the last section, the 

longitudinal direction of the nanorods was <001>.[151, 162] This represents the case with 

an extremely small {001} surface area (maximum of 3 × 3 nm2) as compared to TOB 

nanocrystals whose possible {001} surface area is at the scale of 8 × 8 nm2. As no 

extensive overgrowth can occur from the sides, the epitaxial growth on each small {001} 

tip is expected to produce only one nanorod antenna, which is effectively elongating the 

original nanorod. This is confirmed by the TEM images of the nanocrystals after growth 

(Figure 2.11b). Overall, the nanocrystals after the growth were still in rod morphology 

and the length of these nanorods significantly increased to 95 ± 21 nm, which clearly 

proved that the overgrowth of TiO2 adopted the <001> directional seed-mediated growth 

pathway. 

An opposite case to a nanorod seed is a TiO2 nanoplate which can provide much 

larger {001} surfaces for antenna rod growth. The square-shaped nanoplates were 

synthesized by pyrolysis of TiF4 in the existence of oleic acid and long carbon chain 

alcohol. In addition to fluorine, long carbon chain alcohol can further assist the expansion 

of {001} surfaces of anatase TiO2. Thus, the product nanocrystals exhibit nanoplate 

morphology with major exposing facet to be {001}. As shown in Figure 2.12a, b, the 

square-shaped nanoplates are with an edge length of 40 ± 5 nm and a thickness around 3 

nm. Therefore, in this case, the {001} surface area could reach as large as 40 × 40 nm2. 
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Compared to TOB nanocrystals, the nanoplates have a much larger {001} surface.  As 

shown in Figures 2.12c, d, an array of antenna nanorods were formed on each side of the 

nanoplates after performing seed-mediated growth, producing a brush-like morphology. 

Most of the brush structures appear to stand on the edge of the original nanoplates 

because the side became effectively larger after the overgrowth of antenna nanorods and 

subsequently more stable in terms of gravitational potential energy. It was found that the 

thickness of the nanoplate cores slightly increased to around 5 nm, indicating certain 

amount of overall deposition on the {001} facets. Similar to the previous broom-like case, 

the density and length of nanorods on the nanoplates could be tuned by controlling the 

amount of TBOT introduced to the seed-mediated growth reaction. When a small amount 

of TBOT (0.5 mL) was used, as shown in the TEM image of the resultant nanocrystal in 

Figure 2.12c, e, the antenna nanorods were loosely packed on the nanoplates with a 

relatively short length. With 1.0 mL TBOT, both the density and length of the antennas 

increased (Figure 2.12d). Since the antenna rods were vertically standing on the surface 

of the nanoplates, which correspond to the {001} facets, it can be determined the antenna 

nanorod also kept <001> growth direction. 
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Figure 2.11 Growth of TiO2 nanorods on nanorod seeds. (a) TEM image of anatase TiO2 

nanorod seeds. (b) TEM image of the elongated nanorods after seeded growth. Scale bar 

= 50 nm. (c) Schematic illustration of the growth behavior. Reprinted from ref. 167. 
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Figure 2.12 Seed-mediated growth of TiO2 nanorods on square-shaped nanoplates. (a, b) 

TEM images of nanoplate seeds horizontally lying (a) and vertically stand (b) on the 

grids. (c, d) TEM images of brush-like nanocrystals produced by addition of 0.5 mL (c) 

and 1.0 mL (d) of TBOT. (e) Schematic illustration of the growth behavior and 

representative brush-like nanocrystals imaged at different orientation. Reprinted from ref. 

167. 
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2.5  Photocatalytic performance of anatase TiO2 nanocrystals with different 

shapes[167] 

The seed-mediated epitaxial growth has the advantage of high flexibility and 

predictability in designing complex nanostructures with desired configuration, thus 

allows convenient optimization of their properties. As a demonstration, we systematically 

investigated the photocatalytic performance of anatase TiO2 nanocrystals with different 

shapes by using photocatalytic oxidation of rhodamine B by irradiation of UV light as a 

model system. We revealed that the core-antenna structures can be optimized to achieve 

high photocatalytic activities, significantly better than individual simple shape 

nanocrystals. 

2.5.1 Phase transfer of nanocrystals 

Different types of anatase TiO2 nanocrystals were first transferred from non-

aqueous solvents to water by a pre-established method, in which TMAH was used as 

phase-transfer agent to make nanocrystals dispersible in water.[164, 165] As a strong base, 

TMAH slightly etches the surface of TiO2 nanocrystals and render it a relatively high 

density of hydroxide groups. The core-antenna morphology of the nanocrystals remained 

after phase-transfer. As an example, Figures 2.13a,b demonstrate the morphology of the 

typical broom-like core-antenna nanocrystals prepared with addition of 2.0 mL TBOT at 

the rate of 3.0 mL/h before and after phase transfer, proving that the phase transfer 

process did not significantly disturb the core-antenna morphology. Comparing the FTIR 

spectra of the nanocrystals before and after phase transfer (Figure 2.13c), it is clear that 

the peaks from –CH2- asymmetric and symmetric stretching modes (2926 cm-1 and 2850 
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cm-1) and –COO- symmetric and antisymmetric vibration modes (1520 cm-1 and 1430 cm-

1) disappeared after phase transfer, which proved the removal of oleic acids capping layer. 

The FTIR spectrum for the sample after phase transfer also display an extra peak at 1487 

cm-1, which corresponds to asymmetric deformation of -CH3 in TMA+, suggesting the 

presence of TMAH molecules around the nanocrystals. 

2.5.2 Photocatalytic activities of nanocrystals with different shapes 

Figure 2.14a demonstrated the photocatalytic activities of anatase TiO2 nanoplates, 

nanorods and brush-like core-antenna nanocrystals. When pure original nanoplates or 

nanorods were applied as catalysts, after 25 min of UV-light illumination, only 40% and 

30% of the dye was degraded. In comparison, the brush-like core-antenna nanocrystals 

derived from nanoplates with different amounts of TBOT addition showed consistently 

improved performance: For catalysts synthesized with increasing amount of TBOT from 

0.2 mL to 1.5 mL, the percentage of dye degradation increased from 66% to 91% after 25 

min of UV-light illumination. The photocatalytic activities of TOB nanocrystals and 

broom-like nanocrystals are also shown in Figure 2.14b. The performance of TOB 

nanocrystals was found to be superior to pure nanorods and nanoplates and the broom-

like nanocrystals grown from TOB nanocrystal seeds displayed higher catalytic 

performance than brush-like nanocrystals. Comparing the performance of broom-like 

nanocrystals grown from different conditions, it is found the best performance was given 

by the one synthesized under the moderate TBOT introduction rate (3 mL/h), which is 

slightly better than that of the commercial P25. After light illumination for 5 min, this 

broom-like nanocrystal catalysts decomposed 73% of the dye compared to 66% by the 
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commercial P25, while both catalysts were able to completely decompose the dye within 

25 min. Broom-like nanocrystals synthesized under higher or lower TBOT introduction 

rate are less powerful in the degradation reaction, but all of them showed improved 

performance than the seed TOB seed nanocrystals. 

As is well known, the photocatalytic activity of anatase TiO2 nanocrystals is 

governed by factors including their crystallinity, surface area and exposed facets. Our 

previous study has revealed the size of the anatase TiO2 crystal grain as well as the 

surface area has a significant effect on the photocatalytic activity of mesoporous TiO2 

shells.[136, 137] With the increase of the grain size from 4.3 to 12 nm, the catalytic 

activity monotonically increases, which indicates an optimal size of crystal grain is 

desired for obtaining the best photocatalytic activity of anatase TiO2. Regarding the facet 

effect on photocatalytic performance, although still under debating, it is generally 

accepted that the photocatalytic activity of the {100} facets are higher than that of the 

commonly produced {101} and {001} facets.[143, 147] 

Pure nanorods are one-dimensional nanocrystals with lateral dimensional less 

than 3 nm. This size limitation prevents them to be optimal for photo-oxidation. This 

problem may also limit the square-shaped nanoplates as their thickness is around 3 nm as 

well. Besides, the major exposing {001} facets of square-shaped nanoplates are not 

beneficial for high photocatalytic activity. These limitations however were relieved in 

brush-like core-antenna nanocrystals. When TiO2 nanorods were vertically grown onto 

the nanoplates, the lateral dimension of the nanocrystal significantly increased since not 

only the thickness of the core increased but there existed vertical standing nanorod which 
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can further change the dimension. On the other hand, the growth of nanorod decreased 

total area of the {001} facets in the nanocrystals. In addition, the formation of nanorod 

antenna array on the nanoplate was expected to increase the surface area of the system, 

which was reflected by the charge density of the nanocrystals as the surface was covered 

by hydroxide groups resulting from TMAH etching. Compared to the pure nanoplates, 

brush-like nanocrystals have a higher zeta potential (-53 to -68 mV for brush-like 

nanocrystals and -49 mV for nanoplates). These advantages of the brush-like core-

antenna nanocrystals are consistent with their higher photocatalytic activity than that of 

the pure nanoplates and nanorods. 

TOB-shaped nanocrystals have a better catalytic performance over nanorods and 

nanoplates as their size in all the dimensions is between 8.0 to 14.5 nm while the exposed 

facets are a combination of {001} and {101} facets. Thus, it provides a better platform 

for improving photocatalytic activity by further seed-mediated growth. After seed-

mediated growth, broom-like nanocrystals were produced. According to our analysis, the 

shape transformation resulted in increase of the size of the core to the range from 9.8 to 

19.5 nm and the elimination of {101} facets as well as formation of reactive {100} facets. 

Similar to the case of brush-like nanocrystals, the epitaxial growth of antenna nanorods 

also increased the surface area of the nanocrystals and was reflected by the decrease of 

zeta-potential from -45 mV for TOB nanocrystals to -51 to -57 mV for broom-like 

nanocrystals. Thus, it is reasonable that the transformation of the core and the evolution 

of antenna synergistically improved the photocatalytic performance of the nanocrystals in 

exceeding the performance of commercial P25. From our results, it is also concluded the 
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best photocatalytic performance can only be achieved when antenna nanorods were in 

optimized dimensions. When the antenna nanorods were thick and short, the increase of 

surface area was not extensive. In contrast, when the antenna nanorods were thin and 

long, it is expected part of the antenna nanorods behaved similar to pure nanorods in 

photocatalysis since the end of the antenna rods was far from the core-antenna junction, 

thus decrease the photocatalytic activity. 

These results clearly demonstrated that the seed-mediated growth method could 

provide great opportunities to rationally craft the morphology of TiO2 nanocrystals into 

complex core-antenna structures. The dramatically improved photocatalytic activity 

compared to the nanocrystals with simple structures also proved the significance of the 

synthetic methodology developed in this work. 
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Figure 2.13 Phase transfer of core-antenna nanocrystals (a) TEM image of the typical 

broom-like nanocrystals prepared with addition of 2.0 mL TBOT at the rate of 3.0 mL/h. 

(b) TEM image of broom-like nanocrystals after phase transfer to water. Scale bar = 50 

nm. (c) FTIR spectra of nanocrystals before and after phase transfer. Reprinted from ref. 

167. 
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Figure 2.14 The photocatalytic activity of anatase TiO2 nanocrystals with different 

morphologies. (a) Change of RhB concentration versus UV irradiation time when 

nanorods, nanoplates, brush-like TiO2 nanocrystals synthesized by addition of different 

amount of TBOT and commercial P25 were used as the catalysts. (b) Change of RhB 

concentration versus UV irradiation time when TOB nanocrystals, broom-like TiO2 

nanocrystals synthesized by addition of 2 mL of TBOT at different addition rate and 

commercial P25 were used as the catalysts. Reprinted from ref. 167. 
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2.6 Conclusions 

In summary, a systematic study on shape control synthesis of anatase TiO2 

nanocrystals and their application in photocatalysis has been demonstrated in this chapter. 

We first realized synthesis of nanocrystals with TOB shape by use of fluoride ions as 

shape directing agent. With the presence of NaF in the nanorods suspensions in OA, the 

anatase nanorods can be transformed to faceted octahedral bipyramidal nanocrystals. The 

crystallinity of the nanocrystals after chemical transformation remained as anatase TiO2. 

An etching-redeposition is believed to provide the pathway for the chemical 

transformation. A combination of NaF and OA at high temperature is expected to produce 

HF which is capable to etch smaller TiO2 nanorods and produce titanium molecular 

species. As the concentration of these molecular monomers increases, they can be 

redeposited on the larger nanorods and form faceted nanocrystals under the direction of 

fluorine ions. Fluorine ions can also be employed as shape directing agent during the 

nucleation and growth of TOB-shaped nanocrystals. In this case, NaF was added to the 

reaction mixture at the beginning of the synthesis. As the result, TOB-shaped 

nanocrystals with better size uniformity and larger high energy {001} facets can be 

produced. The presence of fluorine ions also led to doping of fluorine in anatase TiO2, 

which was confirmed by XRD study of the aliquots during the synthesis as well as the 

characterizations of the products by UV-vis absorption and XPS measurement of the 

products. The fact of fluorine doping is potentially helpful for improving the 

photocatalytic activity of the synthesized anatase TiO2 under visible light irradiation. 
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In order to create anatase TiO2 nanocrystals with higher structural complexity in 

controllable manners, a synthesis strategy based on seed-mediated growth method was 

developed. In this synthesis, faceted anatase nanocrystals with different shapes were first 

prepared as seeds. Then, the growth reaction adopted a reaction condition similar to 

nanorods synthesis but at a lower temperature with the existence of seeds. By using this 

synthesis method, anatase TiO2 nanocrystals with core-antenna structures can be 

synthesized. Structural analysis revealed the growth to be a seed-mediated epitaxial 

growth along <001> directions and the growth kinetics can further be controlled by 

changing the reaction parameters such as TBOT introduction rate. By changing the shape 

of the seeds from TOB-shape to nanorods or nanoplates, the final product of the synthesis 

can also changes accordingly to elongated nanorods or brush-like nanocrystals. Therefore, 

theoretically, core-antenna nanocrystals can be tuned to arbitrary morphology by control 

the shape of seeds and the reaction conditions during the overgrowth. 

The developed synthesis strategies towards shape control of anatase TiO2 

nanocrystals enabled production of anatase TiO2 nanocrystals with predictable structures 

and allowed convenient optimization of their photocatalytic properties. Nanocrystals with 

different shapes were first transferred to aqueous phase and their photocatalytic 

performances were evaluated by use photocatalytic oxidation of rhodamine B under UV 

irradiation as model reaction. It was found the nanocrystals with core-antenna structure 

showed superior performance than individual cores and antennas and core-antenna 

nanocrystals synthesized from TOB-shaped seeds and appropriate lengths and diameters 

showed the best performance which is slightly better than the commercial P25. 
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We believe our study on the shape control synthesis of anatase TiO2 nanocrystals 

could further benefit other TiO2 nanocrystal-based energy applications such as hybrid and 

dye-sensitized solar cells by rational design and production of TiO2 nanostructures with 

desired morphologies and structural configurations. 
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Chapter 3 

Reversible One-Dimensional Assembly of Charged Gold 

Nanoparticles and Its Applications 

 

3.1 Introduction 

Nobel metal colloidal nanostructures such as gold and silver attracted intensive 

research interests because of their unique optical properties caused by localized surface 

plasmon resonance (LSPR).[6, 80, 172-174] Surface plasmon resonances are coherent 

oscillations of the surface conduction electrons excited by electromagnetic radiation 

(Figure 3.1a). In the case of light-metal particle interactions, when incident light interacts 

with particles much smaller than the light wavelength, the conduction electrons can only 

oscillate locally with a certain frequency known as LSPR due to the confinement of the 

materials. Consider the optical property of a spherical plasmonic nanoparticle by the 

classical Mie theory, in the electrostatic dipole regime, the extinction cross section of a 

metallic particle can be described as[80]: 
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where εr and εi are the real and imaginary parts of dielectric constant of the particle, εm is 

the dielectric constant of the medium, and a, χ are the size of the particle and shape factor 

respectively. It is clear that the optical property of plasmonic nanoparticles is strongly 
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dependent on not only the dielectric properties of both the particles themselves as well as 

the surroundings, but also the size and shape of the particles.  

 Noble metal nanostructures with tunable plasmonic properties can benefit various 

applications. The most widely studied application topics for them include chemical 

sensing and photothermal therapy.[172, 174, 175] As an example, plasmonic 

nanoparticles are known to be beneficial for chemical sensing by Raman spectroscopy 

due to the electromagnetic enhancement of Raman signal.[80, 172, 176, 177] In order to 

optimize the enhancement effect, plasmon tuning of the nanostructures are needed. It was 

reported if the LSPR wavelength of the plasmonic nanostructure can be tuned to fall 

between the Raman excitation and scattering wavelengths, the enhancement can get 

maximized.[172, 178] In general, there are two types of strategies that can efficiently 

control the plasmonic properties of noble metal nanostructures – control the size, shape, 

composition of the nanostructures, or control the assembly of the nanostructures. 

Manipulation of plasmonic properties by tuning of the size, shape and 

composition of noble metal nanostructures has been intensively studied. Gold and silver 

nanoparticles with controllable size in a large range have been synthesized with different 

methods and demonstrated tunable UV-vis absorption property.[33, 34, 39] The shape of 

the nanostructure is even more sensitive than the size change. When the shape of the 

nanostructures is anisotropic, the surface plasmons are unevenly distributed and the 

resonance splits into multiple modes.[179, 180] For nanorods, the plasmon resonance 

splits to a transverse mode and a longitudinal mode. In the case of nanoplates, there exist 

in-plane and out-of-plane dipolar and quadrupolar modes. Practically, the synthetic 
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strategies towards these nanostructures have been readily developed and enable 

production of noble metal nanostructures with controlled plasmonic properties.[20, 48, 70] 

Naturally, the composition of the plasmonic nanostructures also play an important role in 

control their plasmonic properties. Recenty, development of synthesis has enabled 

production of plasmonic nanostructures with multi-component such as core-shell 

nanostructures and alloys. These nanostructures exhibit novel plasmonic properties that 

nanostructures with single component cannot be achieved.[181, 182] 

Another type of plasmon tuning of noble metal nanostructures is to control the 

assembly of these nanostructures into ordered structure. As introduced in Section 1.3, 

assembly of nanoparticles into ordered structures will induce collective properties. 

Particularly for plasmonic nanoparticles such as gold and silver, assemblies of these 

nanoparticles show distinctive optical properties from individual nanoparticles due to the 

near field coupling of adjacent particles including shift of plasmonic peaks and 

generation of “hot-spots” for enhanced Raman scattering.[176, 183-186] Consider the 

simplest case of two interacting plasmonic nanoparticles. The two nearby dipoles will get 

coupled and the interaction energy V is depend on the magnitude of dipoles of the two 

particles p1, p2 and the interparticle distance r:[184] 

3

21

r

pp
V   (3.2) 

When the interparticle distance is small, the interaction energy will be strong and 

affect the plasmon resonance frequency. When the two dipoles are longitudinally aligned, 

it corresponds to the lower energy resonance mode and result in the evolution of a strong 

red-shifted plasmonic peak. When there are more than two interacting particles, the 
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plasmon coupling becomes more complicated. Theoretically, by control the assembly 

structure, the optical property of the plasmonic nanoparticles can be manipulated.[184, 

187] 

Of particular interest is the reversible assembly of such plasmonic nanostructures, 

which is expected to enable dynamic tuning of the surface plasmon coupling in response 

to the external stimuli, and therefore produce active optical materials for applications 

such as color signage, bio- and chemical detection, and environmental sensing.[113, 114, 

188-190] However, in spite of extensive studies in the nanoparticle assembly [95, 185, 

191-195], it remains a great challenge to develop stimuli responsive assembly and 

disassembly of colloidal metal nanostructures with reversibly tunable plasmonic 

properties.  In the few available reports for gold nanoparticles (AuNPs), some are 

designed to respond to pH, [186, 196-198] while others involve thermoresponsive 

polymers so that the systems are sensitive to temperature variation.[188, 199-201] 

From the structural point of view, one-dimensional assembly of nanoparticles is 

preferred for plasmon tuning as the high anisotropy can amplify the coupling effect and 

avoid cancelling out of coupling which may happens in isotropic assemblies. As the 

consequence, a strong coupling plasmon peak can be involved and will enable significant 

alternation of optical properties.[185, 202-205] In general, the magnitude of coupling gets 

strong when interparticle distance decreases and chain length increases (Figure 3.1b).[205] 

Compared to two and three-dimensional assemblies, [206-209] one-dimensional 

assemblies of isotropic nanoparticles are still only realized in limited cases and the 

formation mechanism is also not totally clear. It is due to the difficulties arising from 
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their preparation, which stem from the perception of the isotropic structure and spherical 

morphology of AuNPs. In the previous cases of one-dimensional assembly of AuNPs, 

although is still under debate, it is mostly accepted that the linear assembly is the result of 

a thermodynamic balance between various interparticle attractive and repulsive forces, 

such as van der Waals attraction and electrostatic repulsion, and it is mainly promoted by 

the relatively weaker electrostatic repulsion experienced by a AuNP during end-on 

attachment to an existing nanochain than that of side attachment.[202] The chain length 

of the assembly can be well controlled by manipulating the electrostatic repulsion 

through ionic strength and the dielectric constant of the surrounding aqueous media. We 

also reported recently that when AuNPs capped with bis(p-sulfonatophenyl)-

phenylphosphine (BSPP), the one-dimensional assembly process becomes 

reversible.[210] The linear chain structures of AuNPs form in a solution of water/ethanol 

mixture and addition of salt, and dissociate after the dilution or evaporation of ethanol. 

However, the mechanism of the reversibility was not clear until I start the following work 

on improving the understanding of the process of reversible assembly of charged AuNPs. 
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Figure 3.1 (a) Schematic illustration of interactions between light and plasmonic 

nanoparticles and induced localized surface plasmon resonance (LSPR). (b) The 

relationship between interparticle distance, chain length and plasmon coupling peak 

position in one-dimensional assembly of plasmonic nanoparticles. Adapted with 

permission from ref. 80 and ref. 205. 
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In this chapter, I will demonstrate a systematic study on theoretical and 

experimental realization of reversible one-dimensional assembly of charged gold 

nanoparticles and applications. In Section 3.3, I will discuss our theoretical 

understanding on the thermodynamics and kinetics of the one-dimensional assembly of 

charged AuNPs capped by BSPP by using thermoresponsive assembly and disassembly 

of these nanoparticles as a model system. In Section 3.4, an example of applications of 

the reversible assembly of AuNPs will be presented. In this study, gold nanoparticles 

chains are blended with polymers to form composite films. These films can be used as 

colorimetric stress memorable sensors as stress can induce the disassembly of the 

nanoparticle chains in the polymer. A brief summary will be made in Section 3.5 as the 

conclusion for this chapter. 

 

3.2 Experimental methods 

3.2.1 Chemicals  

Chloroauric acid trihydrate (HAuCl4·3H2O, 99.9+ %) was purchased from Acros 

Organics. Sodium citrate tribasic dihydrate (99%), bis (p-sulfonatophenyl) 

phenylphosphine dihydrate dipotassium salt (BSPP, 97%), and polyvinylpyrrolidone 

(PVP360, average mol wt 360,000) were purchased from Sigma-Aldrich. Sodium 

chloride (NaCl, 99%), Agarose, PEG-400 were from Fisher Scientific. 200-proof ethanol 

was purchased from Decon Laboratories, Inc. All chemicals were used as purchased 

without further purification. All solutions were prepared in deionized water (DI water, 18 

MΩ·cm) from a Milli-Q water purification system. 
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3.2.2 Synthesis and ligand exchange of AuNPs  

AuNPs were synthesized by following the classic Turkevich method with slight 

modifications.[211] Briefly, 95 mL of hydrogen tetrachloroaurate trihydrate solution 

(0.02%, w/w) was heated to reflux with magnetic stirring, followed immediately by 

addition of 5 mL of fresh trisodium citrate solution (1%, w/w). The aurate-citrate solution 

was allowed to reflux for approximately 20 min accompanying color change of the 

solution from pale yellow to wine red. The ligand exchange process was performed after 

the synthesis. In brief, after the AuNPs solution was cooled down to room temperature, 

0.5 mL of 40 mg/mL BSPP aqueous solution was added to the AuNPs solution and then 

gentlely stirred for overnight. Finally, the AuNPs were washed and collected by 

centrifugation and redisperse in deionized water. The concentration of the AuNPs 

solutions was kept at 10 times or 100 times (will be denoted as 10x and 100x AuNPs 

solution) of the original solution depending on the following experiments. Transmission 

electron microscopy (TEM) studies were carried out using a Tecnai 12 microscope with 

an accelerating voltage of 120 kV.  

3.2.3 Thermoresponsive assembly and disassembly of AuNPs  

Before the reversible assembly process, AuNPs were first mixed with agarose sol. 

To prepare the AuNP/gel sample, a solution containing 10x AuNPs (100 μL) was mixed 

sequentially with a BSPP solution (50 μL, 40 mg/ml), an 1 mL of agarose sol with 

various concentrations preheated at ~70°C, and then a NaCl solution (100 μL) with 

various concentrations. The mixture was transferred to a plastic cuvette after ensuring the 

homogeneity. The temperature-controlled reversible assembly and disassembly process 
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was performed in a temperature-controllable Varian Cary 500 double beam scanning UV-

Vis-NIR spectrophotometer using cuvettes with 1 cm optical length. UV-visible (UV-

Vis) spectra measurements of samples at different temperature were also collected. The 

samples were stabilized at defined temperatures (variation < 0.2°C) for 10 minutes before 

each measurement. Zeta potential measurements were performed using Delsa Nano C 

Particle Analyzer, with sample temperature being stabilized for 10 minutes before each 

measurement. 

3.2.4 Kinetics study 

 The preparation of AuNPs-agarose mixture was similar as described in 3.2.3 

except that the concentration of agarose maintained at 0.05% and the NaCl concentration 

maintained at 0.09 M. To prepare the sample with different initial stage, for all the 

experiments, the first step is to treat AuNPs at 40 °C for sufficient time to ensure the 

AuNPs were fully isolated, and subsequently cooled down to 5 °C with a rate of 2 °C/min 

and maintained for 5 min. Then, the assemblies were then partially dissociated to by 

heating the sample at to a desired temperature at the rate of 2 °C/min to obtain the initial 

stages. The final stage of the path dependent assembly was obtained by re-cooling the 

sample to 5 °C at the same rate and maintained for another 5 min.  

3.2.5 Studies on AuNPs-polymer composite films 

Assembly of AuNPs in water-enthanol mixture Assembly of AuNP chains was 

performed according to our previous work with slight modification. Typically, 3 μL of 

1.0 M NaCl aqueous solution and 900 μL of 200 proof ethanol were sequentially added 
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into a 100x AuNPs stock solution (100 μL). After gentle shaking, the suspension was 

allowed to stand for 1 h to enable the formation of AuNP chains. 

Fabrication of AuNPs-polymer composite films Typically, PVP (0.10 g, M.W. = 

360,000) and a desired amount of PEG were carefully mixed with the AuNP chain 

suspension (1 mL) to form a homogeneous mixture. The mixture was then drop cast onto 

a polydimethylsiloxane (PDMS) substrate and placed in a vacuum desiccator for 24 hours 

to allow the evaporation of ethanol. Solid films were then peeled off from the substrate 

and cut into small pieces of 3 mm2 with circular shapes using a homemade puncher. 

Compression tests Samples were loaded into a pressing die and constant forces were 

applied onto the die by using a compressor with a force gauge. The pressure applied on 

the sample was then calculated by dividing the force by the initial sample area. 

Characterizations of the composite film Optical absorption profiles of the films were 

measured using a Varian Cary 50 UV-Vis spectrophotometer. The area change of the 

sample was determined by taking digital images of the sample before and after the 

compression test with a ruler to reference the scale followed by measuring the size of the 

sample from the images. The thickness of the sample was measured using a micrometer. 

 

3.3 Theoretical study on reversible assembly of AuNPs 

In this section, the studies on improving the understanding on how to realize 

reversible assembly of AuNPs and their behaviors will be discussed. As introduced in 

Chapter 1, the major factor that governs the assembly behavior is the colloidal 

interactions. Herein, we will start with analysis of the colloidal interactions among 
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AuNPs. Based on this understanding, design and realization of thermoresponsive 

assembly and disassembly of AuNPs through the manipulation of the electrostatic 

interactions by temperature variation, and further show dynamic and reversible tuning of 

the surface plasmon coupling by controlling the temperature of the solution will be 

demonstrated. In addition, we will also present our study on the kinetics of the assembly 

process, which showed uniqueness of the kinetics in reversible assembly compared to 

those in irreversible ones. We believe we improved the understanding of the process of 

assembly and disassembly of AuNPs and enabled dynamic tuning of the surface plasmon 

coupling which is an important step towards the development of functional optical 

devices based on the interesting surface plasmon resonance of metal nanostructures. 

3.3.1 Thermodynamics of reversible assembly of AuNPs[212] 

As introduced in Section 3.1, although still under debate, it is generally accepted 

that the one-dimensional assembly of AuNPs is a result of competition of van der Waal 

attractions and electrostatic repulsions. Under certain circumstances, AuNPs will 

experience with a weaker electrostatic repulsion during end-on attachment to an existing 

nanochain than that of side-on attachment. The claim that most likely only the DLVO 

forces were involved in this case is because there is no direct evidence that AuNPs 

possess a permanent electric or magnetic dipole. Typically, AuNPs are in isotropic nature 

and Au-ligand interactions are not likely to break the isotropic symmetry of AuNPs as 

there is no evidence that the distribution of ligands is uneven. 

While the van der Waals attraction mainly depends on the properties of 

nanoparticles themselves such as density, shape and volume, the electrostatic interaction 
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depends on not only the surface properties of nanoparticles but also the properties of 

surroundings such as dielectric constant of solvent, ionic strength, pH, and 

temperature.[93, 195, 202] By disperse AuNPs in a NaCl aqueous solution with an 

appropriate concentration, it is expected the nanoparticles assembly and disassembly can 

be realized by control of temperature as the charge dissociation of divalent BSPP ligand 

is expected to be dependent on temperature. 

Experimentally, negatively charged AuNPs covered with BSPP ligands were 

synthesized by using the classic citrate reduction method followed by a ligand exchange 

process. According to the TEM image of AuNPs (Figure 3.2a), the average diameter of 

the monodispersed AuNPs is 15 nm. Then the AuNPs were dispersed in an aqueous 

mixture of 0.09 M NaCl and 2 wt% agarose at 70 °C. Cooling the sample down greatly 

increased the viscosity of the system and eventually converted the solution into a 

hydrogel when the temperature is below 40°C. By sweeping the temperature in the range 

of 40-5 °C, AuNPs can be assembled or disassembled, and show temperature dependent 

optical properties (Figure 3.3a). The sample at high temperature appeared ruby red, 

indicating a disassembled state, while at low temperature it turned to dark blue, 

suggesting a linear chain structures as described in earlier reports.[185, 202, 204, 210] As 

shown in the temperature dependent extinction spectra in Figure 3.3b, c, when 

temperature was lowered from 40 °C, the plasmonic peak originally at ~525 nm gradually 

decreased in intensity, while a shoulder at longer wavelengths started to develop and 

eventually evolve into a distinct peak at ~685 nm when the temperature reached 5 °C.  

This new peak represents a 1D longitudinal plasmon coupling between AuNPs, revealing 
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the chain structure of the assemblies.[185, 210, 213] The red-shift of the original 525 nm 

peak to about 560 nm is most likely because of the irregularity of the chain-like 

aggregates which results from the high salt concentration in our system.[214] The TEM 

image of the AuNPs assembly at low temperature prepared by freeze drying (Figure 3.2b) 

also confirmed the formation of chain structure. When the same sample was heated from 

5 °C back to 40 °C, the extinction spectra gradually change to the opposite direction and 

fully recover the single isotropic surface plasmon band, suggesting the disassembly of the 

chains into isolated nanoparticles (Figure 3.3c). It should be noted that the assembly and 

disassembly processes also occur to the AuNP solution containing no agarose. The 

presence of the agarose hydrogel network, however, helps to limit extensive chain 

growth, prevent precipitation of the assemblies, and ensure uniform distribution of the 

AuNPs in the sample, so that a consistent optical tuning can be achieved and 

recorded.[215, 216] 

To investigate the stability and reversibility of the system, a similar sample was 

prepared and cycled 9 times between 5 °C and 40 °C. As shown in Figure 3.4a, the 

recorded spectra essentially show two bands of nearly-overlapped curves correspond to 

extinction profiles at high and low temperatures respectively. Figure 3.4b plots the peak 

positions of the coupled surface plasmon band at 5 °C and the isotropic surface plasmon 

band at 40 °C, further demonstrating the complete reversibility of the thermoresponsive 

optical switching. Compared to the pH-responsive assembly systems, our system shows 

an impressive reversibility and reproducibility.[196, 198] 
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Figure 3.2 TEM images of (a) the as-synthesized charged AuNPs and (b) the chain-like 

AuNP assemblies prepared at 5°C in the presence of salt. To prepare the TEM sample of 

(b), a drop of AuNP assembly solution was supported on a carbon coated copper grid and 

then freeze-dried at a low temperature achieved using dry ice. Reprinted with permission 

from ref. 212. 
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Figure 3.3 The thermoresponsive tuning of plasmonic properties of charged colloidal 

AuNPs: (a) schematic illustration and photos showing AuNPs switching between the 

disassembled and assembled states in response to temperature changes, (b) the extinction 

spectra of a typical AuNP dispersion when cooled from 40°C to 5°C, and (c) the 

extinction spectra of the same sample when heated from 5°C back to 40°C. There is a 

5°C temperature difference between each neighboring spectrum. Reprinted with 

permission from ref. 212. 
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Figure 3.4 (a) The extinction spectra of a typical AuNP dispersion during 9 cycles of 

repeated heating (at 40 °C) and cooling (at 5 °C). (b) The repeated switching of 

plasmonic peak positions (isotropic peak at 40°C and coupling peak at 5°C) for nine 

cycles. Reprinted with permission from ref. 212. 
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Theoretically, whether nanoparticles are in assembled or disassembled states as 

well as the reversibility of nanoparticle assemblies should be determinable by examining 

the interparticle energy diagrams under specific conditions. If the interparticle energy 

minimum appears at a short interparticle distance, the assembled state is 

thermodynamically preferable; otherwise, the disassembled state is preferred.[93, 217] In 

this case, the total interaction energy of two interacting nanoparticles is the sum of 

electrostatic energy Velec, van der Waals potential energy VvdW and short-range repulsion 

energy VSR.[93, 202, 218] 

SRvdWelec VVVV
TOT

  (3.3) 

If we assume the particles are spherical, and consider the surface layer (ligand 

layer as well as hydration layer) with an average thickness of d, then the electrostatic 

interaction energy should be: 
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where εsε0 is the dielectric constant of the solvent, a is the the radius of the nanoparticle 

core, ψ0 is the surface potential of the particle, T is absolute temperature, r  is the distance 

between the neighboring particle centers.κ-1 is the Debye length which can be described 

as: 
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The van der Waals attraction should include 1) gold-gold, 2) gold-surface layer and 3) 

surface-surface interactions, in which the last two parts can be neglected if the surface 

layer is relatively thin. 
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   is the Hamaker coefficient of interacting gold nanoparticles in 

water[219] and arR / . 

 Combining the two major interactions commonly considered in the Derjaguin–

Landau–Verwey–Overbeek (DLVO) theory results in a net potential that is predicted to 

approach a value of negative infinity upon particle contact.[93, 218] Apparently, such an 

infinitely deep primary minimum is not consistent with the reversible assembly observed 

in this study.[220] Consider the sterically bulky structure of the BSPP ligands as well as 

the hydration force experienced by the interacting AuNPs, it is reasonable that short 

range repulsive interactions cannot be neglected when nanoparticles are begin to contact 

with each other and prevent the formation of infinitely deep primary minimum in the 

energy diagram.[221]. Without referring to the precise details of the short-range forces, 

we find it convenient to resort to the mean Born potential formulation developed 

previously for the examination of reversible coagulation or adsorption phenomena, as 

shown in Equation (3.8) 
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 in which c  is the collision diameter with a typical value of 0.5 nm[218, 222] and AS is 

the Hamaker coefficient of interacting surface layer in water and is assumed to be the 

same as the Hamaker coefficient of a typical hydrocarbon polymer: polystyrene in water 
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which is J20103.1  . The contribution from the gold-gold interactions can be neglected 

in this type of interactions due to the short range nature. 

According to Equation 3.4 and 3.5, electrostatic interaction is mainly affected by 

temperature, Debye length, dielectric constant of the solvent and particle surface 

potential. The first three parameters can be directly obtained or derived, while the particle 

surface potential in solutions with defined ionic strength and temperatures can be 

measured. Figure 3.5a shows the zeta potential values for AuNPs dispersed in a 0.09 M 

NaCl solution at four different temperatures, which was found to change from -64.3 mV 

to -43.3 mV with the decrease in temperature from 40 °C to 10 °C. The nearly linear 

increase in the magnitude of zeta potential with temperature is consistent with the results 

reported in literature, and it is often attributed to the changes in surface 

adsorption/desorption equilibrium, charge dissociation equilibrium, and the diffuse 

double-layer thickness.[223-226] Our calculation shows that the change in zeta potential 

with temperature leads to a prominent change of electrostatic energy.  With an assumed 

ligand layer thickness of 0.5 nm, Figure 3.5b plots the total interaction energy vs. 

interparticle distance, as calculated according to Equations 3.3 – 3.8. The energy 

diagrams show obvious differences for cases at different temperatures. The primary 

energy maximum, which plays a role as an energy barrier for the assembly process, 

gradually vanishes with decreasing temperature. At the same time, an energy well at ~1.3 

nm gradually evolves, which is in favor of a stable assembled state. This result is in 

agreement with experimental observations that a disassembled or isolated state is 

energetically favored for AuNPs at higher temperatures such as 40 °C; while at low 
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temperatures such as 10 °C or lower, AuNPs can stay in the assembled state due to the 

presence of the well-defined energy well.  Meanwhile, the considerably shallow energy 

well at low temperatures (< 4 kT) is critical for the reversible assembly-disassembly 

processes.[227] 

As the ionic strength of the solution has a profound effect on electrostatic 

interactions, it is expected the salt concentration plays an important role in governing the 

particle interaction energy and therefore the assembly behavior. Figure 3.6 compares the 

extinction spectra of the samples with lower (0.05 M) and higher (0.13 M) NaCl 

concentrations relative to the typical value (0.09 M) that we tested.  At a low salt 

concentration, no extensive assembly of AuNPs occurred, resulting in a coupling 

absorption band that appeared only as a shoulder even at 5 °C. At a high salt 

concentration, assembly of AuNPs was difficult to prevent, with a coupling absorption 

band prominent even at high temperatures such as 40 °C. The zeta potential of the 

nanoparticles dispersed in these two different salt concentrations at different temperatures 

also changes accordingly. When NaCl concentration was at 0.05 M, the value of zeta 

potential of the nanoparticles slightly increased compared to the typical case, ranging 

from -44 mV to – 66 mV between 10 °C and 40 °C. In contrast, when NaCl concentration 

increased to 0.13 M, the value of zeta potential of the nanoparticles decreased compared 

to the typical case, ranging from -39 mV to – 58 mV between 10 °C and 40 °C. 

Calculation of the particle interaction energy for the case of low salt concentrations by 

using the measured zeta potential values suggests that even though distinct energy wells 

form throughout the entire temperature range, the overall positive interaction energy and 
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the high primary energy maximum make it difficult to form assemblies (Figure 3.6c). In 

the case of high salt concentrations, a small interparticle distance is energetically 

preferable, as suggested by the considerably deep energy wells in the calculated particle 

interaction energy diagram in Figure 3.6d, suggesting a significantly higher tendency to 

assemble. 

The concentrations of both nanoparticles and agarose have been found to affect 

the extent of the AuNP assembly and consequently the plasmonic properties (Figure 3.7).  

When other parameters are fixed, the variation in the concentration of AuNPs changes the 

average size of the assemblies, as expected from the mass action kinetic analysis.[228] 

When assembled at 5 °C, the coupled plasmonic peak red shifts more and show 

continuously increasing intensity at higher AuNP concentrations. The concentration of 

agarose does not significantly affect the optical property of the AuNPs in the 

disassembled form at high temperatures, however, it changes the average chain length 

during the assembly of AuNPs because the gel density determines the local availability of 

AuNPs. As a result, the coupled plasmonic peak shifts to longer wavelengths when the 

particles are assembled at 5 °C in a diluted agarose solution. Because a higher agarose 

concentration is beneficial to maintaining the stability of AuNP assemblies against 

precipitation from the solution, we found 2 wt% to be a good compromise between the 

plasmon shift and the stability against precipitation. 
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Figure 3.5 (a) Zeta potential vs. temperature plotted for colloidal AuNPs in 0.09 M NaCl 

aqueous solution. (b) Interparticle energy vs. interparticle distance plot of AuNPs in 0.09 

M NaCl aqueous solution. Reprinted with permission from ref. 212. 
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Figure 3.6 The extinction spectra measured at 40 °C and 5 °C for AuNP dispersions 

containing (a) 0.05 M and (b) 0.13 M of NaCl, and the plots showing the interparticle 

energy vs. separation calculated for various temperatures for AuNP dispersions 

containing (c) 0.05 M and (d) 0.13 M of NaCl. Reprinted with permission from ref. 212. 
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Figure 3.7 (a, b) The extinction spectra of samples with different AuNPs concentration at 

(a) 40 °C and (b) 5 °C. (c, d) The extinction spectra of samples with different agarose 

concentration at (c) 40 °C and (d) 5 °C. Reprinted with permission from ref. 212. 

 

 

 

 

 



105 

 

3.3.2 Kinetics of reversible assembly of AuNPs[229] 

Due to the reversibility of the assembly process, the assembly kinetics is also 

unique compared to irreversible assemblies. Typically, the kinetics of irreversible one-

dimensional assembly of colloidal nanoparticles is comparable to step-growth or chain 

growth of linear polymer.[123, 230] However, we found the kinetics of reversible 

assembly is comparable to the kinetics of nucleation and growth of nanocrystal. In this 

case, isolated AuNPs are acting as the monomers in the nanocrystal synthesis, while 

assembled structures can be analogue to the nuclei.  

To experimentally investigate the kinetics of the assembly process, AuNPs were 

reversibly assembled and disassembled in designed pathways. When agarose 

concentration decreased to a low level, the optical property of the nanoparticle assemblies 

shows temperature path dependent property. Under this condition, assembly of AuNPs 

was not significantly limited by the agarose matrix, and it is expected AuNPs would not 

stick to one nanoparticle chain during the reversible assembly process and 

macroscopically, there should exist path dependent optical property due to the 

reconfiguration of nanochains during the process.  

In the experiment, heating and cooling were used to drive the assembly and 

disassembly kinetics. When the assembly was starting from fully isolated AuNPs 

(continuously decrease temperature from 40 °C to 5 °C at a constant rate), the optical 

absorption of the final assemblies show a strong coupling peak at 775 nm. By sweeping 

the temperature from 40 °C to 5 °C for several cycles, it is confirmed the optical 

properties of the assemblies at 5 °C kept as the same (Figure 3.8b). However, if the 
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assembly process was started from partial disassembled states (first partially disassemble 

the assemblies at 5 °C by increasing the temperature to a moderate value and restart the 

assembly process by cooling down the sample to 5 °C again), the optical properties of the 

AuNPs assembly are different from each other depend on to starting temperature (Figure 

3.8c). This is due to the different amount of “monomers” and “nuclei” at the initial state. 

When concentration of isolated AuNPs is low (e.g. start assembly from 20 °C), at the 

final stage, the absorption of the AuNP assembly showed a red-shift of the coupling peak 

(810 nm) compared to the typical assembly starting from fully isolated AuNPs (775 nm), 

which indicate an increase in average chain length of the assembly.[187] In comparison, 

at a relative higher “monomer” concentration (e.g. start assembly from 26 °C or 32 °C), 

after extensive assembly, the absorption spectrum showed a blue shift of the coupling 

peak (735 nm and 755 nm for assembly start from 26 °C and 32 °C respectively) while 

the peak also became asymmetric. It indicated under this condition, the average chain 

length of the nanoparticle assembly decreases and there exist more than one peak in the 

size distribution. We also use dynamic light scattering measurements to qualititively 

estimate the average chain length of the assembly and the results were consistent with the 

conclusion made from the interpretation of the optical absorption spectra. The assembly 

produced by decreasing temperature from 40 °C showed a single distribution peak with 

an average at 350 nm, the assembly started from 20 °C also showed one peak with the 

average at 617 nm. However, the assembly prepared by decreasing temperature from 

26 °C showed two distribution peaks with peak position at 47 nm and 330 nm.  
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Figure 3.8 Temperature path-dependence in thermoresponsive assembly. (a) The initial 

state of the assembly process. Initially, nanoparticles are at different temperatures. At 

higher temperature, more isolated particles and fewer aggregates and vice versa. (b) Final 

states of the assembly repeatedly start from 40 °C, show nearly identical optical 

properties. (c) Final states of the assembly started from different temperature, show 

distinctive different optical properties. Reprinted from ref. 229. 
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These results provided us clear hint on the kinetics of both the assembly and 

disassembly processes. When the assembly is starting from a homogeneous suspension of 

isolated AuNPs, the products should be one-dimensional assemblies with a finite chain 

length distribution, which is similar to nucleation and growth of nanocrystals in which the 

products are nanocrystals with a finite size distribution. During the disassembly process, 

it is expected smaller assemblies are easier to dissociate due to a weaker attractions 

compared to larger assemblies. When there is only a slight increase in temperature, small 

assemblies are disassembled first and results in the co-existence of larger assemblies and 

a relative small amount of isolated AuNPs. If the assembly process is started from this 

condition, isolated particles are more likely to attach to existing assemblies due to the low 

concentration and finally produce assemblies with larger size. As the result, the coupling 

peak of the AuNPs assemblies shows a red shift compared to the typical case. This 

process is comparable to the ripening process in the nanocrystal synthesis.[15] In the 

ripening process, nanocrystal growth is under a low monomer concentration during which 

self-nucleation is inhibited. As the consequence, growth of nanocrystals is enabled 

through dissolution small nanoparticles and redeposition of the monomers on larger 

particles. If the temperature goes to a higher degree, a larger extent of disassembly will 

occur which will not only destroy small assemblies but also lead to the dissociation of 

larger assemblies. Starting the assembly process from a higher isolated AuNPs 

concentration and smaller assemblies, the size distribution of the final assembly should 

show two peaks as isolated AuNPs have a higher tendency to self-assembled to smaller 

assemblies due to the high “monomer” concentration and a lower tendency to attach to 
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existing assembled due to the reduced amount of assemblies, which results in the 

evolution of a new peak in size distribution and also the blue shift of the coupling peak. 

 

3.4 Colorimetric stress memory sensor based on disassembly of gold 

nanoparticle chains[231] 

 In the last section, we have demonstrated our understanding on the mechanism of 

reversible one-dimensional assembly and disassembly of charged AuNPs by 

systematically investigated the thermodynamics and kinetics of this process. In this 

section, we will present use of this reversible assembly process in practical applications 

by taking advantage of the ability of disassembly which is not possible to be realized in 

typical plasmonic nanoparticle assemblies. In particular, we here demonstrate an AuNP 

chainpolymer composite film which shows a colorimetric response to mechanical forces 

and can "memorize" the stress it has experienced.  Our design takes advantage of the 

intensity and time dependent viscous flow of polymeric materials in response to 

mechanical stress.[232]  Such deformation leads to the disassembly of embedded AuNP 

chains and causes a shift of the plasmonic band, which can be correlated to the applied 

mechanical stress. 

 Figure 3.9 illustrates the working principle.  AuNP chains are first 

homogeneously mixed with a polymer solution and then cast in a solid composite film.  

After being subjected to sufficient pressure for a certain period of time, the composite 

film is irreversibly deformed. By treating viscoelastic polymers as governed by the 

Kelvin-Voigt Model and regarding the viscous component as an ideal dashpot which 
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obeys Newton’s law of viscosity, we obtain the relationship between the stress and 

irreversible viscous deformation: 

 
 

dt
t

t
t


0

0
0






 (3.7) 

in which the extent of deformation   is proportional to the intensity of applied stress   

and its duration time 
0t , and is inversely proportional to the viscosity of the material  .  

During film deformation, the homogeneously embedded AuNP chains are stretched 

accordingly, resulting in an increase of the interparticle distance, a weakening of the 

plasmon coupling, and a change in the overall color of the film.  The recorded position of 

the plasmon band can be then correlated to the extent of film deformation, which is 

proportional to the stress that has been applied, thus producing a stress memory 

colorimetric sensor. 

Figure 3.10a outlines the procedure for fabricating the AuNP chain-polymer 

composite film.  Citrate-capped AuNPs with a size of about 15 nm were still synthesized 

by a slightly modified Turkevich method. A ligand exchange process was then performed 

to introduce bis(p-sulfonatophenyl)-phenylphosphine (BSPP), a stronger ligand compared 

to citrate, to the surface of the AuNPs. BSPP-capped AuNPs were then assembled into 

linear chains in ethanol by adding a trace amount of NaCl, changing the solution color 

from ruby red to blue.  NaCl addition increased the ionic strength of the solution, 

resulting in the screening of the electrostatic repulsion between particles and triggering 

the assembly.  Polyvinylpyrrolidone (PVP, M.W. = 360,000) was then dissolved in the 

solution of AuNP chains to form a viscous suspension, which was finally cast onto a 
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glass substrate to produce a composite film after slow removal of the solvent by 

evaporation. PVP with high molecular weight was chosen as the polymer matrix due to 

its high solubility in water and ethanol, low optical absorption in visible range, and its 

ability to form good films.  It also acts as an additional capping agent for the AuNPs and 

ensures their homogeneous dispersion in the matrix without significant disturbance to the 

chain structure.[33, 57] More importantly, as discussed later, the adhesion arising from 

the coordinate bonding between pyrrolidone groups and the Au surface facilitates the 

disassembly of the AuNPs during the deformation of the PVP matrix. 

 Similar to solutions of AuNP chains, the AuNP-PVP composite film displays a 

deep blue color.  Its visible light absorption spectrum presents a strong coupling peak at 

650 nm, which demonstrates that the AuNPs maintain the chain structure in the 

composite (Figure 3.10b). The films were very stable, as the color and the optical 

extinction profile remained nearly unchanged after 30 days of storage at 4 °C at 50% 

humidity. To perform compression test, composite films were first cut into small pieces 

with circular shape by using a home-made puncher. These pieces of films have a same 

initial area of 3 mm2 and initial thickness of 0.25 mm. Samples were then loaded into a 

pressing die and constant forces were applied onto the die by using a compressor with a 

force gauge. The initial pressure applied on the sample was then calculated by dividing 

the force by the initial sample area. After applying a strong pressure (i.e. 1.6×105 psi) to 

the film for 1 min, its color clearly changed from blue to ruby red. The visible extinction 

spectrum of the composite film after pressing displays a single absorption peak with a 

small shoulder at around 530 nm, which corresponds to the transverse mode of the 
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plasmon resonance (Figure 3.10b). To exclude the effect resulting from the shape change 

of AuNPs during pressing, we compared the extinction profile and morphology of the 

AuNPs recovered from the films before and after pressing, by first dissolving the films in 

water and then taking optical and TEM measurements.  The extinction profiles of the 

AuNPs recovered from both films are nearly identical and show a characteristic 

absorption peak for isolated AuNPs at around 520 nm (Figure 3.10c), while the TEM 

images also confirm the unchanged morphologies of AuNPs after pressing. In addition, 

we also performed pressing tests on films containing only isolated AuNPs and found no 

change in the position of the plasmon band before and after pressing. 

 As indicated in Equation 1, at a fixed viscosity, which is determined intrinsically 

by the polymer matrix, the irreversible viscous deformation of the composite film is 

expected to increase with respect to an increase in the intensity and duration of the 

applied stress. Accordingly, disassembly of AuNP chains should occur due to the 

considerably strong adhesion between PVP and the AuNPs, leading to a color shift of the 

film in response to the changes in these two parameters.  To verify this assumption, we 

first applied different pressures (7×103, 1.6×104, 4.3×104, 8.6×104, and 1.6×105 psi) to a 

batch of composite films for the same period of time (1 min). After pressing, the change 

in optical property and the deformation of the films were investigated.  As expected, the 

plasmon coupling band generally blue-shifted and dampened with increasing applied 

pressure (Figure 3.11a). Under a relatively high pressure, the coupling peak became 

indistinguishable and overlapped with the isotropic plasmon band of isolated AuNPs at 

around 530 nm.  To unambiguously measure the changes in the plasmon band positions, 
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we analyzed the spectra by virtue of continuous wavelet transform (CWT, details not 

shown), which has been demonstrated to be a powerful and reliable method for analysis 

of overlapping signals.[233] By applying the transformation, the spectra reveal a clearer 

trend in the optical change of the films (Figure 3.11b).  As shown in Figure 3.11c, the 

area of the film expanded with increasing pressure to become 61% greater than 

originally, while the thickness decreased by 42%.  As a result, the density of the film was 

enhanced slightly (< 8%) upon the application of a small amount of pressure, but 

remained nearly unchanged at higher pressures.  The initial density increase may be 

primarily attributed to the elastic deformation of the polymer film under a mild pressure. 

Figure 3.11d plots the dependence of the coupling peak position on the pressure applied 

on the film for fixed amounts of time.  In general, the extent of the blue shift and 

dampening of the coupling peak increase with greater film deformation, which is 

consistent with our theoretical considerations: more deformation causes a larger 

displacement of the AuNPs and enhances the interparticle separation, which promotes a 

larger plasmon band shift. Interestingly, however, it is noted that when a mild stress is 

applied for a relatively short period of time (e.g. 7×103 psi for 1 min), the coupling peak 

surprisingly red-shifts from 649 nm to 664 nm. We attribute this red-shift to compression 

of the nanoparticle chains, which occurs at the early stages of pressing as the polymer 

deformation shows more significant vertical compression (-3.7% change in thickness) 

and less lateral expansion (2.4% change in area). The compaction of the film reduces the 

average interparticle distance and at the same time enhances the degree of one-

dimensional order within each AuNP chain, leading to stronger coupling at longer 
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wavelengths.[234] As discussed in Section 3.3, BSPP is a bulky capping ligand which 

binds to the surface of AuNPs strongly and prevents their permanent aggregation through 

electrostatic repulsion. When the film is initially compressed, the AuNPs within each 

chain move closer to each other due to a combined effect of elastic and inelastic 

deformation, as countered by the increased electrostatic as well as steric interactions. At 

higher pressures, inelastic deformation dominates so that the band attributed to plasmonic 

coupling continues to blue shift as more polymer flow occurs in the lateral dimension.  It 

is worth noting that the band at ~530 nm also slightly red shifts, indicating the formation 

of an increasing number of isolated AuNPs after compression at higher pressures.  When 

keeping the applied pressure constant and prolonging the stress application time from 1 

min to 5 min, we found that the coupling peak blue shifts more significantly, as shown in 

Figure 3.11d.  Even under a mild constant pressure, a large band shift and consequently 

dramatic color change can be observed.  These observations are all consistent with our 

theoretical considerations. 
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Figure 3.9 Schematic illustration of the design of the stress-responsive colorimetric film 

based on disassembly of gold nanoparticle chains in a polymer flow. Reprinted with 

permission from ref. 231. 
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Figure 3.10 Fabrication of the composite film and its pressure-responsive color switching 

performance. (a) Illustration of film fabrication procedure and compression test results. 

(b, c) Normalized UV-Vis extinction profiles for films before/after pressing (b) and the 

nanoparticle suspensions recovered from both films (c). Reprinted with permission from 

ref. 231. 
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Figure 3.11 (a) The UV-Vis extinction spectra of a typical composite film after 

experiencing different pressures for a fixed application time (1 min). (b) The CWT of the 

spectra in (a). (c) Physical deformation profiles of the film after being subjected to 

various pressures for 1 min. (d) Plot of coupling peak position shift for films 

experiencing different pressures and application times (1 min and 5 min). Reprinted with 

permission from ref. 231. 
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Figure 3.12 Tuning the sensitivity of the optical change to stress by doping the 

composite film with plasticizer. (a) UV-Vis extinction spectra (left) and their CWT 

profiles (right) for films doped with different amounts of PEG before (dot) and after 

(line) being treated with 1.6×104 psi of pressure for 1 min. (b) Plot of pressure-dependent 

coupling peak shift for films doped with different amounts of PEG (press time is 1 min). 

(c) Digital images of films doped with 11 wt % PEG after experiencing different 

pressures for 1 min. (d) Deformation profiles of films without and with 17 wt % PEG 

doping under different pressures for 1 min. Reprinted with permission from ref. 231. 
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The polymer flow induced disassembly process can be used to construct 

colorimetric stress sensors that can memorize the mechanical stress experienced by the 

composite film, as long as the relation between the applied stress at a fixed duration and 

the band position of the plasmon coupling is pre-established for a particular type of 

composite film.  As PVP is relatively hard at room temperature, only applying a 

sufficiently large stress can induce a considerable irreversible deformation.  To extend 

the pressure response range and also increase the stress sensitivity of the composite film, 

the polymer can be modified by doping with plasticizers to improve its fluidity (or to 

lower its hardness and viscosity).  It is known that PVP is miscible with small molecules 

containing hydroxyl groups, as the proton-donating -OH groups can form H-bonds with 

the proton-accepting carbonyl groups in PVP.[235] In consequence, by adding these 

small molecules into PVP, the packing structure of the polymer chains will be 

reorganized and its fluidity can be improved.  In this work, we chose short-chain 

poly(ethylene glycol) (typically PEG-400) as the plasticizer, which mixed well with PVP 

and at the same time avoided significant interference to the chain structure of the AuNPs.  

With increasing addition of PEG-400, the deformation of the polymer composite film 

becomes more sensitive to the external pressure, as reflected in the optical property 

change of the polymer composite.  By keeping the pressure (1.6×104 psi) and the 

application duration (1 min) fixed, we examined the color change and physical 

deformation for films doped with various amounts of PEG.  As shown in Figure 3.12a, 

while the sample without PEG only showed a slight blue shift of the coupling peak from 

~649 nm to ~635 nm, the addition of PEG led to more significant changes in response to 
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the compression, with the coupling peak shifting from ~646 nm to ~627 nm (for the case 

of 1 wt % PEG) and from ~636 nm to ~591 nm (for the case of 11 wt % PEG).  The 

results clearly show that the disassembly of AuNP chains in the polymer film is more 

significant with greater PEG doping. 

 We further systematically investigated the dependence of the optical property on 

the applied pressure for composite films doped with different amounts of PEG (1-17 wt 

%, Figure 3.12b, c).  Samples doped with more than 17 wt % of PEG became too fluidic 

to form freestanding films with defined shapes. As shown in Figure 3.12b, while the film 

without PEG exhibits significant optical responses only at relatively high pressures, those 

containing PEG show a considerable shift in coupling peak position under much lower 

pressures.  For comparison, while a pressure of 1.6×105 psi is needed for shifting the 

coupling peak of the film without PEG to ~583 nm, only 1/10 of the pressure (1.6×104 

psi) is sufficient to shift the coupling peak to ~577 nm for the sample doped with 17 wt % 

PEG. Analysis of the physical deformation of the films suggests that the deformation 

sensitivity also increases with PEG-doping amount, as suggested in Figure 3.12d. It was 

also found that the shift of the coupling peak was directly related to the extent of film 

deformation: for films with different PEG loadings, if they have a similar extent of shift 

in coupling peak, they also have similar extent of deformation. For example, the film 

without PEG doping showed a 61% expansion in area and a plasmonic shift to ~583 nm 

after experiencing 1.6×105 psi of pressure, while the one doped with 17 wt % of PEG 

showed a 66% change in area and a plasmonic shift to ~577 nm after being subjected to 

1.6×104 psi of pressure.  This is in good agreement with our expected relationship 
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between the extent of nanoparticle disassembly and the extent of film deformation. It is 

therefore clear that by varying the amount of plasticizer, polymer films with different 

degrees flexibility can be made to detect a wide range of stresses by outputting optical 

responses. 

 

3.5 Conclusions 

 In summary, we have studied reversible assembly and disassembly of charged 

AuNPs from both fundamental and practical aspects. We first synthesized charged gold 

nanoparticles by citrate reduction method followed by a ligand exchange process to 

modify the nanoparticle surface with BSPP ligand. By theoretical studying the 

thermodynamics of the reversible assembly process, we understood the key to control the 

assembly process is to manipulate colloidal interactions. Experimentally, it is realized 

assembly of AuNPs can be realized by change of solvent, addition of salt and change of 

temperature. In particular, thermoresponsive assembly and disassembly of AuNPs were 

realized by reversible change the temperature of the AuNPs NaCl aqueous solution. By 

quantitative analyzing the colloidal interaction energy among AuNPs including van der 

Waals attraction and electrostatic repulsion which were included in the consideration of 

DLVO as well as the non-DLVO short-range repulsion which is most likely originated 

from steric repulsion of ligands when nanoparticles begin to closely contact with each 

other, the thermoresponsive assembly can be understood from the energy point of view. 

At low temperature, assembly state is thermodynamically stable as an energy well at 

small interparticle distance forms in the energy diagram under this condition. In contrast, 
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the energy well does not exist at high temperature, which indicate disassembly state is 

thermodynamically stable. The kinetics of the reversible assembly process also shows 

different properties compared to those irreversible assemblies due to its capability of 

disassembly. It is found by sweeping the temperature in a designed pathway, the optical 

property of the assemblies can exhibit path dependent memory effect. Microscopically, it 

is believed the assembly behavior can be analogue to the nucleation and growth process 

in nanocrystal growth rather than the typical step-growth or chain-growth polymerization 

models which were used for description of irreversible one-dimensional assembly. 

 Taking advantage of the disassembly capability of the nanoparticle chains, unique 

applications that typical metal nanoparticle assembly cannot realize are made possible. 

As an example, AuNP chains can be transferred into polymer matrix which can be 

compactable with these Au surface while avoid disturbance of the chain structures. The 

AuNP chain-polymer composite film exhibits similar optical property of the nanoparticle 

chains dispersed in solution which shows deep blue color. By applying stress on the 

composite film, depending on the pressure and stress application time, the color of the 

film can be changed accordingly from deep blue to purple and then red. The color change 

is due to the disassembly of the embedded nanoparticle chains in responsive to the 

external stress which can be proved by the consistency of the nanoparticle shape before 

and after pressing and the positive correlation between the extent of disassembly and 

polymer deformation. Finally, the mechanical property of the composite film can be 

tuned by addition of plasticizers, in this case is PEG, which can extend the mechanical 
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responsive range of the composite film. The AuNP chain-polymer composite film is 

expected to be useful to be applied as colorimetric stress memory sensors. 

 We believe our study on reversible assembly of plasmonic nanoparticles can 

further be extended to other plasmonic metals including silver, which may extend the 

color tuning range to cover the full visible range. By incorporating nanoparticle chains 

into elastomers, the pressure responsive disassembly of AuNP chains can be reversible 

and may be extended in other applications. 
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Chapter 4 

Conclusion and Outlook 

 

4.1 Conclusion of this thesis 

 Colloidal synthesis and assembly of nanostructures is an important pathway to 

produce functional nanoscale devices. The strategy is a bottom-up approach which has 

advantages including the scalability, robust control on the size and shapes and properties 

of the materials at nanoscale. However, there still exist challenges for colloidal synthesis 

and assembly of nanoparticles. Typically, colloidal nanoparticle surfaces are wrapped by 

organic ligands, which are effective in control the size and shape of nanoparticles, but are 

difficult to be removed and create challenges for colloidal particles to be applied in a 

variety of applications including catalysis, photovoltaics, nanoelectronic devices that call 

for clean surfaces. Although previous researches have dedicated to how to synthesize 

colloidal nanoparticles with size and shape control, there is a lack of strategies to 

synthesis of nanoparticles with complex structure. Therefore, the field of colloidal 

synthesis still has great potentials to be further developed in order to enable colloidal 

synthesis to be a more useful and efficient strategy for nanomaterial production.  

In comparison to colloidal synthesis, there are even fewer mature strategies 

towards self-assembly of colloidal nanoparticles, which created the bottleneck for the 

bottom-up approach to nanoscale device fabrication in mass production industry. Since 

the development of strategies towards self-assembly of colloidal nanostructures is still at 
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its infant stage, more efforts should be invested in this field. In addition, development of 

novel assembly strategies such as stimuli-responsive and reversible assembly are 

important for dynamic tuning the property of nanomaterials which can also extend the 

benefit of this materials processing technique. 

In this thesis, we have presented our contributions to the development of colloidal 

synthesis and assembly of functional nanostructures and applications. In particular our 

studies have made contributions to development of strategies of shape control synthesis 

of anatase TiO2 nanocrystals and reversible assembly of charged gold nanoparticles. We 

also investigated their properties and utilized them in practical applications. We started 

by presenting our fundamental understandings on colloidal synthesis and assembly of 

nanostructures. These understandings laid solid theoretical foundations for our research 

projects. Shape control of anatase TiO2 nanocrystals attracts research interest as it is 

critical in optimize the performances of TiO2-based applications including photocatalysis 

and photovoltaics. We have developed synthesis strategies towards synthesis of anatase 

TiO2 nanocrystals with faceted morphology as well as with higher structural complexity 

by chemical transformation and seed-mediated growth methods. It has also been 

confirmed the development of these synthesis strategies are beneficial for optimization of 

the properties of anatase TiO2 in photocatalysis. Development of strategies towards 

reversible assembly of plasmonic nanostructures is of great importance as the process 

enables dynamic tuning of the plasmonic properties. In our study, we successfully 

realized reversible assembly of charged gold nanoparticles and enabled dynamic tuning 

of their optical properties. The unique property derived from the disassembly process also 
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allows us to take its advantage for practical applications. In our case, we blended gold 

nanoparticle chains with polymer. By using mechanical stress that the nanoparticle chains 

can be disassembled and induce plasmon de-coupling which results in color change of the 

film. The composite film is expected to be used as colorimetric stress memory sensor. 

 

4.2 Outlook and future work 

  In my future work, I will continue focus on TiO2-based and gold nanoparticle-

based materials for applications. The first plan is to investigate the benefit of fluorine-

doping for visible light photocatalysis. As introduced in Chapter 2, we have successfully 

synthesized fluorine doped anatase TiO2 nanocrystals with enhanced visible light 

absorption. It is expected the nanocrystals are capable to enhance the photocatalytic 

activity of TiO2 under visible light due to the enhanced absorption. Since it is noticed in 

previous experiment that the dopants are not stable under oxidation environment, we also 

plan to study the possibility to enhance the chemical stability of the fluorine doped 

anatase TiO2 nanocrystals. One of our approach will be developing an anatase TiO2 

coating on the fluorine doped TiO2. It is expected by appropriate choosing the shape 

directing organic ligands, a uniform layer of non-doped anatase TiO2 can be deposited on 

the doped nanocrystals by nonaqueous seed-mediated growth rather than antenna 

nanorods as we demonstrated in the previous cases. This strategy provides the possibility 

that the dopants can be limited to the inner core. Overall, the nanocrystals are expected to 

be active in response to visible light while maintain the chemical stability. As we have 

successfully demonstrated the benefit of making anatase TiO2 nanocrystals into complex 
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structures for photocatalytic applications. We believe the potential of this type of 

materials is far beyond the use in photocatalysis. For example, one of our plans is to take 

advantage of the hierarchical structures of the nanocrystals to improve the performance of 

photovoltaic devices such as organic-nanocrystal hybrid solar cells. In this design, 

hierarchical anatase TiO2 nanocrystals can be used as an acceptor layer. Meanwhile, the 

hierarchical structure of the nanocrystals helps the inter-penetration of the organic and 

nanocrystal layers which is expected to enhance the charge separation efficiency.[236] 

 There are also rooms for improving the reversible assembly of plasmonic 

nanoparticles. As has mentioned in the last chapter, the composition of the nanoparticles 

can be extend to gold-silver alloy or silver. Since gold-silver alloy and silver have strong 

plasmonic absorption at around 400 nm, assembly of these nanoparticles are expected to 

shift the absorption to longer wavelength and enable full visible range optical tuning.[181, 

237] To extend the applications of the reversibility of this type of assembly, we plan to 

extend the assembly to be responsive to other types of stimuli. In particular, light and 

magnets are considered to be ideal external stimuli to control the assembly process as the 

particles can be actuated instantly. In the case of light-responsive assembly and 

disassembly of plasmonic nanoparticles, we plan to use linear polarized light to induce a 

transient dispersion force for these nanoparticles. When the nanoparticles are under the 

condition that are about to assemble, an introduction of attraction from the dispersion 

force will be critical to induce the assembly of particles. As the induced dispersion force 

is anisotropic, we also expect the direction of assemblies can also be controlled. 

Specifically in this case, we expect the direction of one-dimensional assembly of 
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nanoparticles should be parallel to the polarization and perpendicular to the incident light. 

If this type of assemblies can be achieved, the macroscopic optical property of the 

assembly will also be anisotropic due to the anisotropy of the plasmon coupling. In order 

to realize magnetic responsive assembly of plasmonic nanoparticles, magnetoplasmonic 

nanoparticles need to be synthesized and their surfaces need to be appropriately modified. 

We propose a synthesis of plasmonic nanoparticles with a superparamagnetic core by 

multi-step synthesis approaches. In this plan, monodispersed superparamagnetic 

nanoparticles are proposed to be first synthesized, with attachment of gold seeds. The 

composite nanoparticles are then encapsulated in a nanoshell by sequential coating of 

silica and polymer and removal of the sacrificial silica layer. A templated seed-mediated 

growth process is then performed followed by an etching of template polymer layer and 

appropriate surface modification of the nanoparticle surface. As the result, nanoparticles 

with a magnetic core and plasmonic shell should be produced. When this type of 

nanoparticles are dispersed in appropriate solvents, if an external magnetic field with 

appropriate strength is applied, the nanoparticles are expected to be assembled driven by 

the field-dipole packing force. When the external magnetic field is off, it is expected the 

nanoparticles to be disassembled. Therefore, the reversible plasmon tuning can be 

achieved by magnetically control of the plasmon coupling of the magnetoplasmonic 

nanoparticles. We also plan to add reversibility to the colorimetric stress memory sensor 

by substituting PVP-based polymer matrix by elastomers. If the gold nanoparticle chains 

can be successfully transferred to an elastomer matrix while the gold-elastomer 

interaction is strong enough to enable embedded nanoparticles to be able to move 
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individually rather than collectively moving as a chain. Disassembly of gold nanoparticle 

chains is expected and cause change in optical property of the composite when stress is 

applied and deformation of the composite film is induced. The elasticity of the composite 

provides the possibility for nanoparticles to re-assembly by removal of stress. Therefore, 

a stress responsive colorimetric elastomer can be produced. 

From a broader impact, although there have been significant achievements in the 

field of nanostructure synthesis and assembly with many different types of materials, we 

will continue to put intensive efforts on development of this field as there are still plenty 

of opportunities to take advantage of the colloidal nanoparticles for applications. In the 

future, the newly developed nanostructure synthesis and assembly techniques need to be 

more versatile, programmable, scalable, cost-effective and in more predictable manners.  

The surface chemistry of colloidal nanomaterials need also be seriously taken into 

consideration. Thus, the applications of these colloidal nanomaterials can be extended to 

a broader range including those were previously limited by the issues such as cost, 

surface compatibility, scalability etc.  
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