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Plasmonic nanostructures have attracted significant attention due to their tunable 

optical properties and broad applications in chemical sensing, photothermal therapy, and 

energy conversions. The plasmonic properties of the nanoparticles are sensitive to the size, 

morphology, and composition of the metal nanoparticles. Although the wet chemistry 

synthesis of plasmonic nanoparticles with well-controlled geometries has been widely 

studied, the systematic tuning of novel plasmonic nanostructures can broaden the 

application scenarios. It brings more complexity to the optical responses of the plasmonic 

nanostructures. Besides, the synthesis of these novel structures deepens our understanding 

of the crystal growth mechanisms and light-matter interaction. In this dissertation, we 

discuss the tuning of optical properties of plasmonic nanoparticles through morphology 

control, magnetic manipulation, and exploring unconventional materials for the plasmonic 

solar-energy conversion. 
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In the aspect of morphology control, we achieved island growth of Au on Au 

nanostructures by introducing lattice mismatch through a thin layer of Pd coating on the 

substrate. The location of the islands can be controlled by changing the distribution of Pd, 

and the island features including size, distance and wetting degree of the islands can be 

systematically controlled. 

In the aspect of the dynamic orientational control of anisotropic nanoparticles, 

plasmonic/magnetic nanocomposites were fabricated, and the magnetic tuning of the 

nanoparticles were achieved. In this dissertation, we broke the connection between the 

morphology of the plasmonic and the magnetic component, which was a major challenge 

in the synthesis of plasmonic/magnetic nanocomposites since it limited the choice of both 

plasmonic and magnetic components. 

Furthermore, alternative plasmonic metals were explored, and we demonstrated the 

potential and advantages of Ni in the solar steam generation performance. A high energy 

conversion efficiency was achieved by combining the plasmonic property of Ni and 

broadband absorption of C. The magnetic response of Ni enabled the bottom-up fabrication 

of microstructures, further improving the solar steam generation performance of the device. 
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Chapter 1 Introduction 

1.1 Plasmonic Nanoparticles 

Surface plasmon resonance (SPR) is a physical phenomenon that describes the 

resonant oscillation of the electron cloud in metal with the incident electromagnetic field. 

The surface plasmon is a quasiparticle arising from the quantization of the coherent 

delocalized electron oscillations that exist at the surface of materials (typically metals) with 

a negative real part of their dielectric functions. Depending on the dielectric function of the 

material, the surface plasmon has an intrinsic oscillation frequency. When the frequency 

of the incident electromagnetic wave matches the surface plasmons' intrinsic frequency, 

the resonance of the surface plasmons and the incident wave will significantly enhance the 

amplitude of the near field around the particle surface. Typically, the SPR takes place in 

two forms, the surface plasmon polariton (SPP) and the localized surface plasmon 

resonance (LSPR). The LSPR phenomenon happens when the particle size is smaller or 

comparable to the wavelengths of the incident electromagnetic wave. The surface plasmon 

will be firmly bound on the surface of the particles, and the absorption and scattering of 

the incident field are greatly enhanced. The utilization of the LSPR phenomenon can date 

back to the 4th century,  the Au and Ag were incorporated in glass for coloration. The 

Lycurgus cup is a well-known example of the utilization of the plasmonic phenomenon. 

The color of the cup can shift from red to green when the light source was moved from 

inside to the outside of the cup due to the Au nanoparticles incorporated in the glass. The 

Au nanoparticles have strong plasmonic resonance at 520 nm; therefore, depending on 

whether the light received is dominated by transmission or scattering, the color interpreted 
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by the viewers will switch between red and green. Despite the early utilization of plasmonic 

nanoparticles, this phenomenon only started to get noticed until the 19th century, when 

Faraday first prepared the pure colloidal Au suspension by reducing Au chloride solution 

with phosphorous and concluded that the red color originated from the small-sized 

particles.1 With advances in both synthetic methods and theoretical studies in the optical 

properties, plasmonic nanoparticles quickly gained increasing interest due to the potential 

applications in sensing, biotherapies, and catalysis.2-5  

The spectra of the plasmonic nanoparticles can be calculated by solving Maxwell 

equations. In the cases of nanoparticles with a size much smaller than the wavelength of 

the incident light, the electric field can be taken as constant. Under this quasistatic 

approximation, the Mie theory provides a description of the extinction cross-section (σext) 

of the nanoparticles:6 

𝜎𝑒𝑥𝑡 =
24𝜋2𝑟3

𝜆
𝜀𝑚

3 2⁄
[

𝜀2

(𝜀1+2𝜀𝑚)2+𝜀2
2]                                                                                            (1.1) 

where r is the radius of the nanoparticle, λ is the wavelength of light, εm is the 

dielectric constant of the surrounding medium, ε is the dielectric function of the 

nanoparticle defined by ε = ε1 + iε2 (ε1 and ε2 indicate the real and imaginary parts of the 

dielectric constant, respectively). According to this equation, when ε1 is close to -2εm, σext 

reaches the maximum, and λmax can be estimated based on the dielectric function of the 

metal.  

Additionally, Gans7 modified this equation to include the anisotropy of the 

nanoparticles, and the absorption (σabs) and scattering cross-section (σsca) of plasmonic 

nanoparticles can be quantified as follows: 
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𝜀2 (𝑛(𝑖))
2

⁄

(𝜀1+[(1−𝑛(𝑖)) 𝑛(𝑖)⁄ ]𝜀𝑚)
2
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2𝑖                                                                         (1.2) 

𝜎𝑠𝑐𝑎 =
8𝜋3

9𝜆4
𝜀𝑚

2 𝑉2 ∑
((𝜀1−𝜀𝑚)2+𝜀2

2) (𝑛(𝑖))
2

⁄

(𝜀1+[(1−𝑛(𝑖)) 𝑛(𝑖)⁄ ]𝜀𝑚)
2

+𝜀2
2𝑖                                                                        (1.3) 

𝜎𝑒𝑥𝑡 = 𝜎𝑠𝑐𝑎 + 𝜎𝑎𝑏𝑠                                                                                                              (1.4) 

where V is the unit volume of the nanoparticle, and n(i) is the depolarization factor, 

which can be further expressed as following: 

𝑛(𝑎) =
1

𝑅2−1
[

𝑅

2√𝑅2−1
𝑙𝑛

𝑅+√𝑅2−1

𝑅−√𝑅2−1
− 1]                                                                                    (1.5) 

𝑛(𝑏) = 𝑛(𝑐) = (1 − 𝑛(𝑎)) 2⁄                                                                                                   (1.6) 

where a, b, and c indicate geometric factors (i.e., the three axes) of the nanoparticle 

and R is the aspect ratio. From the equation, we can see the composition, size, and shape 

of the plasmonic nanoparticles and the surrounding environment greatly influence the 

optical properties. By changing these factors, the optical properties of a plasmonic 

nanoparticle can be tuned. 

1.2 Optical Tuning via Morphology Control 

As shown above, the LSPR wavelength and cross-sections were greatly influenced 

by the size and morphologies of the nanoparticles. Although the dynamic tuning of the 

plasmonic properties of nanocrystals through deformation of specific structural features 

are feasible and have been demonstrated by many studies,8-9 the morphology control of 

nanocrystals through synthetic approaches is the focus in this section. As proposed in La 

Mer’s crystal growth model (Figure 1.1),10-11 the growth of crystals can be divided into 

three stages. In Stage I, the precursor is reduced to atoms, and the concentration of metal 
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atoms increases to above the saturation concentration. Stage II represents the nucleation 

stage, where the concentration of metal atoms surpasses the nucleation threshold, the 

supersaturated atoms aggregate to form nuclei in the solution. When the concentration of 

metal atoms drops below the nucleation threshold, the crystal reaches the growth stage 

(Stage III), characterized by rapid increase in crystal size, and the concentration of metal 

atoms gradually decreases to the saturation concentration until the precursor is completely 

depleted. Depending on whether the nucleation stage is carried out simultaneously with the 

crystal growth stage or not, the synthetic strategies of plasmonic nanocrystals can be 

generally classified into two categories, seedless growth, and seed-mediated growth. 
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Figure 1.1 Schematics showing the three stages of crystal growth. Reproduced with 

permission from ref 15. Copyright © 1952, American Chemical Society. 
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In seedless growth methods, the growth of nanocrystals follows La Mer’s model of 

crystal growth. In contrast, in seed-mediated growth schemes, the nanoparticle seeds are 

prepared separately and added into the growth solution later to initiate crystal growth. The 

seed solution is typically prepared by reducing the metal precursors with a strong reducing 

agent to increase the metal atom concentration beyond the nucleation threshold 

dramatically. The high concentration of metal atoms results in the predominance of 

nucleation in Stage II, and the metal atoms and precursors are quickly depleted, suppressing 

the following crystal growth stage. In the growth solution, on the other hand, the metal 

precursor is reduced under a mild reaction condition to keep the atom concentration 

between the saturation concentration and the nucleation threshold.12 As a result, the seed-

mediated growth method separates the Stage II and Stage III in La Mer’s model. Thus it 

offers more uniform nanoparticles and more opportunities in the tuning of growth kinetics. 

In this section, the tuning of optical properties of plasmonic nanoparticles through synthetic 

strategies will be discussed in cases of isotropic, anisotropic, and complex nanoparticles. 

In each section, the factors that influence the optical properties will be discussed first, and 

the synthetic approaches to achieve the tuning of these features will be introduced. 

1.2.1 Optical Tuning of Isotropic Plasmonic Nanoparticles 

According to Equation 2, with spherical nanoparticles, which have an aspect ratio 

of 1, the optical properties are solely dependent on the size of the nanoparticles. As shown 

in Figure 1.2b, the extinction cross section increases dramatically with increasing particle 

sizes with increasing size. In the meantime, as shown in Equations 2 and 3, the absorption 

cross-section has a linear relationship with the volume of the particles. In contrast, the 
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scattering cross-section has a 2nd order relationship with the volume. This suggested that 

the ratio of scattering in the extinction spectrum of a particle will increase with increasing 

particle volume, as shown in Figure 1.2c and d. This gives us a basic guideline for the 

tailoring of the nanoparticles. In applications where a high absorption cross-section ratio is 

highly desired, such as photothermal conversion,13-14 the size of the particle should be 

reduced in order to obtain high photothermal efficiency. In scenarios where scattering is 

emphasized, for example, surface enhanced Raman spectroscopy (SERS), a more extensive 

feature will be preferred.  
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Figure 1.2 (a) Schematic of plasmon oscillation for a sphere, showing the displacement of 

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

ref. 4. Copyright © Royal Society of Chemistry 2015 (b) Simulated absorption, scattering, 

and extinction cross-sections of Au nanoparticles with different sizes. (c) Intensity plot of 

absorption efficiency as a function of diameter and wavelength for Au nanoparticles in 

water. (d) Dependence of the absorption efficiency of Au nanoparticles as a function of 

their radius. 
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Due to the limited amount of precursors, the total volume of the metal that can be 

produced is fixed; therefore, the tuning of particle size can be achieved by controlling the 

number of nuclei formed in Stage II. In seedless growth, the nucleation rate is determined 

by the concentration of the metal atoms. In the classic synthesis of citrate capped AuNPs,15-

16 with high citrate concentration, the concentration of Au atoms increases rapidly and 

dramatically passes the nucleation threshold when the nucleation reaction occurs. In this 

case, the fast initial nucleation rate produces a larger number of nuclei, leading to smaller 

nanoparticles. When the citrate concentration is decreased, the nucleation starts at a 

concentration slightly above the threshold; therefore, the initial reaction rate will be 

significantly reduced, producing fewer nuclei and larger particles. In addition to the cross-

section ratio change predicted by the Mie theory, the increase in particle size will also 

redshift the LSPR peak of the spherical nanoparticles.15 In sufficiently large particles, the 

appearance of a secondary peak is observed. This observation can be attributed to the 

quadrupole or higher-ordered modes of plasmonic resonance, which is neglected in the 

dipole approximation typically applied in Mie theories.17 In the seed-mediated methods, 

the particle size is controlled through the amount of seeds added to the growth solution. 

This makes nanoparticles' size predictable through numeric relationships between the total 

volume and numbers of particles, and the reproducibility is improved. Furthermore, due to 

the separation of the nucleation and crystal growth stages, the size of nanoparticles can be 

tuned in a larger range and avoid polydispersity caused by the nonsimultaneous formation 

of nuclei. As we previously reported,18 the seed-mediated growth method can produce 

quasi-spherical nanoparticles up to 100 nm in diameter. I- is added in the growth solution 
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to form AuI2
- complex and lower the reduction potential of the Au precursors to keep the 

concentration of Au atoms below the nucleation threshold.  

1.2.2 Optical Tuning of Anisotropic Plasmonic Nanoparticles 

According to Equations 2 and 3, the aspect ratio also has a great impact on the 

optical properties of the plasmonic nanoparticles. As shown in Figure 1.3a, the anisotropy 

of nanoparticles brings new dipole modes, allowing the appearance of a second LSPR peak, 

referred to as longitudinal mode, since it arises when the polarization of the incident light 

matches the longitudinal axis of the anisotropic nanoparticles. As plotted in Figure 1.3b, 

the longitudinal LSPR peak will redshift with increasing aspect ratio. The wide tunability 

of the LSPR wavelengths has inspired enormous research interests in the synthesis of 

anisotropic nanoparticles, especially nanorods, characterized by a sharp longitudinal peak 

within a wide spectral range. From Equation 2, an approximately linear relationship 

between the aspect ratio of nanorods and the maximum absorption wavelength can be 

derived, which can be described as 𝜆𝑚𝑎𝑥 = (53.71𝑅 − 42.29) ∗ 𝜀𝑚 + 495.14 regardless 

the radius of the nanorods.19-20 (Figure 1.3c) This provided a convenient guideline for the 

design of nanorods. The above equations provided a general understanding of the optical 

properties of the plasmonic nanoparticles and their size and aspect ratio. However, these 

equations fail to represent more complicated morphologies and detailed features such as 

the sharpness of the tips. An accurate solution for the Maxwell equation is needed for the 

prediction of the optical properties of these complicated morphologies.21  
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Figure 1.3 (a) Schematics showing the transverse (top) and longitudinal (bottom) plasmon 

resonance modes. (b) Simulated spectra of AuNRs with different aspect ratio with fixed 

particle volume. c) The longitudinal LSPR peak position as a function of the aspect ratio 

of the nanorods. 
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The key to the synthesis of anisotropic nanoparticles is to break the symmetry of 

crystal growth. One strategy frequently used is to control the crystal growth kinetics. This 

strategy is highlighted in the synthesis of single-crystal Au nanorods using CTAB as a 

surfactant.22-23 The CTAB capped Au seeds are single-crystal cuboctahedral seeds enriched 

with {100} and {111} facets. CTAB selectively adsorbs on the {100} facets of the Au 

seeds, leading to the development of {100} facets and elimination of {111} facets.24 

Another key factor in the synthesis of the Au nanorods is the underpotential deposition 

(UPD) of Ag. As proposed in mechanism studies, the UPD of Ag plays an important role 

in the symmetry breaking of the crystal growth. 25 As shown in Figure 1.4, when the crystal 

size increases to beyond 4 nm, the {110} facets will start to develop to lower the energy of 

the edge atoms. The UPD of Ag preferentially happens on the newly grown {110} facets 

and passivate the growth of Au in this direction, therefore, breaking the symmetry of the 

crystal growth.  
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Figure 1.4 Schematics showing the symmetry break induced by the UPD of Ag. Adapted 

with permission of ref 40. Copyright © 2017 American Chemical Society  
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Another symmetry breaking strategy is to induce defects in seed crystals. For 

example, in another widely used method for the synthesis of Au nanorods, penta-twinned 

Au seeds are first synthesized in the presence of citrate ions.26 The penta-twinned seeds are 

enclosed by {111} facets, which can be stabilized by citrate. The geometry of the penta-

twinned seeds favors the crystal growth along the symmetry axis and prohibits lateral 

growth. In addition, the UPD of Ag preferentially happens on the newly grown {100} 

facets, further facilitating the uniaxial growth of Au nanorods.27  

1.2.3 Introduction of “Hot Spots” Through Island Growth 

In addition to the spherical nanoparticles and anisotropic nanostructures such as 

nanorods and nanoplates, recent researches have shifted to the synthesis of more complex 

structures that may offer novel optical properties.28-31 Seed mediated growth has proved to 

be a convenient method for the construction of these novel structures. The complex 

structures deviate from the quasi-static approximation applied in the Mie theory; therefore, 

the optical properties of these nanoparticles cannot be easily predicted with a simple 

equation. However, from empirical data and computational simulation obtained with 

accurately solved Maxwell equations, the structure-optical properties relationship can be 

gradually established.  

An important feature that can be achieved through unconventional seed-mediated 

growth is the hot spots induced by sharp tips and concave edges. The synthesis of sharp 

edges also attracted interests in the synthesis point of view since sharp edges are not 

thermodynamically favored, and the formation of these structures can provide a deeper 

understanding of the growth kinetics of the plasmonic nanocrystals. Two typical strategies 
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were applied to induce the island growth on nanocrystals. As shown by Younan Xia et 

al.,12 the island growth can be induced by controlling the ratio between deposition rate and 

diffusion rate of newly deposited metal atoms (Figure 1.5). During the crystal growth 

process, the atoms on the newly grown “islands” will diffuse onto the substrate surface to 

lower the surface energy, resulting in the decrease in the reduced aspect ratio of the 

“islands” and eventually the elimination of the sharp tips. By controlling the deposition 

rate, the overgrowth of nanocrystals can be tuned from island growth to thermodynamically 

favored products (Figure 1.5b). Our group has also reported the island growth on Au 

nanostructures by reducing the surface diffusion rate,29 the island growth of Au on Au 

nanoplates can be induced by modification of PVP on the Au nanoplates. The PVP bound 

to the surface of Au nanoplates and reduced the surface diffusion of Au atoms from newly 

formed islands. As a result, the islands on the nanoplates produce abundant hot spots at the 

connection plane and greatly enhanced the SERS performance of the Au nanoplates.  
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Figure 1.5 (a) Schematics showing tuning of growth modes by tuning relationship between 

the deposition rate and the diffusion rate. (b) Overgrowth of Pd on Pd nanocubes with 

different precursor injection rates. Adapted with permission of ref 16. Copyright 2013 

National Academy of Sciences 
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In addition to the kinetic control of deposition rate and diffusion rate, the island 

growth can also be introduced by changing the growth modes of the depositing metals. As 

shown in Figure 1.6, the growth mode of a secondary metal B on the substrate A can be 

estimated by the overall excess energy Δ𝛾 = 𝛾𝐴 + 𝛾𝑖𝑛𝑡 + 𝛾𝑠𝑡𝑟𝑎𝑖𝑛 − 𝛾𝐵, where γA, γB, γint, 

and γstrain represent the surface energy of metal A, metal B, A-B interface and the crystal 

strain induced by the lattice mismatch between the two metals, respectively.32 The Δγ 

reflects the tendency of hetero-nucleation of metal A on B surface, and the growth mode 

of A can be categorized into three modes: Frank-van der Merwe (FM) or layer-by-layer 

mode, Volmer-Weber (VW) or island growth mode, and Stranski-Krastanov (SK) or 

island-on-wetting mode. When Δγ<0, the two metals have a strong affinity, and the growth 

of B follows layer-by-layer deposition, while when Δγ>0, the lattice mismatch between the 

two metals are large, and the growth of B follows island growth where the B metals 

deposits on a high surface energy spot and grow into islands. The SK mode describes the 

situation where the lattice mismatch is relatively high but the initial Δγ is below 0, the 

deposition of B first follows layer-by-layer mode. With the atomic layers building up, the 

crystal strain gradually increases and Δγ shifts to above 0, at which point the growth mode 

of B switch to island growth. Traditionally, the island growth is observed in bimetallic 

systems where the depositing metal and the substrate has a large lattice mismatch, and the 

growth behavior is determined by the crystal strain. Recent research has proposed to induce 

island growth between metals with a low lattice mismatch and monometallic systems by 

changing the interfacial energy between the metal and the substrate. 
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Figure 1.6 Schematic illustration of three different growth modes. Adapted with 

permission of ref 51. Copyright © 2008 Elsevier Ltd. 
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1.3 Magnetic Tuning of Plasmonic Nanoparticles 

The morphology change in plasmonic nanoparticles results in an irreversible 

change in the optical properties. In some application scenarios, a reversible and dynamic 

tuning of the optical properties is preferred. The magnetic tuning appears to be an ideal 

solution as it can achieve the non-contact manipulation of nanoparticles at a large scale. 

Unlike electric field actuation and electrochemical tuning, the magnetic manipulation does 

not require the incorporation of electrodes in the system and has no effect in the 

surrounding media, which can affect the plasmonic properties, making the optical tuning 

unpredictable. Since most plasmonic materials do not show remarkable magnetic 

responses, the most common strategy is to form a composite of magnetic and plasmonic 

nanoparticles. It can be easily assumed that the choice of magnetic nanoparticles will 

determine the way the nanoparticles respond to the magnetic field. Generally, the common 

magnetic responsive nanoparticles can be classified as superparamagnetic and 

ferro/ferrimagnetic nanoparticles depending on the assembly behaviors and isotropic and 

anisotropic depending on the shape of the nanoparticles. As shown in Figure 1.7, due to 

the fast random flipping of the magnetizing direction, the magnetization of 

superparamagnetic nanoparticles appears to be average zero without an external magnetic 

field. With the magnetic field applied, the magnetization direction instantly changes to 

align with the external magnetic field and show a strong magnetic response, while when 

the external magnetic field is removed, the apparent magnetization will return to zero due 

to thermal fluctuations. When the magnetic field direction changes, the magnetization in 

each nanoparticle will rearrange, and the nanoparticles reassemble along the external field. 
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In isotropic ferromagnetic or ferrimagnetic nanoparticles, however, the nanoparticles will 

remain magnetized after the external magnetic field is removed. When the magnetic field 

changes, the nanoparticles will rotate to align the magnetic dipoles with the external field. 

In the case of anisotropic ferromagnetic nanoparticles, when the external magnetic field is 

first applied, the magnetization will follow the easy axis of the geometry, and the 

nanoparticles will rotate to align the easy axis with the external field. When the magnetic 

field changes direction, the orientation of the nanoparticles will change accordingly. The 

different responses of the magnetic nanoparticles greatly determine the tuning behavior 

and the application scenarios of the magnetic/plasmonic composites. 
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Figure 1.7 Schematics showing the magnetic response to external magnetic fields. 

  



22 

 

The responses of the composite generally fall into two categories, magnetic 

separation and oriental control. Although the magnetic separation of plasmonic 

nanoparticles does not contribute to the optical properties, it is widely used for the 

magnetically guided movement of nanoparticles, especially in biomedical applications.33-

34 One of the challenges in cancer therapy is the targeting of the cancer cells. Despite the 

usage of antibodies targeting the cancer cells, the injected particles are delivered by the 

blood flow and are significantly diluted when they reach the cancer cells, lowing the chance 

of combination. With the guidance of a magnetic field, the nanoparticles can be 

concentrated at the targeted area, improving the chance of the combination between cancer 

cells and the nanoparticles. The magnetic field guided spatial movement does not have 

specific structural requirements besides the combination of the magnetic response and 

plasmonic nanoparticles, and a wide variety of nanostructures are capable of this purpose. 

A typical structure used is Fe3O4@Au core-shell nanoparticles. As proposed by Halas et 

al., the Au nanoshells have a strong plasmonic response in the NIR region,31 which is ideal 

for bio-related applications. By switching the core from SiO2 to Fe3O4, the 

plasmonic/magnetic composite can be readily used for magnetic field-assisted 

photothermal therapies. 

Another important magnetic tuning approach is the oriental control of the 

nanocomposites. As stated in the previous section, the anisotropy in the geometry of the 

plasmonic particles will induce a second resonance mode corresponding to the electron 

oscillation along the longitudinal axis of the particles. As shown in Figure 1.8a, the two 

plasmonic modes can be separately excited with linearly polarized light. When the 



23 

 

polarization of the incident light is perpendicular to the longitudinal axis of the nanorods, 

only the transverse mode will be excited, while when the polarization of the light is parallel 

to the longitudinal axis, the only longitudinal mode will be excited. The polarization-

sensitive optical response opens new opportunities such as anticounterfeiting, data 

encryption, and light signal modulation.35-37 The polarization dependence of the plasmonic 

properties naturally associates with the magnetic response of the anisotropic nanoparticles. 

As shown in Figure 1.8b, we have shown that by attaching the Au nanorods on 

Fe3O4@SiO2 nanorods modified with amino groups, the orientation of the Au nanorods 

can be tuned with the external magnetic field, thus allows selective excitation of the 

longitudinal and transverse plasmonic modes. This allows the modulation of optical signals 

at certain wavelengths by periodically rotating magnetic fields. 
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Figure 1.8 (a) Simulated spectra of Au nanorods with incident light polarization aligned 

with the longitudinal and transverse axis of the nanorods. (b) TEM image showing the 

parallel attachment of AuNRs and Fe3O4@SiO2 nanorods. (c) UV-vis spectra of the 

nanocomposite with different magnetic field directions. Adapted with permission of ref 57.  

  



25 

 

1.4 Non-Noble Metal Plasmonic Nanoparticles 

In the past few decades, the research in plasmonic nanoparticles has been focused 

on Au and Ag nanoparticles due to the pronounced optical response and the stability of 

noble metal nanoparticles. In recent years, the scope of research has been broadened to the 

search for alternative materials to make the plasmonic materials more accessible. In 

addition, the unique physical and chemical properties may add to the plasmonic 

nanoparticles and bring new potential applications of the plasmonic nanoparticles. 

According to Equation 1, the LSPR wavelengths and the extinction cross-sections of 20 

nm nanoparticles of different metals are plotted in Figure 1.9. It can be seen that Au and 

Ag are not actually the most effective plasmonic materials. Since the plasmonic properties 

of metal nanoparticles are determined by charge carrier density and the attraction between 

the metal cations and the electrons, it can be easily assumed that the alkali and alkaline 

earth metals will exhibit excellent plasmonic performances. Among the main group metals, 

with increasing group number, the extinction cross-section will increase due to the 

increasing abundance of electrons, while the plasmonic peak will blue shift since the 

attraction to electrons greatly increases with higher valent cations. However, the high 

chemical activity of alkali and alkaline earth metals limited their applications as plasmonic 

materials. A potential main group metal that attracted great interest as an efficient 

plasmonic material is Al. As shown in the simulation results, Al has a much higher 

extinction cross-section than Ag with a similar size. One drawback of Al as plasmonic 

material is the fact that the resonance wavelength of Al is located in the deep UV region; 

however, the plasmonic peak can be redshifted to the visible range with the fabrication of 
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anisotropic nanoparticles or through coupling between particles. Although Al may suffer 

from the high reactivity similar to alkali and alkaline earth metals, the condensed nature of 

Al2O3 film on the Al nanoparticle surface will prevent the further oxidation of Al, and the 

influence from oxidation is limited. In transition metals, the trend is not as clear since the 

electron structures are more complicated. A few promising candidates for alternative 

materials for Au and Ag are Cu and Ni. Although both materials suffer from the plasmonic 

peak overlapping with the interband transition band, thus lowering the plasmonic quality 

of these metals, this can be avoided or minimized by shifting the plasmonic resonance 

wavelength away from the interband transition band. As shown in our previous work,38 by 

forming Cu nanorods, the plasmonic peak of the nanostructure can be shifted away from 

the interband transition band, and the as-prepared Cu nanorods can exceed that of Au 

nanorods with similar dimensions.  
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Figure 1.9 Simulated extinction cross-section of metallic nanoparticles of 20 nm size in 

water.  
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In addition to metals, recent research of plasmonic materials has also expanded to 

semiconductors. The plasmonic phenomenon originated from the oscillation of charge 

carriers. Therefore, in principle, the semiconductors can also possess plasmonic properties. 

The difference is that the density of free charge carriers is much lower than that in metals, 

resulting in the plasmonic wavelength in the IR region. However, the utilization of 

semiconductors as plasmonic materials brings new opportunities that are hard to achieve 

with noble metals. Because the charge carrier density can be changed by doping the 

semiconductor nanoparticles, it offers a wide tuning range of the resonance wavelengths. 

The typical LSPR wavelengths of semiconductors naturally locate in the IR region, which 

is promising in biotherapies. Small CuxS,39 MoO3-x
40 and CuTe41 nanoparticles have been 

demonstrated as imaging and photothermal agents with LSPR peak in the NIR-II window, 

which typically requires a relatively large particle size and complicated structural design if 

Au nanoparticles are used. Furthermore, due to the different surface chemistry, 

semiconductor nanoparticles have a different affinity towards functional groups from Au 

surface, therefore provide a wider choice of chemicals that can be detected through SERS 

methods.41 In addition, semiconductors typically have a higher melting point and thermal 

stability compared with metals, therefore allows the applications of plasmonic materials in 

high-temperature photothermal devices, such as solar thermal power generation. As shown 

in Figure 1.10, ZrN and TiN are promising candidates for high-temperature plasmonic 

applications as they are refractory with photothermal efficiency comparable to Au in the 

visible region.42  
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Figure 1.10 (a) Joule numbers of Au, TiN, and ZrN. (b) Optical image and dielectric 

functions of metal nitride. Adapted with permission of Ref 63 Copyright © 2013 WILEY‐

VCH Verlag GmbH & Co. KGaA, Weinheim. 
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1.5 Focus of This Dissertation 

The fundamental of the optical tuning of plasmonic nanoparticles, including the 

morphology control, magnetic tuning, and choices of alternative materials has been 

discussed. The focus of this dissertation is related to the controlling of the optical properties 

and the application of plasmonic nanoparticles and can be divided into three topics: (1) the 

morphology control of Au nanostructures via selective island growth on Au nanostructures; 

(2) dynamic tuning of the optical properties of plasmonic nanostructures by the formation 

of plasmonic/magnetic composites; (3) Ni as non-noble metal plasmonic material with 

magnetic properties. 

In Chapter 2, the site-selective island growth on Au nanorods will be demonstrated 

by controlling the surface strain profile on the Au nanorods. The relative surface strain can 

be changed by anisotropic PEG-SH modification, affecting the deposition location of Pd 

on Au nanorods. The Pd coating introduced lattice mismatch between the nanorods with 

the newly grown Au domains, inducing island growth on Au nanorods. The controlled 

distribution of Pd on Au nanorods produced a template with a surface strain profile, which 

further directed the growth of Au islands. We will also demonstrate the fine-tuning of the 

structural features of the overgrown islands and build the relationship between the features 

and the optical properties. 

In Chapter 3, we demonstrated the dynamic tuning of plasmonic nanostructures 

through the formation of plasmonic/magnetic composites. Two strategies will be 

demonstrated in this chapter. In the first part, we demonstrate the fabrication of self-aligned 

Au-Au and Au-Ag dimers on Fe3O4 nanorods. The selective excitation of the longitudinal 
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mode of the dimers can be achieved at a large scale, and the application of these 

nanocomposites for visible anti-counterfeiting devices will be demonstrated as well. In the 

second part of this chapter, we focus on the fabrication of Au@Fe3O4 and Ag@Fe3O4 core-

shell nanostructures to achieve a straightforward strategy towards the manipulation of pre-

synthesized plasmonic nanoparticles. The magnetic manipulation of the plasmonic 

nanoparticles can be achieved, and we demonstrated the application of Ag@Fe3O4 as a 

magnetically actuated display. 

In Chapter 4, we further explore the non-noble metal plasmonic materials and 

demonstrate the use of Ni as a promising plasmonic material for solar energy harvesting. 

The combination of Ni and C in a core-shell nanoparticle enabled the highly efficient solar-

thermal conversion and showed excellent performance in solar steam generation. 

Furthermore, the magnetic properties of Ni bring additional benefits to the structural design 

of the evaporator, allowing new designing strategies toward the solar steam generation 

devices. 
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Chapter 2 Site-Selective Island Growth on Au Nanoparticles 

2.1 Introduction 

Plasmonic nanoparticles have attracted great attention due to their unique optical 

properties and potentials in a wide range of applications such as catalysis,1 sensing2 and 

biomedicine. 3-4 Over the past few decades, synthetic protocols of plasmonic nanoparticles 

with various sizes and morphologies have been heavily investigated, and the relationship 

between the particle morphologies and their optical properties has been established.5-8 

Among the reported methods, seed-mediated growth has proved to be an efficient strategy 

to obtain monodispersed nanocrystals with well-controlled shapes through the seed crystal 

structure and growth kinetics control. In recent researches, the scope of this synthetic 

method has expanded from the facet-directed shape control to the creation of more complex 

nanostructures by exploring novel growth paths.9-14 Island growth, for example, could 

produce secondary features that are difficult to achieve in the traditional layer-by-layer 

deposition. 

As discussed in Chapter 1, the island growth on metal nanoparticles can be typically 

induced by two strategies, growth kinetic control and growth mode control through surface 

strain and lattice mismatch. The kinetic control is typically applied in monometallic 

systems where the depositing metal and the substrate are the same. The two domains 

essentially have no lattice mismatch, and the island growth mode is not thermodynamically 

favored. By promoting the deposition of the metal, which develops the high energy sites 

and suppressing the surface diffusion that leads to the minimized overall surface energy, 

island growth can be induced in the monometallic systems.  
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On the other hand, the tuning of growth modes is commonly utilized in bimetallic 

systems. When the two metals have a relatively large lattice mismatch, it is easy to induce 

the island growth of the depositing metal since the crystal strain induced by the lattice 

mismatch to exceed the reduced surface energy by forming metal interfaces. However, the 

two most well-studied metals, Au and Ag, have almost neglectable lattice mismatch, and 

the epitaxial growth is favored in the seed-mediated synthesis. As proposed by Hongyu 

Chen et al.,15-16 the growth mode of the Ag on Au nanoparticles can be changed by inducing 

sufficiently large surface strain, which has been thoroughly discussed in Chapter 1. This 

strategy can be expanded to the monometallic systems, and as demonstrated by Yu Han et 

al.,10 island growth of Au on Au nanorods can be induced by modifying the Au nanorods 

with a strong binding hydrophobic ligand.  

Previously in our group, we also proposed the island growth of Au on Au 

nanoparticles by introducing a thin layer of Pt. When the Au nanoparticles were coated 

with a thin layer of Pt, the substrate surface essentially became Pt without severely 

compromising the optical properties of the Au nanoparticles. The relatively large lattice 

mismatch between Pt and Au causes large crystal strain on newly deposited Au domains, 

leading to the growth of islands on Au nanoparticles. By controlling the Oswald ripening 

process, the number of islands deposited on the Au nanoparticles can be tuned. 

In this work, we initiated the island growth on Au nanorods (AuNRs) by the 

introduction of a thin Pd layer, which greatly increases the surface strain due to the lattice 

mismatch between Pd and Au. The anisotropic modification of thiol terminated 

poly(ethylene glycol) (PEGSH) changed the interfacial energy profile on AuNRs, limiting 
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the deposition of Pd on AuNRs. The strain difference in PEGSH modified, and Pd coated 

regions created a robust template to guide the deposition of Au islands in the overgrowth. 

By changing the synthesis parameters in the system, the number, size, distance, and wetting 

degree of islands can be systematically tuned to achieve precise tailoring of the LSPR 

properties of obtained nanostructures. Furthermore, this method can be extended to other 

Au nanostructures such as nanoplates, nanocubes, and rhombic dodecahedrons, showing 

the versatility of the site-selective island growth strategy.  

2.2 Experimental 

2.2.1 Chemicals 

Gold chloride (AuCl3), diethylamine (DEA), potassium iodide (KI), and sodium 

hydroxide (NaOH) were purchased from Fisher Scientific. Sodium borohydride (NaBH4) 

was purchased from MP biomedicals, LLC. Hexadecyl-trimethylammonium bromide 

(CTAB, > 99%), L-ascorbic acid (AA, >99.0%), poly(ethylene glycol) methyl ether thiol 

(PEGSH, Mw. ~2000), palladium (II) chloride (PdCl2, 99%), polyvinylpyrrolidone (PVP, 

Mw. 10000), sodium citrate tribasic dihydrate (TSC, > 99.0%), L-cysteine (>99%), 

mercapto-acetic acid (>99%), tannic acid and cetyltrimethylammonium chloride (CTAC, 

25 wt.% in water) were purchased from Sigma-Aldrich, Inc. Silver nitrate (AgNO3, 

99.9+%) was purchased from Alfa Aescar. Poly(ethylene glycol) methyl ether amine 

(PEGNH2, Mw. ~2000) was purchased from Laysen Bio, Inc. Potassium bromide was 

purchased from Matheson Coleman & Bell, Inc. 
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2.2.2 Synthesis of Au nanorods (AuNRs) 

The Au nanorods were synthesized with a method published by Jianfang Wang with 

slight modification.17 A seed solution was first prepared with the addition of 60 µL of 

freshly prepared 0.1 M NaBH4 solution into 10 mL of a solution containing 0.1 M CTAB 

and 0.25 mM HAuCl4. The mixture was stirred vigorously for 30 s, then aged at 25 °C 

without disturbance for at least 30 min to remove unreacted NaBH4. The growth solution 

was prepared by combining 40 mL 0.1 M CTAB, 2 mL 0.01 M HAuCl4, 0.4 mL 0.01 M 

AgNO3, 0.8 mL 1 M HCl and 0.32 mL 0.1 M AA in sequence. The growth of AuNRs was 

initiated by adding 96 µL seed solution into the growth solution. The mixture was 

vigorously stirred for 30 s and kept undisturbed at 25 C for 12 h. The synthesized AuNRs 

were separated by centrifugation at 9000 rpm for 30 min. The AuNRs were washed with 

water twice and redispersed in 20 mL 0.01 M CTAB solution to make the AuNRs 

concentration equal to 1 mM. 

2.2.3 Synthesis of Au Nanoplates (AuPLTs) 

The CTAC-capped Au nanoplates were synthesized with a previously reported 

method by Qiao Zhang.18 In a 50 mL flask, 20 mL of water and 4 mL 0.1 M CTAC solution 

was added, followed by the addition of 375 µL 0.01 M KI. A mixture of 400 µL 25 mM 

HAuCl4 and 100 µL of 0.1 M NaOH was added sequentially to make a yellowish color. 

After injecting 400 µL of 0.064 M AA under moderate stirring, the solution turned 

colorless. The Au nanoplate growth was initiated with the injection of 50 µL 0.1 M NaOH. 

The solution was vigorously stirred for 10 s and leave undisturbed for 10 min. The 
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nanoplates were separated with centrifugation at 9000 rpm for 10 min and redispersed in 

10 mL of 0.01 M CTAB solution. 

2.2.4 Synthesis of Au Nanocubes (AuCBs) and Rhombic Dodecahedrons (AuRDs) 

The Au nanocubes and rhombic dodecahedrons were synthesized with a method 

reported by Michael Huang.19 In a 20 mL flask, 10 mL 0.1 M CTAC was added, followed 

by the addition of 250 µL 10 mM HAuCl4 solution. Into the mixture, 0.45 mL of freshly 

prepared 0.2 M NaBH4 solution was quickly injected under vigorous stirring. The seed 

solution was aged for 1 h at 30 °C before using. 

For the growth of Au nanocubes, two vials were labeled A and B. A growth solution 

was prepared in each of the two vials. In each vial, 10 mL of 0.1 M CTAC was added, 

followed by the addition of 250 µL of 0.01 M HAuCl4, and 10 µL of 0.01 M KBr were 

added. Finally, 90 µL of 0.04 M AA was added. To initiate the crystal growth, 45 µL seed 

solution was added to vial A under vigorous stirring. After 10 s, solution A turned pink, 

and 45 µL of solution A was injected into vial B. The mixture was stirred for 10 s and left 

undisturbed for 15 min. The Au nanocubes were separated by centrifugation at 7000 rpm 

for 15 min and redispersed in 2.5 mL 0.01 M CTAB solution. For the synthesis of Au 

rhombic dodecahedrons, 150 µL of 0.04 M AA instead of 90 µL was added to each growth 

solution. 

2.2.5 Synthesis of Au@Pd nanorods (Au@PdNRs) 

The AuNRs were first modified with PEGSH before Pd deposition. Into 5 mL of 

AuNRs solution, 0.5 mL of 1 mM PEGSH solution was added. The solution was stirred 

for 2 h for the selective modification of PEGSH on Au nanorods. The modified AuNRs 



41 

 

were centrifuged and redispersed in 5 mL of 2 mM CTAB solution. Various amount of 

PEGSH solution was added to obtain AuNRs modified with different PEGSH/Au ratios. 

To initiate the Pd deposition, 500 µL 0.1 M AA and 50 µL 0.02 M H2PdCl4 solution were 

added under stirring. The mixture was stirred for 30 min before centrifugation. The 

Au@PdNRs were centrifuged at 9000 rpm for 10 min to remove unreacted chemicals and 

redispersed in 1 mL of water. 

The selective Pd deposition on other Au nanostructures (AuPLTs, AuCBs, AuRDs) 

was carried out with the same procedure, with slight modifications of PEGSH/Au and 

Pd/Au ratio, and the amount of AA was adjusted proportionally according to the amount 

of H2PdCl4 added. More specifically, for AuPLTs, PEGSH/Au ratio = 0.05 and Pd/Au ratio 

= 0.1 was used, while for AuNBs and AuRDs, PEGSH/Au ratio = 0.05 and Pd/Au ratio = 

0.2 was used. 

2.2.6 Ligand Exchange of Au@PdNRs 

Before island growth, the ligand of Au@PdNRs was changed from CTAB into 

citrate with a previously reported ligand exchange process. Generally, 1 mL of Au@PdNRs 

solution was added into 3 mL of ethanol. Into the mixture, 100 µL of 5% PVP solution was 

added and stirred for 4 h. The Au@PdNRs were then centrifuged and redispersed in 1 mL 

of water. Into the Au@PdNRs solution, 50 µL of DEA was added and stirred for 2 h to 

exchange the ligand into DEA. To finally exchange the ligand into citrate, the Au@PdNRs 

were centrifuged and redispersed in 1 mL of water, and 20 µL 10 mg/mL TSC and 40 µL 

10 mg/mL tannic acid were added. The solution was stirred for 1 h then centrifuged to 

remove supernatant. The collected Au@PdNRs were redispersed in 5 mL of water. 
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The same ligand exchange processes were performed on other Au@Pd 

nanostructures (Au@PdPLTs, Au@PdCBs, and Au@PdRDs). 

2.2.7 Island Growth on Au@PdNRs 

The growth solution used for island growth was first prepared. Into 0.5 mL of water, 

20 µL 5 wt.% PVP solution, 50 µL 0.01 M HAuCl4, 25 µL 0.2 M KI and 5 µL 0.1 M AA 

were added. The above growth solution was injected into 0.5 mL of Au@PdNRs 

dispersion, and the mixture was stirred for 30 min. The overgrown Au@PdNRs were 

separated by centrifuging at 8000 rpm for 5 min and redispersed in water for 

characterization. The same processes were carried out for the site-selective island growth 

on other An@Pd nanostructures.  

2.2.8 Characterization 

The sample morphology was characterized by a Tecnai 12 TEM. The morphology 

of the overgrown Au rhombic dodecahedrons was characterized by an FEI Nova NanoSEM 

450 SEM. UV–Vis spectra were measured with an Ocean Optics HR2000 CG-UV-NIR 

spectrometer. The UV-vis-NIR spectra were measured with a Gary 5000 double beam UV-

Vis-NIR spectrometer. FTIR spectra were measured with a Thermo Nicolet 6700 FTIR 

spectrometer.  

2.3 Results and Discussion 

2.3.1 Controlling the Island Growth Modes on Au Nanorods by Changing Surface 

Strain Profiles 

The site-selective island growth on AuNRs was performed by first modifying 

AuNRs with thiol-terminated poly(ethylene glycol) (PEGSH), after which a layer of Pd 
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was coated on the PEGSH modified AuNRs. The as-prepared Au@PdNRs were used as 

seeds for island growth. It has been reported that at a moderate concentration, PEGSH can 

be selectively modified on the tips of AuNRs because the packing density of CTAB on the 

tips of AnNRs is lower than it is on the sides.20-22 Here, we took advantage of anisotropic 

modification of PEGSH to limit the deposition of Pd on the AuNRs, which further 

influenced the growth of Au islands. Figure 2.1a shows the scheme to tune the growth 

modes of islands on AuNRs through anisotropic PEGSH modification and Pd deposition. 

As discussed in Chapter 1, the growth behavior of a secondary metal on a metal substrate 

can be determined by the overall surface excess energy Δγ:  

𝛥𝛾 = 𝛾𝐴 + 𝛾𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 + 𝛾𝑠𝑡𝑟𝑎𝑖𝑛 − 𝛾𝐵                                                                                 (2.1) 

where γA and γB are the surface energy of metal A and B in solution respectively, 

γinterfacial is the interfacial energy between metal A and B, and γstrain is the energy introduced 

by crystal strain due to the crystal mismatch between metal A and B. It is well known that 

Pd and Au has a moderate lattice mismatch (~5.3%), and the deposition mode of Pd can be 

changed by changing the interfacial energy and the growth kinetics of Pd.23 As shown in 

Figure 2.1a, the modification of PEGSH could limit the growth of Pd at different regions 

by increasing local interfacial strain. With no PEGSH modification, because the packing 

density of CTAB on the tips of AuNRs was lower than it was on the sides, the tips of the 

AuNRs had higher surface energy. Therefore, Pd preferentially deposited on the tips of 

AuNRs (denoted as Au@Pd0PEGSHNRs). When AuNRs were modified with PEGSH, the 

strong bonding between Au and thiol groups increased the interfacial strain between Au 

and Pd. Due to the lattice mismatch between Au and Pd, increasing interfacial strain, even 
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to a small extend, will influence the deposition of Pd. At a low PEGSH/Au ratio, the strain 

induced by the Au-S bond compensated the strain difference originated from different 

packing densities of CTAB; therefore, Pd deposit universally on AuNRs surface (denoted 

as Au@Pd0.01PEGSHNRs). When PEGSH/Au ratio was further increased, the interfacial 

strain between Pd and Au was greatly increased, and the surface strain profile was 

switched. The excess surface energy Δγ on the tips was positive, while Δγ negative in the 

middle. The deposition of Pd was limited in the middle of the AuNRs (denoted as 

Au@Pd0.1PEGSHNRs), where there was no PEGSH modification. Although the thin Pd layer 

was not visible in the TEM images, the UV-vis spectra of the three Au@Pd nanorods 

showed a great difference. As shown in Figure 2.1b, the longitudinal peak of the 

Au@Pd0PEGSHNRs redshifted comparing to the original AuNRs, and with increasing 

PEGSH/Au ratio, the plasmonic peak of the Au@PdNRs gradually blue shift. The 

computational simulation result (Figure 2.1c) showed the same blue shifting trend with 

decreasing Pd coverage, confirming our theory of limited Pd deposition on the sides. 
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Figure 2.1 (a) Schematics showing the island growth modes on AuNRs controlled by 

anisotropic modification of PEGSH and selective deposition of Pd. (b) UV-vis spectra of 

AuNRs and Au@PdNRs with different PEGSH/Au ratios. (c) Simulated spectra of AuNRs 

and Au@PdNRs with different coverage of Pd. 
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The island growth on as-prepared Au@PdNRs was initiated with the addition of a 

growth solution containing HAuCl4, AA, and KI in the presence of PVP as the surfactant. 

To eliminate the influence of CTAB during island growth, a ligand exchange was 

performed according to previously reported procedures to change the ligands on 

Au@PdNRs into citrate, and the FTIR spectrum (Figure 2.2a) and zeta-potential of 

Au@PdNRs (Figure 2.2b) confirmed the successful ligand exchange. The ripening 

promoted by the addition of KI played an important role in the site selectivity of the island 

growth. Briefly, the ripening process eliminated the unstable small islands through 

oxidative etching and promoted the growth of remaining islands to reduce surface area and 

overall surface energy. When the Au@Pd0PEGSHNRs were used as seeds, the tips of the 

nanorods had a higher crystal strain due to the thicker Pd coating. As a result, the island on 

the tips was highly strained and etched during ripening. The growth of islands mainly 

happened on the side of the nanorods, as shown in the TEM images (Figure 2.2d). When 

Au @Pd0.01PEGSHNRs were subjected to overgrowth, due to the universal distribution of Pd, 

the island growth showed no preference, and random deposition of islands on both sides 

and tips of the Au@Pd0.01PEGSH NRs can be observed (Figure 2.2e). In the case of 

Au@Pd0.1PEGSHNRs, the preferential deposition of Pd in the middle created two areas with 

significant strain difference. Although the Au-S bond also increased the interfacial energy 

between the newly deposited islands and the original Au surface, the crystal strain 

introduced by the lattice mismatch between Pd and Au was far more significant. As a result, 

the islands grown on the sides were etched during the ripening process and then redeposited 

onto islands on the tips. After overgrowth, Au@Pd0.1PEGSHNRs islands deposited on the 
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exposed tips and formed dumbbell-like structures (Figure 2.2f). As shown in the UV-vis-

NIR spectra (Figure 2.2c), the island growth modes had great influences on the optical 

properties of the overgrown nanorods. In the case of Au@Pd0PEGSHNRs, the islands grew 

on the side of the nanorods, decreasing the aspect ratio of the nanorods. Therefore, a blue 

shift of the longitudinal peak was observed after island growth. When the islands were 

randomly deposited on the nanorods, the longitudinal peak of the overgrown nanorods was 

greatly broadened due to the non-uniform distance between islands. As for 

Au@Pd0.1PEGSHNRs, the tip island growth increased the overall length of the nanorods; 

therefore, it resulted in a redshift of the longitudinal peak. 
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Figure 2.2 (a) FTIR spectra of CTAB, TSC, and Au@PdNRs before and after ligand 

exchange. (b) Zeta potential of the CTAB-stabilized Au@PdNRs before ligand exchanged 

and after ligand exchanged with DEA and TSC. (c) UV-vis-NIR spectra of the overgrown 

Au@PdNRs. (d-f) TEM images of island growth on (d) Au@Pd0PEGSHNRs, (e) 

Au@Pd0.01PEGSHNRs, and (d) Au@Pd0.1PEGSHNRs. The scale bars are 50 nm. 
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To verify whether the selective Pd deposition originated from the thiol to Au 

binding or the steric hindrance provided by the polymers, we performed the selective island 

growth with modification of cysteine and mercaptoacetic acid, both of which are small 

molecules with thiol groups. As shown in Figure 2.3a and b, the dumbbell-like structures 

were obtained with modification of either cysteine or mercaptoacetic acid. This result 

showed that the selective Pd deposition could be achieved with thiol-containing chemicals, 

regardless of the molecule size. Therefore, the site-selective island growth should be 

attributed to the Au-S bond instead of the steric hinderance of the polymer. To further 

confirm our conclusion, we modified AuNRs with PEG terminated with an amino group 

(PEGNH2) and performed Pd coating and overgrowth. As a result, only side island growth 

was observed in the TEM images (Figure 2.3c), suggesting that the distribution of Pd was 

not affected by PEGNH2. Although PEGNH2 has the same bulky polymer as PEGSH, the 

weak interaction between the amino group and Au surface cannot induce enough surface 

strain to influence the deposition of Pd; therefore, we can only obtain the same result as 

the case where AuNRs were not modified with any polymers. 
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Figure 2.3 TEM images of island growth on Au@PdNRs using AuNRs modified with (a) 

cysteine, (b) mercaptoacetic acid, and (c) PEGNH2. The scale bars are 50 nm. 
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To further investigate the surface strain difference induced by thiol group and Pd 

deposition, we prepared AuNRs completely modified with PEGSH (Au@PEGSHNRs) and 

Au@Pd0PEGSHNRs and grew a small amount of Au on both nanorods (Figure 2.4a and c). 

Due to the increased overall surface stain, Au grew into small islands on both 

Au@PEGSHNRs and Au@Pd0PEGSHNRs. The contact angle of small islands on 

Au@PEGSHNRs and Au@Pd0PEGSHNRs showed distinct differences. As indicated in the 

statistic results in Figure 2.4c, the Au islands on Au@PEGSHNRs had relatively small 

contact angles (from 10° to 20°), while the typical contact angles of the small islands on 

Au@Pd0PEGSHNRs ranged from 66° to 115°, with an average of 84.7° (Figure 2.4d). In an 

analog to wetting of liquids on a solid surface, the contact angle θ can be calculated by the 

equation:  

𝛾𝑠𝑢𝑏 = 𝛾𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 + 𝛾𝑖𝑠𝑙𝑎𝑛𝑑𝑐𝑜𝑠𝜃                                                                                             (2.2) 

where γsub, γinterfacial and γisland are the surface energies of the substrate, between the 

substrate and the islands and the islands, respectively. The higher contact angle indicates 

higher interfacial energy between the nanorod surface and the newly deposited Au islands. 

The contact angle difference between the small islands on both surfaces showed the strain 

difference induced by thiol modification and Pd coating. 
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Figure 2.4 TEM images of small islands grown on (a) Au@PEGSHNRs and (c) 

Au@Pd0PEGSHNRs. Statistic analysis of the contact angle of the small islands grown on (b) 

Au@PEGSHNRs and (d) Au@Pd0PEGSHNRs. 
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2.3.2 Tuning of the Structural Features of Islands 

As mentioned above, the I- can promote the Ostwald ripening of small Au 

nanoparticles in seed-mediated synthesis by forming I3
- to oxidize Au nanoparticles 

according to reactions below: 

2𝐼− + 𝑂2 + 4𝐻+ = 𝐼2 + 2𝐻2𝑂                                                                               (2.3) 

𝐼2 + 𝐼− = 𝐼3
−                                                                                                                                (2.4) 

2𝐴𝑢 + 𝐼3
− + 𝐼− = 2𝐴𝑢𝐼2

−                                                                                                        (2.5) 

In this work, we varied the I- to HAuCl4 ratio in the growth solution to control the 

number of islands grown on a single nanorod. As shown in Figure 2.5a and b, we achieved 

the growth of multiple islands or a single island on each Au@Pd0PEGSHNR by controlling 

the KI to HAuCl4 in the growth solution. With a high KI ratio, the oxidative etching of 

small islands with higher surface energies was greatly accelerated, and fewer islands would 

survive from the etching. Once Au redeposited on one of the islands, it became a preferred 

deposition site, and Au would further deposit on the same island, resulting in the growth 

of a single island on the nanorod. In the cases with anisotropic PEGSH modification, due 

to the overall excess energy on the PEGSH modified tips, the deposition of Au on the tips 

will be preferred. With a KI/HAuCl4 ratio of 10, islands would grow on both sites with an 

equal chance, and the typical dumbbell-like structures could be obtained (Figure 2.2f). 

When the overgrowth was performed without the addition of KI, an overall overgrowth of 

Au@Pd0.1PEGSHNRs can be observed (Figure 2.5c). It is interesting to find in the magnified 

images of overgrown Au@Pd0.1PEGSHNRs without KI addition (Figure 2.5d) that the 

overgrown nanorods can be clearly divided into two regions; the tips modified with PEGSH 
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grew into smooth crystals and showed clear facets. On the other hand, the overgrown 

crystal in the middle had rough surfaces, showing the characteristics of island growth. The 

different crystal growth behavior on tips and sides of the nanorods is another evidence of 

the surface strain difference between the PEGSH modified tips and Pd covered side. When 

a low KI ratio was added in the growth solution (KI/HAuCl4=5), the etching of small 

islands was relatively slow, giving a higher chance to preserve more growth sites. As a 

result, the appearance of a third island can be observed in the middle of the nanorods, as 

shown in Figure 2.5e. When KI to HAuCl4 ratio was increased to 40, the oxidative etching 

was greatly promoted, we started to see island growth on only one tip of the nanorods 

(Figure 2.5f).  
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Figure 2.5 TEM images of island growth on Au@Pd0PEGSHNRs with KI/HAuCl4 ratio of 

(a) 10 and (b) 40 and on Au@Pd0.1PEGSHNRs with KI/HAuCl4 ratio of (c-d) 0, (e) 10 and 

(f) 40. Scale bars in (a-c) and (e-f) are 50 nm. Scale bar in (d) is 20 nm. 
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From the UV-vis-NIR spectra, we can see the LSPR peak of as-prepared dumbbell-

like Au nanorods (AuDBs) located at 1144 nm, falling in the NIR-II window for the 

photothermal therapy applications. Although the synthesis of dumbbell-like structures has 

been reported before and the potential in photothermal therapies has been proved,24 the 

fine-tuning of plasmonic resonance wavelength to match the laser wavelength is still hard 

to achieve due to the lack of tuning parameters in the kinetically controlled synthesis. Our 

selective PEGSH modification and Pd deposition strategy greatly amplified the surface 

strain difference between tips and sides originated from the packing density difference of 

CTAB, therefore, creating a robust template similar to hard templates such as SiO2. The 

main difference between the two strategies is that instead of physical blockage, which 

results in a fixed structure, the surface strain difference offers more flexibility since the 

surface strain of each region can be changed to produce more complex results. There are 

several morphology features of prepared AuDBs that can be tuned to change the optical 

properties at different levels. For example, the size of the overgrown tips contributed 

greatly to the peak position of the longitudinal peak of the AuDBs. By adjusting the amount 

of growth solution added into the system, the size of the overgrown tips can be varied 

(Figure 2.6a-d). And as seen in the UV-vis-NIR spectra (Figure 2.6e), the longitudinal 

peaks of the AuDBs redshifted with increasing tip sizes. The peak of the AuDBs was very 

sensitive to the size of the tips and showed a nearly linear increase with increasing tip sizes 

(Figure 2.6f). The LSPR peak can be tuned in a wide range from 930 nm to 1144 nm by 

simply changing the growth solution amount.   
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Figure 2.6 (a-d) TEM images of AuDBs synthesized with (a) 20 µL, (d) 40 µL, (c) 60 µL 

and (d) 80 µL of growth solution. Scale bars are 50 nm. (e) UV-vis-NIR spectra of AuDBs 

synthesized with different amounts of growth solution added. (f) Evolution of the size of 

islands and the longitudinal LSPR peak wavelength with respect to growth solution amount. 
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The next level of optical tuning comes from the distance between the two islands. 

The PEGSH/Au ratio can be used to control the coverage of Pd on AuNRs, thus influences 

the distance between the two overgrown tips. More specifically, with increasing 

PEGSH/Au ratio during the anisotropic modification, more areas will be modified with 

PEGSH. Therefore, the area available for Pd deposition was smaller. As a result, during 

overgrowth, the distance between two overgrown tips was reduced. The TEM images 

(Figure 2.7a-d) confirmed the decreasing tip distances between with increasing PEGSH 

ratio. As demonstrated in Figure 2.7e, the distance between islands showed a steady 

decreasing trend proportional to the PEGSH ratio, while the overall length of the AuDBs 

showed a smaller decrease. The UV-vis-NIR spectra of the as-prepared AuDBs blueshifted 

with increasing PEGSH ratio due to the decreased distance between two islands, as shown 

in Figure 2.7f. Simulation results (Figure 2.7g) also confirmed that, with the same overall 

length, a decrease in island distance would result in a blue shift of the longitudinal peak of 

AuDBs. By comparing the simulated electric field distribution around AuDBs (Figure 

2.7h-k) with different distances between two islands, we hypothesized that blue shift 

resulted from the decrease in effective dipole distance with decreasing island distances. 

The island distance on overgrown nanorods offered another tuning wedge at a finer scale, 

and the longitudinal peak of AuDBs can be tuned from 1095 nm to 1151 nm with the same 

growth solution amount. 
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Figure 2.7 (a-d) TEM images of AuDBs synthesized with PEGSH/Au ratio of (a) 0.05, (b) 

0.1, (c) 0.2 and (d) 0.3. Scale bars are 50 nm. (e) UV-vis-NIR spectra of AuDBs 

synthesized with different PEGSH/Au ratios. (f) Evolution of distance between islands, d, 

overall length, l, and the wavelength of longitudinal peaks with respect to PEGSH/Au ratio. 

Simulated results of (g) spectra and (h-k) electric field distribution of AuDBs with d 

ranging from 20 nm to 32 nm at their resonance wavelengths. 
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The plasmonic peak of the AuDBs can be further tuned by controlling the wetting 

degree of the islands. As illustrated above, the site selectivity originated from the surface 

strain difference between the thiol modified tips and the Pd coated side. PVP as a surfactant 

can reduce the surface strain difference between the two regions, therefore, changing the 

wetting degree of the islands on the AuNRs. As shown in Figure 2.8a-d, with increasing 

PVP concentration, the curvature at the connection of the islands and the AuNRs gradually 

decreased. Interestingly, when there was no PVP added to the system (Figure 2.8a), island 

growth was only observed on one tip of the nanorods. The addition of PVP stabilized the 

newly grown small islands, therefore, reducing the oxidative etching process. As shown in 

Figure 2.9b, when KI was added into 2-3 nm Au seeds, the Au seeds ripened into large 

particles after stirring for 1 h, and a sharp peak corresponding to Au nanoparticles can be 

observed in the UV-vis spectrum (Figure 2.9h). With the addition of PVP, the ripening of 

the Au seeds was greatly reduced. The spectra of Au seeds were much broader than the Au 

seeds aged without PVP. Furthermore, the TEM images (Figure 2.9c-f) also showed that 

when PVP concentration was higher than 0.1%, the obtained particles after aging were 

much smaller in size. With increasing PVP concentration, the Au seeds showed a 

decreasing trend in size (Figure 2.9g), and the plasmonic peaks of aged Au seeds became 

much broader, proving the protecting role of PVP during the ripening process. Similar to 

lowering the KI ratio, the addition of PVP reduced the oxidative etching process, allowing 

the deposition of Au on both tips of the nanorods. As shown in the spectra of AuDBs 

synthesized with PVP concentration at 0.01%, 0.1%, and 2.5% (Figure 2.8e), the 

descending curvature resulted in a slight blue shift in the LSPR peak of AuDBs, which 
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matched with the simulation results obtained with the measured dimensions (Figure 2.8f). 

By comparing the electric field distribution of AuDBs with the radius of curvature at the 

connection of 2 nm and 18 nm, we found the enhanced electric field distributed more 

evenly toward the center of the dumbbell structure, resulting in a decrease in the distance 

between effective dipoles. The wetting degree of islands offered the tuning of plasmonic 

properties of AuDBs with higher precision. As shown in Figure 2.10, the island size, 

distance, and wetting degree offered the tuning of LSPR peaks of AuDBs at different 

levels. Our templating strategy combined the advantages of hard templates, which allowed 

highly reproducible products, and the flexibility of kinetically controlled synthesis, and 

achieved a precise morphology tuning of AuDBs. By combining the three key factors of 

AuDBs (tip size, distance, and wetting degree), the LSPR peak of the AuDBs can be tuned 

with high precision while maintaining a wide tuning range, which allowed the tailoring of 

AuDBs to match the laser wavelength for various applications.  
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Figure 2.8 (a-d) TEM images of AuDBs synthesized with presence of (a) 0%, (b) 0.01%, 

(c) 0.1% and (d) 2.5% PVP. Scale bars are 50 nm. Insets are magnified images at the 

connection of the island and nanorods. Scale bars in insets are 20 nm. (e) UV-vis-NIR 

spectra of AuDBs synthesized with different PVP concentration. Simulated results of (f) 

spectra of AuDBs with curvature radius at the connection of 2, 10, and 18 nm, and electric 

field distribution of AuDBs with a curvature radius of (g) 2 nm and (h) 18 nm at their 

resonance wavelength.  
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Figure 2.9 (a-f) TEM images of Au seeds (a) before aging and after aging with presence 

of (b) 0%, (c) 0.001%, (d) 0.01%, (e) 0.1% and (f) 1% PVP for 1 h. (g) Size distribution 

and (h) UV-vis spectra of Au seeds before and after aging with different PVP concentration. 
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Figure 2.10 Systematic tuning of LSPR peak of AuDBs at different tuning scales through 

the control of island size, distance, and wetting degree. 
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2.3.3 Site-Selective Island Growth on Other Au Nanostructures 

In addition to the spectral tuning of the AuDBs, we also explored the possibility of 

expanding the site-selective island growth strategy to other anisotropic Au nanostructures. 

It is reasonable to assume that the principle of the anisotropic modification of PEGSH 

based on packing density difference between the tips and the sides can be expanded to most 

halide capped Au nanostructures. Therefore, the site-selective island growth was carried 

out on other Au nanostructures (Au nanoplates [AuPLTs], nanocubes [AuCBs], and 

rhombic dodecahedrons [AuRDs]). As shown in Figure 2.11, the selective island growth 

on the faces and the corners of the AuCBs can be achieved with our proposed procedures. 

The AuCBs were synthesized with the presence of CTAC as a surfactant, and therefore, 

the packing density of CTAC on the sides of the AuCBs is higher than that on the tips and 

edges. Without PEGSH modification, the island growth would be limited on the faces of 

the AuCBs, while island growth on the tips was achieved with PEGSH modification at a 

PEGSH/Au ratio of 0.1.  
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Figure 2.11 (a) Schematics showing the tuning of island growth on the faces and the tips 

of AuCBs. TEM image of island growth on (b) the faces and (c) the tips of AuCBs, the 

dashed lines indicated the edges of the nanocubes. 

  



67 

 

As shown in Figure 2.12, the site-selective island growth can be achieved in CTAC-

capped AuPLTs (Figure 2.12b-d), AuCBs (Figure 2.12f-h), and AuRDs (Figure 2.12j-l). 

The number of islands can also be controlled by manipulating the ripening process of the 

small islands. Although the precise control of the numbers of islands was not obtained, the 

statistical results of the numbers of islands showed a clear decreasing trend with increasing 

KI/HAuCl4 ratios (Figure 2.12e, i and m). Due to the difficulties of visualizing the islands 

on nanocubes and rhombic dodecahedrons, we built 3D models to match with the TEM 

projections from different viewing angles to better demonstrate the structures. The SEM 

images of overgrown rhombic dodecahedrons (Figure 2.13) also confirmed the proposed 

structures in the 3D models. The successful site-selective island growth on other Au 

nanostructures proved the versatility of our method, and the template design principle 

based on the surface strain opened more opportunities in the synthesis of novel 

nanostructures. 
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Figure 2.12 (a) Schematics showing the Au@Pd seeds used for island growth. TEM 

images of island growth on (b-d) AuPLTs, (f-h) AuCBs and (j-l) AuRDs with KI/HAuCl4 

ratio of (b, f, j) 5, (c, g, k) 10 and (d, h, l) 40. Scale bars are 50 nm. Insets in (f-h) and (j-

l) are 3D models of corresponding particles. Statistic analysis of numbers of islands grown 

on (e) AuPLTs, (i) AuCBs, and (m) AuRDs with different KI/HAuCl4 ratio. 
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Figure 2.13 SEM images of overgrown Au@PdRDs. Scale bars are 100 nm. 
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2.4 Conclusion 

In this work, we demonstrated a templating strategy by creating regions with 

different surface strains, which determined the location of island deposition on anisotropic 

Au nanostructures. The structural features of islands, including number, size, coverage, and 

wetting degree, can be systematically controlled thanks to the flexibility of the template 

create by surface strain difference. Our method established a comprehensive protocol for 

the fine-tuning of the island growth products, allowing the tailoring of novel Au 

nanostructures for specific requirements. In addition, we demonstrated that the site-

selective island growth is versatile and can be extended to other Au nanostructures 

(nanoplates, nanocubes, and rhombic dodecahedrons), and the number of islands can also 

be controlled by controlling the ripening process. Furthermore, the principle of surface 

strain patterning could be employed in other crystal growth systems and bring new 

opportunities to the synthesis of novel nanocrystals.  
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Chapter 3 Magnetic Tuning of Plasmonic Nanoparticles 

3.1 Magnetic Tuning of Au-Au/Au-Ag Dimers 

3.1.1 Introduction 

As discussed in Chapter 1, the anisotropic nanoparticles such as nanorods and 

dimers have two plasmonic modes corresponding to the excitation along the longitudinal 

and the transverse axis. When the incident light is linearly polarized, the two modes can be 

individually excited when the polarization of the incident light aligns with the 

corresponding axis of the nanoparticle geometry. The angular dependence of the 

anisotropic plasmonic nanostructures can serve as an additional dimension in the optical 

responses of the plasmonic-based devices such as data encryption,1 photothermal actuator2-

3 signal modulation,4-5 and anti-counterfeiting devices.6 By forming a magnetic/plasmonic 

composite, the remote and large-scale control of nanoparticles can be achieved with an 

external magnetic field, thus allows the dynamic tuning of the optical properties.5-7 As 

demonstrated previously in our group,5 the AuNRs can be attached on Fe3O4@SiO2 

nanorods to achieve the selective excitation of the longitudinal and transverse mode of the 

AuNRs, and it was demonstrated that such phenomenon could be used to modulate the 

intensity of the linearly polarized light at the resonant wavelengths. However, as we 

pointed out, the surface of the AuNRs has to be negatively charged to have sufficient 

interaction with the amino group modified on the Fe3O4@SiO2 nanorods’ surface. In 

addition, the composites had to be kept at a low concentration to prevent the aggregation 

of the nanoparticles. These two factors limited the application of the plasmonic/magnetic 

composites. Furthermore, to ensure the side-by-side attachment of the plasmonic and the 
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magnetic component, the two parts should have similar size and morphology. However, 

due to the limited well-defined anisotropic magnetic nanoparticles, the choice of plasmonic 

nanoparticles was limited. Although the synthesis plasmonic/magnetic nanocomposites 

can be obtained by synthesizing Fe3O4@Au core-shell nanoparticles,8 the size of the 

overall nanostructures were relatively large. In addition, the morphologies obtained from 

the core-shell structures were still limited by the shape of the magnetic components. 

In this work, we demonstrated the synthesis of the self-registered Au-Au and Au-

Ag dimer on Fe3O4@SiO2 nanorods to achieve the dynamic magnetically controlled 

selective excitation of the longitudinal modes of the dimers. As pointed out in Chapter 1, 

the key in the synthesis of anisotropic nanoparticles is symmetry breaking. In this work, 

the Au-Au and Au-Ag dimers were synthesized with a partial passivation method, as shown 

in Figure 3.1a. The Au nanoparticles were first attached to the substrates modified with 

amino groups, and a layer of SiO2 was coated on the substrate. Due to the low affinity 

between Au surface and SiO2, the SiO2 will only coat on the SiO2 substrates, and Au will 

be exposed for the following seed-mediated growth. The exposed area of the Au 

nanoparticles can be controlled with SiO2 thickness. During the seed-mediated growth, 

SiO2 serves as a symmetry breaker and prevents the growth of Au on the coated areas, 

resulting in the formation of a dimer structure and determined the overlapping degree of 

the two particles in the Au-Au or Au-Ag dimers. With a thicker SiO2 coating, less Au will 

be exposed; therefore, the overlapping degree will be smaller, leading to a higher aspect 

ratio. Similar to AuNRs, Au dimers also exhibit two plasmonic modes corresponding to 

the longitudinal and transverse modes.9 Due to the unique synthetic strategy, the 
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longitudinal axis of the dimers was always perpendicular to the substrate surface, giving 

us a chance to tune the orientation of the dimers at a large scale. We also demonstrated the 

fabrication of the anti-counterfeiting films patterned with different nanocomposite 

orientations. In combination with the optical properties of the Fe3O4 nanorods, patterns 

with areas sensitive and insensitive to incident light polarization direction can be 

incorporated in one film, producing complex pattern designs suitable for anti-

counterfeiting applications. 

3.1.2 Experimental 

3..1.2.1 Chemicals 

Tetraethylorthosilicate (TEOS), poly(vinylpyrrolidone) (PVP, Mw=10,000), 3-

amino-propyltriethoxysilane (APTES), potassium iodide (KI), L-ascorbic acid (AA), 

sodium borohydride (NaBH4, 99%), sodium hydroxide (NaOH), chloroauric acid 

(HAuCl4), polyacrylic acid (PAA, average M.W.=1800), trisodium citrate (TSC), 

acrylamide, 2-hydroxy4’-(2-hydroxyethoxy)-2-methyl-propiophe, and N,N’-methylene-

bis(acrylamide) (purity 98%) were purchased from Sigma-Aldrich. Ammonium hydroxide 

(NH3·H2O, 28% by weight in water) and hydrochloric acid (HCl, 37%) were purchased 

from Fisher Scientific. Iron (III) chloride anhydrous (FeCl3, 98%) was purchased from Alfa 

Aesar. Ethanol (200 proof) was purchased from Decon Laboratories Inc. All chemicals 

were directly used without further purification. 

3.1.2.2 Synthesis of Fe3O4@SiO2 Nanorods 

The FeOOH nanorods were first synthesized with a previously published method.10 

The synthesis of FeOOH nanorods was based on a previous report with some 
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modifications. Typically, 19.464 g of anhydrous FeCl3 was dissolved in 80 mL of water. 

The solution was added into 1.166 mL of concentrated HCl and then centrifuged at 11000 

rpm for 5 min for removal of insoluble precipitates. The purified solution was diluted to 

200 mL and heated to 98 ºC for 24 h. The solid product was collected by centrifugation 

and washed with water twice. The FeOOH nanorods were dispersed in 40 mL of DI water. 

The nanorods were modified with PAA before silica coating. A 40 mL dispersion of 

FeOOH nanorods was added to 160 mL of 0.1 M PAA solution. Ammonia was added to 

adjust the pH of the solution to 8-9. After overnight stirring, the nanorods were recovered 

by centrifugation and were redispersed in 200 mL H2O. Silica coating on FeOOH nanorods 

was done by adding 150 μL TEOS to 10 mL FeOOH nanorods, 100 mL of ethanol, and 5 

mL of ammonia. After stirring for 40 min, the products were centrifuged and washed with 

ethanol twice. FeOOH@SiO2 nanorods were then heated at 330 ºC for 2 h in a flow of 

forming gas to convert the nanorods to the magnetic phase.  

3.1.2.3 Synthesis of Fe3O4@SiO2/Au@SiO2 Nanocomposites 

The Fe3O4@SiO2 nanorods were dispersed in 30 mL of ethanol and 1 mL of APTES 

to modify the surface of nanorods with amino groups. The suspension was heated at 80 ºC 

for 3 h, isolated by centrifugation at 8000 rpm for 3 min, washed with ethanol three times 

and with water once, and redispersed in 40 mL H2O.  

The Au nanoparticles were synthesized with a previously reported method.11 A seed 

solution was first prepared by a quick injection of 0.6 mL of freshly made NaBH4 solution 

(0.1 M) into a mixture containing 1 mL of HAuCl4 (5 mM), 1 mL of TSC (5 mM), and 18 

mL of H2O under vigorous stirring. The seed solution was stirred for 30 s then left 
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undisturbed for 4 h to allow the unreacted NaBH4 to completely decompose. A growth 

solution was prepared by combining 5 mL of PVP (5 wt%), 2.5 mL of AA (0.1 M), 2 mL 

of KI (0.2 M), 600 μL of HAuCl4 (0.25 M), and 10 mL of H2O. Into the growth solution, 

1 mL of seed solution was injected with vigorous stirring. The solution was stirred for 10 

min to complete the particle growth and was used without purification. 

The Au suspension was mixed with 10 mL of the APTES modified Fe3O4@SiO2 

nanorods to attach the Au nanoparticles onto the Fe3O4@SiO2 nanorods. The mixture was 

sonicated for 30 min and shaken on a vortex overnight. The as-prepared Fe3O4@SiO2/Au 

composites were separated by centrifugation at 8000 rpm for 3 min, washed with water 

twice, and redispersed in 10 mL of water. 

For silica coating, 2 mL of Fe3O4@SiO2/Au was added to 18 mL of ethanol, 2 mL 

of water, and 1 mL of NH3·H2O with sonication. 40 µL of TEOS was added to the above 

solution under sonication for 5 minutes and left on vortex for 40 minutes to achieve 

Fe3O4@SiO2/Au@SiO2. The nanocomposites were washed with ethanol twice and 

redispersed in 4 mL of water. 

3.1.2.4 Synthesis of Fe3O4@SiO2/Au-Au Nanocomposites 

For the growth of Au-Au dimers, a growth solution was prepared by mixing 1.5 mL 

of PVP (5 wt%), 375 μL of AA (0.1 M), 300 μL of KI (0.2 M), 90 μL of HAuCl4 (0.25M), 

and 3 mL of H2O. Then, 4 mL of Fe3O4@SiO2/Au@SiO2 was added to 4 mL of the Au 

growth solution and stirred for 10 minutes. The Au dimers-on-magnetic nanorods were 

collected by centrifugation at 8000 rpm for 3 min and washed with water twice. 
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3.1.2.5 Synthesis of Fe3O4@SiO2/Au-Au Nanocomposites 

For the growth of Ag, into 4 mL of Fe3O4@SiO2/Au@SiO2, 6 mL of H2O, 10 mL 

of PVP (5 wt%), 50 µL of AgNO3 (0.1 M), and 100 µL of AA (0.1 M) were added in 

sequence and stirred for 10 minutes. The same procedure was repeated 6 times. The 

nanocomposites were washed with water and ethanol to remove the excess reagents. 

3.1.2.6 Fabrication of Anticounterfeiting Films 

Polyacrylamide precursor was prepared by mixing 0.5 g of acrylamide, 7 mg of 

N,N’-methylenebis(acrylamide), and 2 mL of ethylene glycol. Then, one batch of 

nanorods/Au dimers composites was centrifuged and dispersed in 1 mL of the hydrogel 

precursor mixture, followed by sonication for 5 min. The dispersion was sandwiched 

between two clean glass slides to form a liquid film. The mixture was then solidified under 

UV irradiation (365 nm) with a magnetic field applied for 30 s. Patterns were created by 

blocking the UV light with pre-printed patterns. 

3.1.2.7 Characterizations 

Transmission electron microscopy (TEM) images were taken with a Philips Tecnai 

12 transmission electron microscope operating at 120 kV. The samples for TEM 

observation were prepared by drop-casting a solution on a carbon film supported on a 

copper grid. UV-vis spectra were measured by using an Ocean Optics HR 2000CG-UV-

NIR spectrometer. Optical microscopy was performed using a Zeiss Axio Imager A1m. 

Digital images were taken by using Canon EOS Rebel T2i 18.0 MP Digital SLR Camera. 
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3.1.3 Results and Conclusion 

As shown in Figure 3.1b, the key to control the dimer structure was the thickness 

of the SiO2 layer coated on the surface. An increase in the SiO2 thickness would lead to a 

decrease in the overlapping degree of the dimers. When the SiO2 thickness exceeded the 

diameter of AuNPs, the entire particle would be covered by SiO2; therefore, no exposed 

site was available for further dimer growth. With decreased SiO2 thickness, the overlapping 

degree of the dimers would gradually increase, leading to a decrease in the aspect ratio of 

the dimers. A lower aspect ratio resulted in the blue shift of the longitudinal peak of the 

dimers until the passivated area was too small, and the overgrown particle lost the dimer 

shape and took an oval morphology. As a result, the two modes were no longer 

distinguishable.  
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Figure 3.1 Schematics showing (a) the growth of self-aligned Au-Au dimers through 

partial surface passivation and (b) the control of overlapping degree with SiO2 coating 

thickness. 
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An advantage of the proposed synthesis route is that the dimers were automatically 

aligned perpendicular to the substrates. Utilizing this phenomenon, when we used 

Fe3O4@SiO2 nanorods as substrates, the orientation of the dimers can be controlled with 

external magnetic fields. The synthesis of the Fe3O4@SiO2/Au-Au nanocomposites was 

shown in Figure 3.2a. Since the growth direction of the dimers were fixed by the SiO2 

coating, it allowed the attachment of Au dimers at a high concentration without server 

aggregations. Thanks to the negatively charged SiO2, the aggregation between 

nanocomposites can be prevented. As shown in Figure 3.2b, the length of the nanorods we 

chose was around 3 µm, and the surface of the nanorods was abundant with AuNPs after 

attachment (Figure 3.2c). With well-controlled SiO2 coating, only a small area was exposed 

for further growth, and the exposed Au served as seeds for the growth of the second Au 

domain. As shown in Figure 3.2d, the Au-dimers produced with this method had uniform 

morphology with similar overlapping degrees. The UV-vis spectra (Figure 3.2e) showed 

the evolution from Fe3O4@SiO2/Au to Fe3O4@SiO2/Au-Au with the appearance of a 

second peak at around 660 nm, corresponding to the longitudinal mode of the Au-Au 

dimers. The distinctive longitudinal peak also indicated the uniform overlapping degrees 

of the Au-Au dimers, as polydisperse overlapping degrees would result in a severely 

broadening of the plasmonic peak. 
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Figure 3.2 (a) Schematics showing the synthesis of Fe3O4@SiO2/Au-Au nanocomposites 

with Au-Au dimers aligned perpendicular to the Fe3O4@SiO2 nanorods. (b-d) TEM images 

of (b) FeOOH nanorods, (c) Fe3O4@SiO2/Au@SiO2, and (d) Fe3O4@SiO2/Au-Au 

nanocomposites. Scale bar in (b) is 1 µm. Scale bars in (c) and (d) are 50 nm. (e) UV-vis 

spectra of Fe3O4@SiO2/Au@SiO2 and Fe3O4@SiO2/Au-Au nanocomposites. 
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The formation of the self-aligned dimers on the magnetic nanorods allowed the 

oriental control of Au-Au and Au-Ag dimers with an external magnetic field. As shown in 

Figure 3.3a, by changing the relationship between the orientation of nanocomposites to the 

polarization direction of the incident light, the longitudinal mode was selectively 

suppressed. To demonstrate the magnetic tuning more clearly, a Cartesian coordinate 

system was built using the propagation direction of the incident light as the y-axis, the 

vertical direction as the z-axis. Under unpolarized light, both longitudinal and transverse 

modes of the dimers were excited. Therefore, the plasmonic peak of all alignment 

directions was essentially the same, and the spectra of nanocomposites aligned in the x and 

z direction were the same. However, when the magnetic field was applied in the y direction 

(P0By), a redshift and enhanced intensity in the longitudinal peak was observed in the UV-

vis spectra (Figure 3.3b). This was not due to the selective plasmonic excitation of the Au-

Au dimers and will be discussed later. When the orientation of the nanocomposites was 

perpendicular to the propagation direction of the incident light pointing out of the plane, 

the plasmonic peaks of the dimers showed angular dependence under polarized light. When 

the polarization of the incident light was fixed at z direction (Pz), and the magnetic direction 

gradually changed from x direction (Bx) to z direction (Bz), the peak corresponding to the 

longitudinal peak gradually decreased and was finally eliminated when the nanocomposites 

aligned parallel to the polarization direction of the incident light (Figure 3.3c). An obvious 

color change from purple to red could be seen under the polarizer. When the magnetic field 

direction changed in the xy plane, theoretically as demonstrated in Figure 3.3a, both the 

transverse and longitudinal modes of the dimers would be excited, and the spectra of the 
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nanocomposites should remain the same regardless of the magnetic field direction. 

However, as seen in the spectra, the extinction peak corresponding to the longitudinal mode 

redshifted as the magnetic field changed from x (Bx) to y direction (By). Although the 

spectra of the nanocomposites showed a redshift, human eyes are not sensitive to the color 

change between reddish-purple to blueish purple; therefore, it was not obvious in the digital 

images. Since the plasmonic excitation should not have a difference in these two 

alignments, we tuned to the other component of the composite, Fe3O4@SiO2 nanorods. As 

shown in Figure 3.3e, the Fe3O4@SiO2 indeed show different extinction profiles in 

different directions. When the magnetic field was changed from the x to y direction, the 

extinction at lower wavelengths dramatically decreased while the extinction at longer 

wavelengths, especially at around 700 nm, was greatly increased. Although the reason for 

the extinction profile change of the nanorods was not clear, it should be related to the 

anisotropic scattering behavior of nanorods. This hypothesis was also supported by the 

angular dependent spectra evolution of the nanocomposites using smaller nanorods as 

substrates. As shown in Figure 3.3f, when Fe3O4@SiO2 with a length of 400 nm instead of 

3 µm was used, the UV-vis spectra did not exhibit such a dramatic change as the 3 µm 

nanorods did. Therefore, the spectra profile change when the magnetic field was changing 

in the xy plane was not obvious. Under the z-polarized light, when the magnetic field 

applied changed from x direction (PzBx) to z direction (PzBz), the extinction of the nanorods 

gradually increased throughout the visible range (Figure 3.3d), which also explained the 

increase of baseline extinction of the nanocomposites observed in Figure 3.3b. This could 

be attributed to the cross-section changed due to the relative orientation of the nanorods. 
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When the nanorods were aligned perpendicular to the polarization direction, the cross-

section of the nanorods in the polarization direction was minimized, while when the 

nanorods were oriented parallel to the polarization direction, the absorption cross-section 

was at the maximum. This phenomenon was also observed in the nanocomposites using 

smaller nanorods, except for a decrease in the intensity difference since the aspect ratio of 

the 400-nm nanorods were smaller than the 3-µm ones. 
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Figure 3.3 (a) Schematics showing the magnetic tuning of nanocomposites. (b-e) UV-vis 

spectra of (b-c) nanocomposites and (d-e) Fe3O4@SiO2 nanorods under z-polarized light 

with magnetic field changing in (b, d) xz plane and (c, e) xy plane. Insets in (b) and (c) are 

the digital images of the solutions. (f) UV-vis spectra of nanocomposites synthesized with 

400-nm Fe3O4 nanorods under different magnetic field directions. 
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As shown in Figure 3.4a, Ag can also grow on the exposed Au and formed Au-Ag 

dimers. When Ag instead of Au was deposited, the Au-Ag dimers showed three plasmonic 

peaks in the UV-vis spectra (Figure 3.4c). The peak located at around 630 nm corresponded 

to the longitudinal mode of the Au-Ag dimers, while the plasmonic peaks at around 400 

nm and 520 nm represented the transverse plasmonic resonance of Ag and Au domains, 

respectively. The color of the solution appeared to be yellowish-green without any 

magnetic field applied. It was interesting to notice that when the magnetic field was tuned 

within the xy plane, the peak corresponding to the longitudinal mode dramatically 

redshifted, and an obvious color change from green to blue can be observed. Under z-

polarized light, when the magnetic field changed from x (PzBx) to z direction (PzBz), the 

longitudinal peak was suppressed and the plasmonic peak corresponding to the transverse 

resonance mode of Au and Ag domains between more pronounced. As shown in the digital 

image, the color of the solution changed from green to red-orange (Figure 3.4d). The 

composites could be coated with another layer of SiO2 to enhance the stability of the Au-

Ag dimers, especially the Ag domain, and as shown in Figure 3.4b, the dimer structures 

were well preserved. 
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 Figure 3.4 TEM image of (a) Fe3O4@SiO2/Au-Ag and (b) nanocomposites coated with 

another layer of SiO2. UV-vis spectra of Fe3O4@SiO2/Au-Ag under (c) unpolarized light 

and (d) z-polarized light. 
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Due to the magnetically tunable plasmonic excitation of the plasmonic/magnetic 

nanocomposites, we fabricated a polarization-dependent color-switching display by fixing 

the nanocomposites in a thin solvogel film. Here, we use the Fe3O4@SiO2/Au-Au 

nanocomposites as an example to demonstrate the fabrication of the thin film. The 

polyacrylamide hydrogel was chosen as the medium of the film because the 

nanocomposites can be dispersed very well in the hydrogel precursor. In addition, the 

polymerization of acrylamide can be initiated by UV light, which provided a convenient 

approach to create patterns on the films. As shown in Figure 3.5a, the polyacrylamide 

hydrogel precursor containing the nanocomposites was sandwiched between two glass 

slides. To control the thickness of the film, a cover glass was used as a spacer. An ink-jet 

printed pattern was applied atop the glass slide as a mask to block the UV light. The sample 

was subjected to the UV radiation for 30 s with the magnetic field applied in the desired 

direction to cure the exposed area, and the orientation of the nanocomposites was fixed in 

the applied magnetic field direction. Then the mask was removed, and the whole film was 

subjected to another UV radiation for 30 s with the magnetic field applied in other 

directions to fix the nanocomposites’ orientation in the rest of the film. As shown in Figure 

3.5b and c, the orientation of the nanocomposites in the left part of the film was horizontal 

while the nanocomposites were aligned vertically in the right part of the film. Under natural 

light, the film showed a uniform reddish-purple color, while under horizontally polarized 

light, the film showed red and purple colors on the left and right, respectively. When the 

polarization of the incident light changed from horizontal to vertical, the left side turns 

from red to purple when the right part did the opposite. In another case, where the 
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nanocomposites aligned horizontally on the left but perpendicular to the plane on the right 

(Figure 3.5d and e), under polarized light, the left side was insensitive to the polarization 

change while the right part switched between red and purple when the polarization 

direction changed from horizontal to vertical. It is worth noticing that although the color 

difference between the two regions, in this case, was distinctive under the microscope, 

which used a strong tungsten light source, under normal lighting conditions, the color 

difference in the film is hard to notice. 
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Figure 3.5 (a) Schematics showing the fabrication of the nanocomposite/solvogel film 

with different alignment in the two regions. (b-i) Polarized optical microscope image of 

solvogel films with (b-e) Fe3O4@SiO2/Au-Au and (f-i) Fe3O4@SiO2/Au-Ag 

nanocomposites with nanocomposite alignment indicated at the top of the images and 

polarization of incident light indicated at the bottom of the images. Scale bars are 200 µm. 
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Utilizing the color switching behaviors of the three orientations of the 

nanocomposites, we designed a more complicated pattern for anti-counterfeiting devices. 

As shown in Figure 3.6a, the pattern was divided into three regions, Region I with 

nanocomposites aligned perpendicular to the film, Region II, with nanocomposites aligned 

horizontally, and Region III with nanocomposites vertically aligned. Under unpolarized 

light, the pattern was barely visible (Figure 3.6b). When the polarized light was used 

(Figure 3.6c and d), the color of the paddles would switch with polarization change while 

Region I remained the same color, and the regions visible would change according to the 

polarization. 
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Figure 3.6 (a) Schematics showing the alignment of nanocomposites in different regions. 

(b-g) Optical images of solvogel films with (b-d) Fe3O4@SiO2/Au-Au and (e-g) 

Fe3O4@SiO2/Au-Ag nanocomposites under (b, e) unpolarized light, (c, f) x-polarized and 

(d, g) y-polarized light. Scale bars are 1.5 mm. 
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When the Fe3O4@SiO2/Au-Ag nanocomposites were used instead, the color switch 

became more distinctive since the human eyes are more sensitive to the color contrast 

between green, red, and blue. Similar to the composites with Au-Au dimers, the film 

showed a homogeneous yellowish-green color under unpolarized light. When the 

horizontally polarized light was used (Figure 3.5f and g), the film was split into a green 

region (left) and a red region (right), representing the alignment of nanocomposite in the 

vertical and horizontal directions, respectively. When the alignment of the nanocomposite 

on the left side was changed to perpendicular to the plane (Figure 3.5h and i), the right part 

of the film showed a blue color and was insensitive to the polarization change, while the 

left size switched between red and green with polarization changed. When the 

Fe3O4@SiO2/Au-Ag nanocomposites were used to create the three-region patterns (Figure 

3.6 e-g), the flower pattern is always visible regardless of the polarization, which was 

different from the patterns created with the Fe3O4@SiO2/Au-Au nanocomposites. When 

the polarization switched between horizontal and vertical directions, the color of the 

paddles switched between green and red correspondingly. Since the blue color originated 

from the anisotropic scattering of the large-sized Fe3O4@SiO2 nanorods, the magnetic 

nanorods could be substituted with 400-nm nanorods if we wanted to achieve the 

switchable visibility of the patterns similar to Fe3O4@SiO2/Au-Au nanocomposites. 
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3.1.4 Conclusion 

In summary, the unique partial surface passivation strategy allowed the synthesis 

of Au-Au and Au-Ag dimers that were readily aligned perpendicularly to the substrate. A 

nanocomposite containing self-aligned Au dimers and the magnetically responsive 

nanorods were conveniently synthesized. The magnetic tuning of the plasmonic excitation 

of the longitudinal resonance mode was achieved. In addition, due to the stability of the 

nanocomposites, it can be easily incorporated into hydrogel films to created patterned films 

with different nanocomposite orientations in each region utilizing lithography methods. 

The prepared film showed both polarization-insensitive color and polarization-sensitive 

color-switching by changing the relative orientation of the nanocomposite orientation and 

the propagation and polarization directions of the incident light, broadening possibilities 

for the fabrication of visible anticounterfeiting devices. 

3.2 Synthesis and Magnetic Manipulation of Au@Fe3O4 and Ag@Fe3O4 

Nanostructures 

3.2.1 Introduction 

In the previous section, a method to achieve the dynamic magnetic tuning of the 

optical properties of anisotropic plasmonic nanostructures was demonstrated. However, 

this method still failed to solve the problem of the limited choice of morphologies for 

plasmonic nanoparticles. A more straightforward way to achieve this goal was to directly 

coat the magnetic materials on the plasmonic nanoparticles. In this way, the plasmonic 

nanostructures with desired optical properties could be pre-synthesized then subjected to 

magnetic coating, making the optical properties of the nanocomposites more predictable. 
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However, the direct coating of the Fe3O4 on plasmonic nanoparticles, for example, AuNPs 

was hard to achieve due to the large lattice mismatch between the Au and Fe3O4.
12-14 

However, the solvothermal synthesis of Ag@Fe3O4 core-shell nanoparticles indicated that 

the heterogenous nucleation of Fe3O4 was still preferred with the presence of Au or Ag 

NPs as seeds.15-16 The key to the successful coating of Fe3O4 on plasmonic nanoparticle 

surface is (1) to lower the self-nucleation rate of the Fe3O4 in the synthesis and (2) to 

decrease the Fe3O4 crystal grain size to reduce the crystal strain induced by lattice 

mismatch. Previously, our group reported the synthesis of Fe3O4 colloidal nanocrystals 

(CNCs), and a main feature of the CNCs was that the cluster consists of ultrafine Fe3O4 

nanocrystals with grain size ~6 nm, which was suitable for the purpose of the formation of 

the magnetic coating on plasmonic nanoparticles.17 

In this work, we demonstrated the coating of Fe3O4 on Au and Ag nanostructures 

and the magnetic tuning of these nanostructures. In this section, we also demonstrated the 

fabrication of a smart display device using Ag@Fe3O4 nanoplates. 

3.2.2 Experimental 

3.2.2.1 Chemicals 

Poly(vinylpyrrolidone) (PVP, Mw=10,000), diethylene glycol (DEG), ethylene 

glycol (EG), potassium iodide (KI), L-ascorbic acid (AA), sodium borohydride (NaBH4, 

99%), sodium hydroxide (NaOH), chloroauric acid (HAuCl4), polyacrylic acid (PAA, 

average M.W.=1800), polyacrylic acid sodium salt (PAASS), and trisodium citrate (TSC) 

were purchased from Sigma-Aldrich. Ammonium hydroxide (NH3·H2O, 28% by weight in 

water) and hydrochloric acid (HCl, 37%) were purchased from Fisher Scientific. Silver 
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nitrate (AgNO3, 99.9+%), copper (II) chloride (CuCl2), and iron (III) chloride anhydrous 

(FeCl3, 98%) were purchased from Alfa Aesar. Ethanol (200 proof) was purchased from 

Decon Laboratories Inc. All chemicals were directly used without further purification. 

3.2.2.2 Synthesis of Au Nanoparticles (AuNPs) 

The Au nanoparticles were synthesized using the same method as in Section 

3.1.2.3. 

3.2.2.3 Synthesis of Ag Nanowires (AgNWs) 

The synthesis of Ag nanowires was carried out following the method published by 

Younan Xia.18 For a typical synthesis, 50 mL of EG was added to a three-neck flask and 

was heated at 150 ºC under N2 protection for 1 h to eliminate oxygen dissolved in the 

solvent. After heating for 1 h, 0.4 mL of CuCl2 (4 mM) solution in EG was added and 

heated for another 15 min. Into the mixture, 15 mL of PVP (0.147 M, calculated in terms 

of repeating unit) solution in EG was injected, followed by the addition of 15 mL of AgNO3 

(0.094 M) solution in EG. The reaction was carried out at 150 ºC for an additional 1.5 h, 

and the color of the solution turned from clear to yellow, then green, and finally opaque 

gray, indicating a successful synthesis of AgNWs. The products were separated by 

centrifugation at 3000 rpm for 3 min. 

3.2.2.4 Synthesis of Ag Nanoplates (AgPLTs) 

The Ag nanoplates were synthesized with a previously reported method.19 In a 

typical synthesis, a seed solution was first prepared. Into a 125-mL flask, 25 mL of AgNO3 

(0.1 mM), 0.3 mL of TSC (30 mM), 1.5 mL of PVP (3.5 mM, calculated in terms of 

repeating unit), and 60 µL of H2O2 were added under vigorous stirring. The reaction was 
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initiated by injecting 250 µL of freshly prepared NaBH4 (0.1 M) into the mixture. The 

mixture was stirred for 30 min for the production of seeds. 

The free PVP molecules were removed by centrifuging 25 mL of the solution at 

11000 rpm for 8 min and redispersing into 20 mL of deionized water. The Ag nanoplates 

were washed three times and redispersed in 40 mL of H2O. For the seed-mediated growth 

of Ag nanoplates, 0.375 mL of AA (0.1 M) and 0.125 mL of TSC (0.075 M) were added 

into 10 mL of the seed solution under magnetic stirring. A growth solution was prepared 

separately by combining 20 mL of AgNO3 (1 mM), 0.125 mL of CA (0.1 M), and 0.1 mL 

of TSC (1.5 mM). The growth solution was added into the seed solution through a syringe 

pump with an injection rate of 0.2 mL/min until the volume added reached 5 mL. The Ag 

nanoplates were separated by centrifugation at 3000 rpm for 3 min. 

3.2.2.5 Synthesis of Plasmonic@Fe3O4 Core-Shell Nanoparticles 

The AuNPs were centrifuged and redispersed in 1 mL of DEG to be used as seeds. 

For Fe3O4 coating, two stock solutions were first prepared. A FeCl3/DEG stock solution 

was prepared by dissolving 16 mmol anhydrous FeCl3 in 40 mL DEG to make the FeCl3 

concentration 0.4 M. The solution was heated for 80 ºC for 1 h under N2 protection. The 

solution was then stored at temperature. Another NaOH/DEG solution was prepared by 

dissolving 0.1 mol NaOH in 40 mL DEG to make the NaOH concentration 2.5 M. The 

solution was heated at 120 ºC under N2 protection for 1 h and turned brown after heating. 

The solution was cooled down and stored at 70 ºC before using. In a three-neck flask, 4 

mmol PAA (calculated in terms of repeating unit) was dissolved in 15 mL of DEG. Into 

the flask, 1 mL of FeCl3/DEG stock solution was added. The mixture was heated at 220 °C 
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under N2 protection for 30 min until the color of the solution turned light yellow. At this 

point, 1 mL of AuNPs/DEG solution and 1.75 mL of NaOH/DEG stock solution were 

rapidly injected into the flask simultaneously under vigorous stirring. The mixture was 

heated for another 1 h under N2 protection and cooled down to room temperature. The 

products were diluted with 30 mL of ethanol and centrifuged at 9000 rpm for 5 min. The 

products were then washed with water three times and redispersed in water. 

The Fe3O4 coating on Ag microstructures (AgNWs and AgPLTs) was carried out 

in the same process. 

3.2.2.8 Characterization 

Transmission electron microscopy (TEM) images were taken with a Philips Tecnai 

12 transmission electron microscope operating at 120 kV. The samples for TEM 

observation were prepared by drop-casting a solution on a carbon film supported on a 

copper grid. UV-vis spectra were measured by using an Ocean Optics HR 2000CG-UV-

NIR spectrometer. Optical microscopy was performed using a Zeiss Axio Imager A1m. 

Digital images were taken by using Canon EOS Rebel T2i 18.0 MP Digital SLR Camera. 

3.2.3 Results and Conclusion 

The typical synthesis of Fe3O4 colloidal nanocrystal clusters (CNCs) was carried 

out by first reducing FeCl3 with DEG to obtain a mixture of FeCl3 and FeCl2, to which 

NaOH was injected to induce the hydrolysis of Fe3+ and Fe2+. The produced hydroxides 

were then dehydrated to form Fe3O4 nanocrystals. The AuNPs were introduced along with 

the injection of NaOH during the typical CNC synthesis to serve as cores for the deposition 

of Fe3O4. As shown in Figure 3.7a, when PVP-capped AuNPs were directly used as seeds, 
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the Fe3O4 tended to self-nucleate instead of coating on the AuNPs surface. This can be 

attributed to the fact that the AuNPs surface was well-capped by PVP; as a result, the 

surface energy of the AuNPs was relatively low, and heterogenous nucleation of Fe3O4, in 

this case, was not favored. To confirm our hypothesis, we used AuNPs aged in the growth 

solution for different times as seeds to perform the Fe3O4 coating. As shown in Figure3.7b-

d, the longer AuNPs were aged in the growth solution, the better the PVP can cap the Au 

surface. As a result, with freshly prepared AuNPs, Fe3O4 can be successfully coated, and 

with increasing aging time, a lower population of AuNPs would be coated with Fe3O4. 

When the AuNPs were aged for 1 h, Fe3O4 would self-nucleate, as shown in Figure 3.7d, 

and the AuNPs tend to aggregate due to the high ionic strength in the solution. To further 

prove our theory, PVP-capped AuNPs were bubbled with air for 1 h. PVP would be 

oxidized during the bubbling process and partially removed from the Au surface. As a 

result, the AuNPs with air bubbling treatment could also be uniformly coated with Fe3O4, 

and as shown in Figure3.7e, the composites could be easily separated with a magnet (Figure 

3.7f). 
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Figure 3.7 TEM images of Au@Fe3O4 core-shell composites synthesized with AuNPs 

aged in growth solution for (a) 2h, (b) 0 min, (c) 30 min, and (d) 1 h after synthesis, and 

(e) AuNPs bubbled with air for 1h. Scale bars are 50 nm. (f) Digital image showing the 

magnetic separation of the nanocomposites. 
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Due to the lattice mismatch between Au and Fe3O4, the crystal strain would quickly 

build up with increasing Fe3O4 crystal grain size. When the NaOH concentration during 

the synthesis was changed, the crystal size of the Fe3O4 nanocrystals could be affected 

since the formation of Fe(OH)3 and Fe(OH)2 was the first step of the reaction that produced 

precursors for Fe3O4 nanocrystals. In the standard synthesis procedure, 1.75 mL of NaOH 

was added, making the NaOH concentration in the final solution about 0.25 M. The typical 

crystal sizes were around 7 nm (Figure 3.8b). As shown in Figure 3.8a, with less NaOH 

added, the Fe3O4 crystal size would be smaller, with an average crystal size around 4 nm. 

In this case, a thin and uniform coating of Fe3O4 can be found on the Au surface. However, 

due to the small crystal size and low Fe3O4 amount, the magnetic properties of the 

composites were relatively weak, and under a magnetic field, not all the nanoparticles can 

be aligned. When the amount of NaOH was increased to 2.7 mL (Figure 3.8c), making the 

concentration of NaOH in the final solution 0.36 M, the crystal size of Fe3O4 increased to 

12 nm. Although the magnetic nanoparticles could still be coated on Au surface, the coating 

became less uniform, and self-nucleation of Fe3O4 can be observed.  

The surfactant PAA could also be used to control the crystal size of Fe3O4 

nanocrystals. Typically, 0.288 g PAA (4 mmol) was dissolved in DEG during the synthesis. 

When the PAA concentration was reduced to half of the standard protocol, the crystal size 

increased to 14 nm. As demonstrated in Figure 3.8d, the Fe3O4 was not able to form a 

uniform coating on the Au surface, and severe self-nucleation of Fe3O4 could be observed. 

On the other hand, when the PAA concentration was doubled (Figure 3.8e), a dramatic 

decrease in the Fe3O4 crystal size could be observed, and a uniform thin coating of Fe3O4 
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(<2 nm) could be formed on the Au surface. We hypothesize that the tuning ability of PAA 

should be attributed to the acidity of the carboxyl groups of PAA. Since the concentrations 

of PAA and NaOH were at a similar scale (0.225 M vs. 0.25 M), the change in the PAA 

concentration could dramatically change the acidity of the solution, which influenced the 

formation of Fe(OH)3 and Fe(OH)2. To confirm our theory, another Fe3O4 coating was 

carried out with the addition of 4 mmol PAA and 4 mmol poly(acrylic acid sodium salt) 

(PAASS). In this way, the concentration of the carboxyl groups was increased, while the 

acidity of the solution remained roughly the same. As a result, the plasmonic/magnetic 

nanocomposites were similar to the products synthesized without additional PAASS 

(Figure 3.8f), except the time for the reduction was shortened and the light-yellow color 

appeared at 15 min instead of 30 min.  
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Figure 3.8 TEM images of Au@Fe3O4 synthesized at various conditions. The volume of 

2.5 M NaOH/DEG solution in (a), (b) and (c) were 1.5 mL, 1.75 mL and 2.7 mL, 

respectively. The amount of PAA added in the system in (d), (b), and (e) were 2 mmol, 4 

mmol, and 8 mmol, respectively. A mixture of 4 mmol PAA and 4 mmol PAASS were 

added in (f) during synthesis. Scale bars are 20 nm. 
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As shown in Figure 3.9a-d, by changing the Au/Fe ratio during the synthesis, the 

thickness of Fe3O4 coated on the AuNPs. Since the hydrolysis of the Fe3+ and Fe2+ were 

controlled by NaOH and PAA, changing the concentration of FeCl3 added in the reaction 

was not approachable. However, the concentration of the Au nanoparticles could be easily 

changed. With decreasing Au concentration, the Fe3O4 thickness gradually increased. It is 

worth noting that the size of the Fe3O4 nanocrystals did not change significantly. The 

increase in the Fe3O4 thickness came from the increased layers of Fe3O4 nanocrystals 

deposited on the Au nanoparticles. The unique “layer-by-layer” deposition growth 

behavior of the Fe3O4 nanocrystals allowed the increase of Fe3O4 thickness without 

inducing large crystal strain that led to self-nucleation. As shown in Figure 3.9e, a linear 

relationship can be drawn between one over the volume of AuNPs added and the volume 

of individual core-shell nanoparticles, confirming the “layer-by-layer” depositing mode of 

the Fe3O4 nanocrystals. 

As can be seen in the results, the AuNPs were not individually coated with Fe3O4. 

Instead, the AuNPs formed assembly structures during the coating process. As shown in 

both the TEM images (Figure 3.9g) and the UV-vis spectra (Figure 3.9j), the distance 

between AuNPs was close throughout the assembly structure, and a distinctive coupling 

peak of AuNPs was observed at 820 nm. The controlled assembly of the AuNPs should be 

attributed to the high concentration of Fe3+ and Fe2+ ions in the system, lowering the 

solubility of the AuNPs. When different sized AuNPs were added to the system, we saw a 

clear decreasing trend of the number of particles and increasing interparticle distance in the 

assembly structures formed during the Fe3O4 coating process (Figure 3.9g-i). When 20 nm 



106 

 

AuNPs were used, the AuNPs severely aggregated due to the high specific surface area, 

and only a broad peak could be seen in the UV-vis spectrum. When the AuNPs size 

increased to 45 nm, compared to the case where 33-nm AuNPs were used, the coupling 

peak was much weaker, and the resonance wavelength of the coupling peak blueshifted, 

indicating an increase in the interparticle distance between AuNPs in the assemblies. When 

the size of AuNPs was further increased, although small-scale assemblies could still be 

seen in the TEM image (Figure 3.9i), the UV-vis spectra showed no obvious plasmonic 

peaks corresponding to the coupling of AuNPs, which suggested that the interparticle 

distance was larger enough to prevent the interfering of plasmonic resonance from 

neighboring particles. 
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Figure 3.9 TEM images of Au@Fe3O4 core-shell particles synthesized with different (a-

d) AuNPs concentration and (f-j) AuNPs sizes. The final concentration of AuNPs in (a), 

(b), (c) and (d) were 15 µM, 7.5 µM, 3.75 µM and 1.88 µM, respectively. The AuNPs sizes 

in (f), (g), (h), and (i) were 20 nm, 33 nm, 45 nm and 70 nm, respectively. Scale bars are 

100 nm. (e) The evolution of radius3 with respect to 1/mol(Au). (i) UV-vis spectra with 

Au@Fe3O4 synthesized with different AuNPs sizes. 
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When micro-sized structures were subjected to the Fe3O4 coating process, the 

aggregation could be prevented. As shown in Figure3.10 a and b, both Ag nanowires 

(AgNWs) and Ag nanoplates (AgPLTs) can be coated with Fe3O4 with the proposed 

procedure. The thickness of Fe3O4 coated on the nanostructures can also be tuned by 

adjusting the amount of seeds added. The orientation of Ag@Fe3O4NWs and 

Ag@Fe3O4PLTs can be tuned with the external magnetic field. As shown in the UV-vis 

spectra (Figure 3.10d), the orientation tuning of the chains formed by Ag@Fe3O4PLTs 

showed very different transmittance when the magnetic field was applied along or 

perpendicular to the propagation direction of the incident light. As illustrated in Figure 

3.10c, when the magnetic field was applied along with the light propagation direction, both 

the absorption and scattering cross-section were minimized, while when the magnetic field 

was applied perpendicular to the incident light, a portion of the Ag@Fe3O4PLTs were 

facing the incident light, and the large physical cross-section greatly increased both the 

absorption and scattering of light (Figure 3.10c). Based on this phenomenon, we fabricated 

a smart window and a smart display device to feature the magnetically controlled 

transmittance change and scattering change, respectively. 

As shown in Figure 3.10d, the transmission of the Ag@Fe3O4PLT gradually 

decreased with increasing Fe3O4 thickness. In addition, when the Ag/Fe ratio was lower 

than 0.25, the transmittance difference decreased with decreasing Ag/Fe ratio, as the 

ultrafine Fe3O4 nanocrystals increased the overall absorption and had no angular 

dependence in the absorption cross-section. When the Ag/Fe ratio went beyond 0.25, the 

magnetic response of the nanocomposites was too weak to efficiently change the 
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orientation of the AgPLTs. We chose an Ag/Fe ratio of 0.25 and sealed the solution in a 

homemade glass box with an inner thickness of 3 mm. As shown in Figure 3.10e, when the 

magnetic field was applied in the horizontal direction, the solution became opaque, and the 

text underneath could not be seen. When the direction of the magnetic field applied 

changed to out-of-plane, the transmittance of the solution was greatly increased, and the 

text underneath could be clearly seen. Figure 3.10f and g showed the smart display device 

fabricated with the Ag@Fe3O4PLTs nanocomposites. Similar to the smart window, the 

solution was sealed in a homemade glass box with an inner thickness of 3 mm. The letter 

UCR with three different colors were projected by a projector. When the magnetic field 

was applied parallel to the incident light, the display device would be close to transparent; 

only a fainted reflection from the glass cover could be seen (Figure 3.10f). When the 

magnetic field was changed to perpendicular to the incident light, the reflection of the 

device was greatly enhanced, and the three letters could be clearly seen (Figure 3.10g). 

Since Ag nanoplate has a consistent scattering throughout the visible region, the colors of 

the patterns projected onto the device can be well preserved. 
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Figure 3.10 TEM images of (a) Ag@Fe3O4NWs and (b) Ag@Fe3O4PLTs. (c) Schematics 

showing the magnetic tuning and the cross-section difference of Ag@Fe3O4PLTs. (d) UV-

vis spectra of Ag@Fe3O4PLTs with a magnetic field applied parallel and perpendicular to 

the incident light propagation direction. Digital images of (e) smart window above a letter 

“Y”, with a magnetic field applied in (top) out-of-plane and (bottom) horizontal direction 

and smart display device with a magnetic field applied (f) parallel and (g) perpendicular to 

incident light. 
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3.2.4 Conclusion 

In summary, taking advantage of our previously reported CNC synthesis, we 

achieved the coating of Fe3O4 nanocrystals on pre-synthesized plasmonic nanostructures. 

Thanks to the small crystal size of the Fe3O4 nanocrystals, the crystal strain induced by the 

lattice mismatch could be minimized, and the self-nucleation of Fe3O4 could be avoided. 

The thickness of the Fe3O4 coating on the plasmonic nanoparticles could be tuned by 

changing the Au/Fe or Ag/Fe ratio in the synthesis. Due to the high surface energy of 

AuNPs, the nanoparticles formed assembly structures with uniform interparticle distance. 

Although the assembly structures were not expected, this could be a promising platform 

for SERS measurements. Since the structural strength of the assemblies was enforced by 

the Fe3O4 coating, the 3D assembly structures can provide a higher population of hot spots 

compared to a 2D array of AuNPs. In addition, the nanocomposites can be pulled to one 

side of the droplet during the drying process, which can serve as nucleation sites of the 

analytes, further enhancing the SERS signal of analytes in the dry state. When 

microstructures such as AgNWs and AgPLTs were subjected to the Fe3O4 coating process, 

the aggregation could be avoided. The magnetic tuning of the transmittance and scattering 

of AgPLTs was demonstrated, and a smart window and a mart display device were 

fabricated respectively to feature the dynamic tuning of the two optical properties. The 

performance of the smart window and the display could be improved with further 

optimization of device fabrication techniques. In addition, due to the micrometer size of 

the Ag@Fe3O4PLTs, the reflection difference could extend to the IR region; therefore, the 

smart window had potentials for magnetically controlled thermal management.  
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Chapter 4 Non-Noble Metal Magneto-Plasmonic Nanoparticles For Solar Steam 

Generation 

4.1 Introduction 

Over the past decade, more than 40% of the world's population has lived in water-

stressed areas, and this number is expected to rise to two-thirds by 2025.1 In addition, a 

global population increase of 80 million each year calls for new sources of freshwater. The 

desalination of seawater is considered an essential part of the solution to global water stress. 

However, despite considerable efforts to improve pre-existing processes, seawater 

desalination is still highly energy consuming. Solar energy-based steam generation 

methods have gained increasing attention for low energy-consuming clean water 

generation. In this scheme, photothermal materials harvest the solar irradiation and convert 

it to heat, promoting the evaporation of surrounding water.2-5  

In addition to the design of evaporator devices and heat isolation strategies,3, 6-12 

the development of light absorbers is critically important in achieving high efficiency in 

steam generation. It is crucial to find light-absorbing materials that can make the best use 

of sunlight by maximizing the absorption and minimizing the reflectance of the light. Most 

solar steam generation strategies employ carbon as light-absorbing material because of its 

broadband absorption in the UV and visible region. However, due to graphite’s 

birefringence property, light is strongly scattered when it is incident perpendicular to the 

cleavage planes, which limits the photothermal efficiency of graphite intrinsically. Other 

forms of carbon-based materials such as graphene, graphene oxide, and carbon nanotubes 

require considerably complicated synthesis and purification processes, although the 



115 

 

absorption efficiency may be improved.7, 13-16 On the other hand, plasmonic nanoparticles 

are well known for strong absorption at their plasmonic resonance wavelengths, resulting 

in a strong photothermal property. However, typical plasmonic particles consisting of noble 

metals such as Au and Ag show narrow absorption peaks in the visible region, which limit 

their applications in solar energy harvesting.17 Therefore, specially designed structures are 

required to enable the coupling between particles to broaden the absorption peak of the 

plasmonic particles.18-21 Although most attention was devoted to noble metals in the past 

studies due to their strong plasmonic properties, transition metal nanoparticles with broader 

plasmonic peaks are more suitable for harvesting solar energy.19, 22 Nickle nanoparticles, 

for example, exhibit plasmonic resonance peak at around 500 nm, showing great promises 

as a solar absorber.23-25 A composite material combining the high absorption ratio of small 

plasmonic particles with the broadband absorption of carbon is a desirable solution to 

designing a highly efficient solar energy harvesting material. 

In this work, we report the rational design of Ni@C@SiO2 core-shell nanoparticles 

that combine the broadband absorption of carbon and the plasmonic property of Ni for 

efficient solar thermal conversion. A solar steam generation device loaded with such 

nanoparticles can achieve a photothermal efficiency as high as 91.2% without additional 

structural design. Furthermore, the magnetic response of Ni allows the creation of surface 

textures on a polyvinyl alcohol (PVA) hydrogel film. The increased surface roughness and 

the evaporative area further enhance the performance of the solar steam generator, 

achieving an evaporation rate as high as 2.25 kg·m-2·h-1. Thanks to the versatility and 
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stability provided by condensed SiO2, the core-shell particles can be readily applied to 

various steam generation systems as needed.  

4.2 Experimental 

4.2.1 Chemicals 

Nickel (II) nitrate hexahydrate, oleic acid (OA, 90%), sodium borohydride, 

resorcinol, formaldehyde (37% by weight in water), polyvinylpyrrolidone (PVP, Mw. 

10000), tetraethyl orthosilicate (TEOS, 98%), polyvinyl alcohol (PVA, Mw. 31000 ~ 

50000), and glutaraldehyde (50 wt.% in water) were purchased from Sigma-Aldrich. 

Sodium dodecyl sulfate (SDS), methanol, ammonium hydroxide (NH3·H2O, 28% by 

weight in water), diethylamine (DEA), and hydrochloric acid (HCl, 37%) were purchased 

from fisher scientific. Ethanol (200 proof) was purchased from Decon Laboratories Inc. 

All chemicals were directly used without further purification. 

4.2.2 Synthesis of Ni Nanoparticles (NiNPs) 

Ni NPs were synthesized following our previously reported method with 

modification23. In a typical synthesis, a growth solution was prepared at room temperature 

by adding 20 mL of SDS (0.1 M), 2 mL of OA (0.01 M in methanol), and 20 mL of 

Ni(NO3)2 (0.01 M) into 160 mL of DI water. Fresh NaBH4 (32 mg) was added to give a 

black color mixture. After 1h, Ni NPs were centrifuged (9000 rpm × 5 min) and dispersed 

in 10 mL of water. 

4.2.3 Synthesis of Ni@C@SiO2 NPs 

For the synthesis of Ni@RF NPs, 10 mL Ni NPs dispersion was added into 18 mL 

of water in a round bottom flask. Then 28 μL of formaldehyde and 20 mg of resorcinol 
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were added, followed by 100 μL of diluted ammonia (2.8%). The mixture was heated at 50 

ºC for 1 h, then further heated at 100 ºC for 3 h for RF condensation. The particles were 

centrifuged (9000 rpm × 5 min) and washed with water twice, and dispersed in 10 mL of 

water. 

Before SiO2 coating, Ni @RF NPs were modified with MnO2 by adding 200 µL of 

KMnO4 (0.01 M) solution and stirred for 1 h. The modified particles were then centrifuged, 

washed with water twice, and dispersed in 10 mL of water. The particle dispersion was 

then injected into 100 mL of ethanol, mixed with 80 μL TEOS. Into the mixture, 5 mL of 

concentrated ammonia (28%) was injected to catalyze the reaction. The mixture was 

sonicated for 5 min then stirred for 40 min at room temperature, and the particles were 

separated through centrifugation (8000 rpm × 5 min) and washed with ethanol twice to 

remove ammonia and unreacted TEOS. The particles were placed in a porcelain boat and 

dried under an IR lamp before they were annealed at 600 ºC in N2 for 2 h. The sample was 

then dispersed in 20 mL of water and boiled for 3 h to improve the dispersity. Finally, the 

particles were centrifuged (9000 rpm × 5 min) and dispersed in water. 

4.2.4 Synthesis of Ni@SiO2 NPs 

Ni NPs were modified by incorporating 2 mL of PVP (5 wt.%) and were vortexed 

for 30 min, then centrifuged and dispersed in 12 mL of water. The above Ni NPs were 

injected into 80 mL of ethanol, sonicated, and then 2 mL of DEA and 0.6 mL of TEOS 

were added quickly. After 80 min, the Ni@SiO2 NPs were centrifuged (9000 rpm × 5 min), 

washed with ethanol and water. The particles were then dried under an IR lamp and 

annealed at 600 ºC in N2 for 2 h. The sample was then dispersed in 20 mL of water and 
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boiled for 3 h to improve the dispersity. Finally, the particles were centrifuged (9000 rpm 

× 5 min) and dispersed in water. 

4.2.5 Synthesis of C@SiO2 NPs 

RF spheres with a radius of 80 nm were first synthesized by incorporating 14 μL 

formaldehyde, 10 mg resorcinol in 28 mL of water, followed by injection of 100 μL of 

diluted ammonia solution (2.8%). The mixture was stirred at room temperature for 12 h, 

then heated at 100 ºC for 3 h for RF condensation. The particles were centrifuged (8000 

rpm × 3 min) and washed with water twice, then dispersed in 10 mL of water. The SiO2 

coating and high temperature anneal process followed the same protocol as Ni@C@SiO2 

NPs, and the final product was dispersed in water. 

4.2.6 Fabrication of Ni@C@SiO2/PVA Composite Film 

Various amounts of Ni40C20 NPs were mixed with 0.1 g 5% PVA solution, 

followed by the addition of 2.5 μL 50% glutaraldehyde solution. For initiating the gelation, 

10 μL of 1 M HCl was added to the mixture. A film was fabricated with a doctor-blade 

method with a magnetic field (400 mT) applied underneath the sample.  

4.2.7 Solar Steam Generation Measurement 

In measuring the weight change of the water during the evaporation process, a 50-

mL beaker full of water was placed on a retort stand below the solar simulator with a light 

condenser. A piece of melamine foam was floating on the surface of the water. The 

nanoparticles were deposited on an MCE filter membrane (0.2 μm pore size) then placed 

on top of the melamine foam. One sun irradiation (1 kW·m-2) was employed to illuminate 

perpendicularly onto the filter membrane. The weight change was instantaneously recorded 



119 

 

as a function of time by the electronic balance. The ambient temperature was maintained 

at 21 °C, and the humidity was 30% RH throughout the measurement. 

Before and after solar illumination, the surface temperatures were measured using 

an IR camera (FLIR ONE PRO). The temperature reading of the IR camera was calibrated 

using a thermocouple. The measurement uncertainty of the calibrated IR camera is ~1.0 ºC 

in the studied temperature range. 

4.2.8 Characterization 

The sample morphology was characterized by a Tecnai 12 transmission electron 

microscopy (TEM). Scanning transmission electron microscopy (STEM) images and 

energy-dispersive X-ray spectroscopy (EDX) mapping profiles were collected on a 

ThermoFisher Scientific (formerly FEI/Philips) Titan Themis 300 transmission electron 

microscope operated at 300 kV. The morphology of the PVA/Ni40C20 composite was 

characterized by an FEI Nova NanoSEM 450 scanning electron microscope (SEM). X-ray 

diffraction (XRD) tests were performed with a Rigaku TTR III. UV-Vis spectra were 

measured with an Ocean Optics HR2000 CG-UV-NIR spectrometer. The reflectance 

spectra were measured with an Ocean Optics HR2000 CG-UV-NIR spectrometer with an 

integration ball.  

4.2.9 Calculation of Energy Loss 

The heat loss by the absorber consists of three parts: (i) radiation, (ii) convection, 

and (iii) conduction. 

Radiation It is assumed that the emissivity of the absorbers is 1. For radiation loss 

to the ambient, the radiation loss was calculated by Stefan−Boltzmann law, 



120 

 

𝑃 = 𝜀𝐴𝜎(𝑇1
4 − 𝑇2

4),                                                                                                            (4.1) 

where P denotes heat flux, ε is emissivity, A is surface area, σ is the 

Stefan−Boltzmann constant, T1 is the average temperature of the absorber, and T2 is the 

ambient temperature.  

Convection The convection loss was calculated by Newton’s law of cooling, 

𝑄 = ℎ𝐴Δ𝑇,                                                                                                                              (4.2) 

where Q denotes the heat, h is the convection heat transfer coefficient, A is surface 

area, and ΔT is the difference between the absorber and ambient temperature. The 

convection heat transfer coefficient is estimated, according to W. H. McAdams’ method26. 

Conduction The solar steam generator was put in a Dewar container under one-

sun irradiation to calculate the conduction loss. The conduction loss was calculated based 

on 

𝑄 = 𝐶𝑚Δ𝑇,                                                                                                                              (4.3) 

where Q denotes the heat, C is the specific heat capacity of water (4.2 J·g-1·K-1), t 

is the irradiation time, m is the mass of water, and ΔT is the elevated water temperature 

within t seconds. Based on the experiment, t = 3600 s, m = 50 g. 

4.2.10 Calculation of Photothermal Efficiency of Nanoparticles in Solution 

The photothermal conversion efficiency (η) of nanoparticles was calculated 

according to the previously reported methods,27 detailed measurements as following:  

In a small beaker, 10 g of Ni40C20 dispersion in water (10 µg/mL) was added. At 

this concentration, the transmissions of all solutions were 0% to ensure all light has been 

absorbed by the solution. The solutions were illuminated with a solar simulator, and the 
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temperature changes were monitored with a thermal couple sensor. The solutions were 

illuminated under a solar simulator for 4500 s to achieve equilibrium temperature, after 

which the light was turned off, and the cooling behavior of solutions was recorded. 

During the photothermal heating process, the total energy balance for the system 

can be expressed as:  

∑ 𝑚𝑖𝐶𝑝.𝑖
𝑑∆𝑇

𝑑𝑡
= 𝑄𝑁𝐹 + 𝑄𝑆 − 𝑄𝐿𝑜𝑠𝑠𝑖                                                                                      (4.4) 

Where m (g) represents the mass of the solution (ms) and beaker (mb), C (J/(g·°C)) 

includes the constant-pressure heat capacity of solution (Cs) and beaker (Cb), △T (°C) is 

the difference between the solution temperature T at time t and the starting solution 

temperature T0, QNF (W) is determined as the energy arising from the nanoparticles, and 

QLoss (W) is the thermal energy lost to the surrounding environment. In addition, QS (W) is 

the energy input by the beaker and the solvent (pure DI water). For QNF, Equation 4.5 can 

be given as:  

𝑄𝑁𝐹 = 𝐼𝐴η                                                                                                                         (4.5)  

Where I = 1000 W/m2 is the input light power density of the solar simulator, A = 

0.00491 m2 is the illuminated area, and η is known as the photothermal conversion 

efficiency. Furthermore, energy dissipation mainly occurs through heat conduction and 

thermal radiation. QLoss is linear with temperature for the outgoing thermal energy, then 

take the form of Equation 4.6:  

𝑄𝐿𝑜𝑠𝑠 = ℎ𝑆∆𝑇 = ℎ𝑆(𝑇 − 𝑇𝑆𝑢𝑟𝑟)                                                                          (4.6)  

Where h (W/(m2 ·°C)) is heat transfer coefficient, S (m2) is the surface area of the 

container, △T is the temperature change which is defined as T- TSurr, T (°C) is the water 
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temperature, and TSurr (°C) is the ambient temperature of the surrounding environment. 

When the temperature rises to equilibrium temperature TMax (°C), the heat input is equal to 

heat output, and the left side of Equation 4.4 becomes zero. So we then obtain  

𝑄𝑁𝐹 + 𝑄𝑆 = 𝑄𝐿𝑜𝑠𝑠 = ℎ𝑆(𝑇𝑀𝑎𝑥 − 𝑇𝑆𝑢𝑟𝑟)                                                                (4.7)  

Then η can be determined by combining Equation 4.4-4.7 and rearranging:  

η =
hS(𝑇𝑀𝑎𝑥−𝑇𝑆𝑢𝑟𝑟)−𝑄𝑆

IA
                                                                                        (4.8)  

Where QS is measured independently to be 0.102 W, the (TMax-TSurr) is 14.7 °C. 

Thus, in Equation 4.8, only the hS remains an unknown parameter for calculating η. In 

order to solve hS, the following notation θ is used herein, which is defined as the ratio of 

(T-TSurr) to (TMax-TSurr):  

𝜃 =
𝑇−𝑇𝑆𝑢𝑟𝑟

𝑇𝑀𝑎𝑥−𝑇𝑆𝑢𝑟𝑟
                                                                                                                            (4.9)  

And a sample system time constant τs (s) is introduced:  

𝜏𝑠 =
∑ 𝑚𝑖𝐶𝑝,𝑖𝑖

ℎ𝑆
                                                                                                                          (4.10)  

Substituting Equations 4.9 and 4.10 into Equation 4.4 and rearranging to obtain:  

𝑑𝜃

𝑑𝑡
=

1

𝜏𝑠
[

𝑄𝑁𝐹+𝑄𝑆

ℎ𝑆(𝑇𝑀𝑎𝑥−𝑇𝑆𝑢𝑟𝑟)
− 𝜃]                                                                                             (4.11)  

When at the cooling stage of nanoparticle dispersion, the light source has been 

turned off (Figure 3b), so the QNF + QS = 0. Under this condition, Equation 4.11 becomes:  

𝑑𝑡 = −𝜏𝑠(𝑑𝜃/𝜃)                                                                                                               (4.12)  

After integration Equation 4.12, the equation expresses as:  

𝑡 = −𝜏𝑠ln (𝜃)                                                                                                                            (4.13)  
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Therefore, the time constant for heat transfer from the system is determined to be 

τs = 818 s by applying the linear time data from the cooling period vs. –lnθ (Figure S1). 

Thus, according to Equation 4.10, the hS is calculated to be 0.051 W/°C. Substituting hS 

= 0.051 W/°C into Equation 4.8, the result photothermal conversion efficiency (η) of 

Ni40C20 can be calculated to be 94.3%. 

The photothermal efficiency of other samples was calculated with the same method. 
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Figure 4.1 Linear time date vs. -ln(θ) obtained from the cooling period of Ni40C20. 
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4.2.11 Calculation of Equivalent Vaporization Enthalpy 

To obtain the effective evaporation enthalpy of water in PVA hydrogels, we used 

previously reported methods with slight modification.12 In detail, pure water and PVA 

hydrogels having the same surface area were stored in a closed vessel with a humidity of 

45% RH and a temperature of 25 °C. To avoid interference by sensible heat, it is necessary 

to control the experimental humidity at a high level, thereby suppressing the temperature 

changes caused by rapid evaporation.  

The equivalent evaporation enthalpy of MPF-water can be calculated as follows: 

𝐸𝑖𝑛 = ∆𝐻𝑣𝑎𝑝𝑚0 =  ∆𝐻𝑒𝑞𝑢𝑚𝑔                                                                                             (4.14) 

where ∆𝐻𝑣𝑎𝑝 and 𝑚0 are the evaporation enthalpy and mass change of pure water; 

𝑚𝑔 is the mass change of water in PVA. ∆𝐻𝑒𝑞𝑢 is the real evaporation enthalpy and can be 

estimated by vaporizing the water with identical power input 𝐸𝑖𝑛. During the same 

evaporation period, the evaporation rate of water in 5% PVA is 1.21 times that of pure 

water, indicating that water in 5% PVA hydrogel has an evaporation enthalpy of 1884 J/g. 

Equivalent vaporization enthalpy of PVA hydrogels with different PVA content was 

calculated and summarized in Figure 4.19a. 
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4.3 Results and Conclusion 

4.3.1 Synthesis of Ni@C@SiO2 NPs and the Optimization of the Photothermal 

Performance 

The Ni@C@SiO2 particles were prepared via an indirect multi-step approach. The 

Ni nanoparticles were prepared by reducing Ni(NO3)2 with NaBH4 and then coated with 

resorcinol formaldehyde (RF) and SiO2 sequentially. Annealing at high temperatures in N2 

converted the RF into carbon. Amid the thermal treatment, the SiO2 shell became more 

condensed, significantly enhancing the chemical stability of the particles. As shown in 

Figure 4.2a, the thickness of the carbon layer can be controlled by that of the RF layer, 

which can be well-tuned by adjusting the amount of resorcinol and formaldehyde 

precursors added into the system. Before being coated with silica, the Ni@RF particles 

were treated with KMnO4 to generate a transitional layer to increase the affinity between 

the RF surface and silica.28 The SiO2 layer formed via the Stöber method was found to 

maintain the core-shell structure during the annealing process. As shown in Figure 4.2b-f, 

the Ni particles were stable throughout the synthesis, and the particle size and carbon 

thickness were very uniform. The high-angle annular dark-field (HAADF) image (Figure 

4.2g) and EDX elemental mapping (Figure 4.2h) of the Ni@RF@SiO2 nanoparticles 

confirmed our proposed core-shell structure. The XRD pattern of Ni@RF core-shell 

nanoparticles (Figure 4.3) showed a broad peak corresponding to Ni due to the low 

crystallinity of borohydride reduced Ni and contamination of boride species, which is 

consistent with previously reported results.23 It is interesting to note that the RF layer can 

efficiently protect Ni particles from oxidation by strong oxidizing agents such as KMnO4. 
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When excessive KMnO4 was added, and RF was completely consumed, Ni nanoparticles 

will be oxidized and etched, leaving a hollow MnO2 shell, as shown in Figure 4.4. While 

no gap between Ni and RF layer or shrinkage of Ni core in size could be observed at a low 

loading of MnO2, the Ni core remained intact after modification. After KmnO4 treatment, 

a thin layer of MnO2 could be observed in TEM (Figure 4.2d). Due to its small amount and 

low crystallinity, the MnO2 layer showed no distinct peaks in the XRD pattern (Figure 4.3). 

However, the presence of Mn in the form of a thin layer can be confirmed in the EDX 

elemental mapping image (Figure 4.2h). Thanks to the surface modification of MnO2, a 

smooth and uniform silica coating was obtained (Figure 4.2e), and the particles underwent 

minimal morphology change during the thermal treatment (Figure 4.2f). Without the MnO2 

transitional layer, however, silica coating could be challenging as free SiO2 nanoparticles 

formed dominantly instead (Figure 4.5). Before thermal treatment, the Ni NPs typically 

contain boride species and have poor crystallinity, thus showing almost no magnetic 

property. After annealing, the borides decomposed, and the crystallinity of the particles 

was significantly improved, exhibiting a much stronger magnetic response.29 The XRD 

pattern of Ni@C@SiO2 nanoparticles (Figure 4.3) showed a strong peak of Ni, confirming 

the enhanced crystallinity of Ni after the annealing process. 

  



128 

 

Figure 4.2 (a) Synthetic scheme of Ni@C@SiO2 core-shell nanoparticles and (b-f) 

corresponding TEM images of the particles at each stage. (g) HADDF-STEM image and 

(h) EDX elemental mapping of Ni@RF@SiO2 core-shell nanoparticles. Scale bars are 100 

nm. 
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Figure 4.3 XRD pattern of Ni@RF, Ni@RF@SiO2 and Ni@C@SiO2. 
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Figure 4.4 TEM of Ni@RF nanoparticles treated with excessive KMnO4. 
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Figure 4.5 TEM of Ni@RF@SiO2 nanoparticles without KMnO4 treatment. 
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The optical properties of the core-shell nanoparticles were first simulated to 

optimize the radius of the Ni core and the thickness of the carbon shell. Figure 4.6a shows 

the simulated spectra of Ni@C core-shell nanoparticles with a core radius of 40 nm and 

various carbon thickness. The absorption spectrum of the carbon sphere was simulated as 

well for comparison. With the presence of Ni core, the absorption of the particle is greatly 

enhanced at around 550 nm, which matches the maximum peak of the solar irradiation 

spectrum. An absorption spectrum that overlaps with the energy distribution of the solar 

irradiation is of great importance since it maximizes the utilization of energy where solar 

energy is most concentrated. On the other hand, the carbon shell broadens the absorption 

peak of the particles and increases the absorption at longer wavelengths, expanding the 

range of energy that can be converted into heat. According to simulation, the absorption 

spectra can overlap with the solar irradiation spectrum very well when shell thickness is 20 

nm. Beyond this point, increasing the shell thickness does not obviously increase the 

absorption at longer wavelengths, but the enhancement at 550 nm brought by Ni 

dramatically decreases. The ratio of absorption cross-section to extinction cross-section of 

each particle was calculated and shown in Figure 4.6b. All core-shell particles showed a 

higher absorption ratio when compared with pure carbon spheres. Since the photothermal 

properties only convert the energy that has been absorbed by the material, a higher 

absorption cross-section ratio enables a higher energy utilization efficiency. With the same 

Ni core radius, the absorption cross-section ratio gradually decreases with increasing 

carbon thickness (Figure 4.6b). It is interesting to find that compared with bare Ni 

nanospheres, Ni40C10 with 10 nm of carbon shell showed a higher absorption cross-
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section ratio. The optimal carbon thickness is determined to be 20 nm since it allows a high 

overlapping degree of the absorption spectrum and the distribution of solar energy without 

severely compromising the absorption cross-section ratio. We further optimize the size of 

the Ni core by fixing carbon thickness at 20 nm. It is well known that the LSPR properties 

of plasmonic particles are dependent on their dimensions. As shown in Figure 4.6c, when 

the core size increases, the absorption peak redshifts, and the spectra can overlap well with 

the solar irradiation spectrum when the core radius is 40 nm. Although the absorption cross-

section ratio goes down with increasing core size, as illustrated in Figure 4.6d, the influence 

of core size in the absorption ratio is much less dramatic than carbon shell thickness. Based 

on the simulation results, core-shell nanoparticles with a core radius of 40 nm and a carbon 

thickness of 20 nm (denoted as Ni40C20) were determined to be the optimal condition. For 

comparison, we also synthesized Ni@SiO2 NPs with Ni radius of 40 nm, Ni@C@SiO2 

NPs with Ni radius of 20 nm and carbon thickness of 20 nm, Ni@C@SiO2 NPs with Ni 

radius of 40 nm and carbon thickness of 40 nm, and C@SiO2 NPs with carbon radius of 80 

nm (denoted as Ni40, Ni20C20, Ni40C40, C80 respectively) via similar synthesis routes, 

and the morphologies were shown in Figure 4.7. As shown in the UV-vis spectra of 

prepared samples (Figure 4.6e), the extinction spectra of Ni40C20 overlaps with the solar 

spectra the best among all samples, which agrees well with the prediction of the simulated 

results. As indicated in the reflectance spectra of the samples in Figure 4.8, the carbon 

particles showed a relatively high reflection of ~14% throughout the whole visible region, 

while Ni40, Ni40C20, and Ni20C20 exhibited much lower reflectance (~5%). 
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Figure 4.6 (a, c) Simulated spectra of Ni@C core-shell particles with (a) varying shell 

thickness and (c) core size, normalized by the number of moles of the substance. (b, d) 

Cross-section area and absorption ratio of particles corresponding to (a) and (c). (e) 

Extinction spectra of prepared samples with various Ni core size and carbon thickness in 

comparison to solar irradiation spectrum. 
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Figure 4.7 TEM images of (a) Ni40, (b) Ni40C40, (c) Ni20C20, and (d) C80 nanoparticles. 

Scale bars are all 100 nm. 
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Figure 4.8 Reflectance spectra of the prepared samples. 
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For the prepared materials to be used in solar-driven steam generation devices, the 

photothermal property is one of the essential indicators of the effectiveness of a light 

absorber. The photothermal properties of prepared samples were characterized by a solar 

simulator. Each sample was deposited onto a mixed cellulose ester (MCE) membrane filter 

via vacuum filtration. The samples were then illuminated with one sun irradiation (1 kW·m-

2) to test the photothermal properties. The temperature change of each sample under light 

irradiation was monitored with an infrared camera, and the temperature profile was plotted 

in Figure 4.9a. Ni40C20 showed the highest temperature rising rate and reached the highest 

equilibrium temperature at 70.1 °C within 2 min of irradiation, while the same amount of 

C80 particles exhibits the lowest equilibrium temperature at 41.8 °C. The significant 

difference clearly shows the advantage of the core-shell nanoparticles in solar absorption. 

Despite similarly low reflectance, Ni40 showed a much lower equilibrium temperature than 

Ni40C20. It can be observed from the extinction spectra (Figure 4.6e) that the peak of Ni40 

is relatively narrow, so Ni40 is not able to utilize the energy in longer wavelengths. In 

comparison, the carbon layer in Ni40C20 not only broadened the absorption peak and 

increased absorption in longer wavelengths but makes the plasmonic peak of Ni red-shifted 

as well due to its high refractive index so that the absorption spectrum can better overlap 

with the solar irradiation spectrum. The importance of spectral selectivity can also be 

observed in the Ni20C20 sample. Although the Ni20C20 sample showed a slightly lower 

reflectance in the visible region, its maximum absorption peak was located at shorter 

wavelengths, which limited its photothermal performance. As a result, Ni20C20 also 

showed a lower equilibrium temperature under light illumination compared with Ni40C20. 
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The photothermal performance and spectra profiles of Ni40C40 particles were very similar 

to C80 sample because with a thick enough carbon shell, the optical properties of carbon 

dominate the profile, and the enhancement brought by Ni is minimal.  

The samples were then dispersed in solution to quantify the photothermal 

efficiency. The dispersion was illuminated under a solar simulator until the temperature 

reaches equilibrium. The temperature change during both heating (light on) and cooling 

(light off) processes was monitored with a thermal couple sensor, as shown in Figure 4.9b. 

The photothermal efficiencies of the prepared nanoparticles were further calculated and 

summarized in Figure 4.9c. Samples dispersed in water showed the same trend as the dry 

samples, where Ni40C20 exhibited the highest temperature elevation, and C80 showed the 

lowest. When the temperature of the solutions reaches equilibrium, the heat produced 

through the photothermal effect equals the heat dissipated into the surroundings. Therefore, 

the photothermal efficiency 𝜂 can be calculated by the equation: 

𝜂 =
ℎ𝑆(𝑇𝑚𝑎𝑥−𝑇0)−𝑄𝑖𝑛,𝑤𝑎𝑡𝑒𝑟

𝐼𝐴
                                                                                                         (4.15) 

where h is the heat transfer coefficient, S is the surface area, Tmax is the equilibrium 

temperature of the solution, T0 is the ambient temperature, Qin, water is the heat produced by 

water without particles, I is the input power density of solar simulator, and A is the 

illuminated area. The photothermal efficiency of the Ni40C20 sample was calculated to be 

94.3%, while the pure carbon sample only raised the temperature of water by 7.0 °C, giving 

a photothermal efficiency of 58.7%.  
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Figure 4.9 (a) Temperature change over time when different films were subjected to the 

illumination of the solar simulator. (b) Temperature variation over time of the 

nanostructure dispersion (1 μg/mL) in response to light irradiation. The light was turned 

off after 75 min of irradiation. (c) Maximum temperature elevation at equilibrium and 

photothermal efficiency of the prepared nanoparticles. 
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We applied the as-prepared particles to a membrane-filter-based steam generator to 

assess the performance of each sample. As demonstrated in the scheme (Figure 4.10a), the 

steam generator consists of melamine foam as the support and a membrane filter loaded 

with different particles as a light absorber. The melamine foam was chosen to be the 

support due to its porous structure and high hydrophilicity, which guaranteed an efficient 

water supply. In the meantime, it localized the heat on the top region by blocking thermal 

radiation and slowing down convection through “tortuosity effect”.12, 30 The optical image 

of the steam generator is shown in Figure 4.10b. The diameter of the evaporator was 5 cm, 

which was mainly limited by the size of the membrane filter. In principle, a larger 

evaporator can be prepared if a larger membrane is available. As shown in Figure 4.10c, 

after 15 min of illumination, the heat was well confined on the top region, and the bulk 

water remains the same temperature as the ambient. The steam generation performances of 

the particles were evaluated by plotting the mass change against the illumination time under 

the solar simulator. As shown in Figure 4.10d, the Ni40C20 sample showed the steepest 

slope and exhibited the best performance of 1.67 kg·m-2·h-1. After eliminating the 

contribution of water evaporation without light irradiation, the mass change of water and 

photothermal efficiency after 1 h of illumination under a solar simulator was summarized 

in Figure 4.10e. The apparent energy conversion efficiency of Ni40C20 reaches 91.2%. As 

predicted, the Ni40 and Ni20C20 showed lower efficiency while Ni40C40 and C80 ranked 

the lowest.  
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Figure 4.10 (a) Schematic illustration of the solar steam generation process. (b) Digital 

photo of the solar evaporator. (c) Side and top view of IR thermal images of water beakers 

recorded by a thermal camera after being irradiated with a solar simulator for 15 min. (d) 

Time course of water evaporation performance with different samples. (e) Steam 

generation rate and efficiency of different samples. 

  



142 

 

With the protection of the densified SiO2 layer, Ni40C20 stayed considerably 

stable; no morphology changes (Figure 4.11) nor obvious decay in steam generation 

performance can be observed after 6 cycles of tests in both pure water (Figure 4.12a) and 

artificial seawater (Figure 4.13a). The nanoparticle-based steam generator also exhibited 

steady performance during 8 h of continuous illumination (Figure 4.13b), and the particles’ 

morphology remained stable in the seawater environment (Figure 4.14). It is worth noting 

that the SiO2 layer improved the stability of the nanoparticles and played an essential role 

in the enhancement of steam generation efficiency. The hydrophilicity of the SiO2 layer 

allowed water to better wet the particles, resulting in a more efficient heat exchange 

between particles and surrounding water. As shown in Figure 4.12b, after SiO2 was etched 

away, the steam generation performance of Ni40C20 significantly decreased. The Ni40C20 

without silica layer also exhibited a higher equilibrium temperature on the evaporative 

surface (Figure 4.12c) than the sample with the SiO2 layer. Since SiO2 did not contribute 

to the photothermal property, it can be concluded that the increased efficiency is due to the 

promoted heat exchange process. As shown in Figure 4.15, the water contact angle 

increased from 60° to 98° after SiO2 etching, indicating the shift of Ni40C20 particles from 

hydrophilic to hydrophobic. Upon removing SiO2, the hydrophobicity of carbon hinders 

the wetting of particle surfaces, and less heat can be directly absorbed by water. The 

elevated temperature of the light absorber resulted in a more severe energy loss via thermal 

radiation and facilitated the convection heat loss on the top surface.  
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Figure 4.11 TEM image of Ni40C20 after 6 cycles of steam generation. 
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Figure 4.12 (a) Cycling performance of Ni40C20. (b) Steam generation performance of 

Ni40C20 with or without SiO2 shell. (c) Change of surface temperature of Ni40C20 with 

or without SiO2 shell. 
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Figure 4.13 (a) Cycling performance of Ni40C20 in artificial seawater. (b) Steam 

generation performance of Ni40C20 in seawater under continuous solar illumination. 
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Figure 4.14 TEM image of Ni40C20 sample after 8 h of steam generation test in artificial 

seawater. 
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Figure 4.15 Water contact angle of Ni40C20 (a) with and (b) without SiO2 layer. 
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4.3.2 Enhancing the Solar Steam Generation Performance with Magnetically 

Actuated Microstructures 

Another essential feature that our core-shell design can offer is the magnetic 

property of Ni NPs. Hydrogel-based evaporators have exhibited exceptional performances 

in solar-driven water evaporation due to their ability to tune the evaporation enthalpy.8, 31-

33 Thanks to the magnetic property of Ni NPs, we can easily tune the surface roughness of 

a hydrogel film with an external magnetic field and further promote the evaporation rate. 

As shown in the hysteresis loop of Ni40C20 (Figure 4.16), the core-shell nanoparticles 

exhibited relatively strong magnetic properties after annealing. The particles can also be 

easily collected with a magnet.  
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Figure 4.16 Room temperature hysteresis loop of Ni40C20. Inset is the optical image 

showing the magnetic collection of Ni40C20, all particles will be attracted to one side 

within 10 s. 
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Here we took PVA hydrogel as an example and incorporated the Ni40C20 

nanoparticles into the PVA hydrogel substrate to make a PVA/Ni40C20 composite 

hydrogel film. The composite films with particle concentration of 20 wt.%, 30 wt.%, and 

40 wt.% (denoted as M-20, M-30, and M-40, respectively) were prepared with a doctor-

blade method with a magnetic field applied perpendicular to the film. As shown in Figure 

4.17a-c, the hydrogel surface became rougher with increasing concentration of the 

magnetic particles. Figure 4.18 shows the SEM images of M-40 prepared under different 

magnetic field strengths. With increasing magnetic field strength, both the population and 

the height of microstructures increased. When the magnetic field was below 100 mT, the 

surface remained relatively flat. These results confirmed the relation between the surface 

microstructures and the magnetic properties of Ni40C20. The steam generation 

performance of the films with different particle concentration was summarized in Figure 

4.17e. The steam generation rate increased with the increasing concentration of the 

particles, and the evaporation flux could reach as high as 2.25 kg·m-2·h-1 when the particle 

concentration was 40 wt.%. Further increasing particle concentration makes it challenging 

to prepare composite hydrogel films due to the dramatically increased viscosity of the 

nanoparticle/hydrogel precursor mixture. The photothermal efficiency of the composite 

films was calculated by the equation: 

𝜂 =
(𝑚−𝑚𝑑𝑎𝑟𝑘)𝐻𝑣𝑎𝑝

𝐼𝐴
                                                                                                               (4.16) 

where m is the mass flux of evaporated water, mdark is the mass flux of evaporated 

water without light illumination, Hvap is the equivalent vaporization enthalpy of water, I is 

the input power density, and A is the illuminated area. 
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Figure 4.17 (a-d) SEM images of M-20, M-30, M-40, and NM-40 composite films. 

Scale bars are all 50 μm. (e) Steam generation rate and the apparent photothermal 

efficiency of different films. (f) Time-dependent mass change of water without light 

illumination at 20 °C on different films. (g) Temperature difference of film surface 

and ambient temperature after 1 h of light illumination. (h) Heat loss with respect to 

input energy during the steam generation process. 
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Figure 4.18 SEM images of PVA/Ni40C20 composite film (a) without magnetic field, 

with (b) 100 mT, (c) 200 mT, and (d) 400mT magnetic field applied during gelation 

process. 
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As shown in Figure 4.17e, the apparent photothermal efficiency exceeded 100% 

when vaporization enthalpy of bulk water was used in the calculation. However, the 

evaporation enthalpy of water changes when the substrate strongly interacts with water.33 

In this case, with 5% PVA hydrogel as the substrate, the vaporization enthalpy was 

calculated to be 1884 kJ·kg-1 (Figure 4.19b), giving the highest photothermal efficiency of 

95% for the M-40 sample. Although the loading density of particles on the surface might 

also contribute to the steam generation performance, without incorporating PVA hydrogel, 

the steam generation performance of directly deposited particles reached a plateau when 

loading density was higher than 20 g·m-2, as illustrated in Figure 4.20. In the PVA/Ni40C20 

composite films, the particle loading density ranged from 20 g·m-2 to 40 g·m-2. Therefore, 

the influence of loading density was neglectable. If there was no magnetic field applied 

during gelation (denoted as NM-40), the surface of the hydrogel remained flat, as shown 

in Figure 4.17d. Although the improved performance was also observed in NM-40 due to 

lowered vaporization enthalpy, it was far less dramatic than M-40. The significant 

improvement of the performance can be attributed to the increased surface roughness in 

M-40.  
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Figure 4.19 (a) Evaporation rate of water and PVA hydrogel with different PVA content. 

(b) Equivalent vaporization enthalpy of water in bulk water and prepared PVA hydrogels. 
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Figure 4.20 Dependence of steam generation performance on the loading density of 

Ni40C20. 
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The enhancement brought by the rough surfaces can be generally attributed to two 

reasons, including multiple reflections and increased active surface area. As demonstrated 

in Figure 4.21, on a flat surface, the light was scattered into the space above the film without 

being utilized. However, on a rough surface, due to the random reflection angles on 

different surfaces, light being scattered off one surface has a chance to be collected by 

another, reducing the energy loss due to the scattering of the samples. As shown in Figure 

4.22, the M-40 composite film shows a slightly lower reflectance than directly deposited 

Ni40C20 particles. However, due to the low reflectance of the Ni40C20 sample, the benefit 

brought by multiple reflections should not be obvious. On the other hand, the roughness of 

the film surface can significantly increase the effective evaporation surface area, which is 

especially important in an interfacial evaporator system. This feature can only be realized 

by a convex textured surface because, in a typical porous material, the pores are filled with 

water, and the evaporation surface essentially the same as a flat surface. As evidenced by 

Figure 4.17f, the evaporation rate on the rough surface surpassed the flat surface at room 

temperature. More specifically, the evaporation rate on M-40 is three times the evaporation 

rate on NM-40 regardless of the same loading amount of particles and hydrogel. This 

phenomenon also explained our finding that M-40 had the lowest equilibrium surface 

temperature among all samples (Figure 4.17g). The high evaporation rate on the surface 

takes away the heat generated on the particles, leading to a lower average temperature. The 

energy loss of each sample was analyzed and summarized in Figure 4.17h. Generally, the 

heat loss takes place in three ways, thermal radiation of the absorber, convection between 

the absorber and the ambient air, and heat conduction from the surface to bulk water, all of 
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which are closely related to the temperature of the absorber. Thanks to the low surface 

temperature, the thermal radiation was much suppressed and only accounted for an energy 

loss of 3.0% of the input energy in M-40. In comparison, a temperature difference of 20 

°C will result in an energy loss of 12.7% through radiation alone. Furthermore, the lower 

temperature difference between the absorber and the ambient environment also reduced the 

convection on the film surface. According to our calculation, the energy loss through 

convection only accounted for 2.2% of the input energy in M-40. The low surface 

temperature brought by the high evaporative rate significantly reduced the energy loss of 

the system, leading to a highly efficient solar evaporation system.   
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Figure 4.21 Schematic illustration of the light reflection and active surface area difference 

of a rough surface and a smooth surface. 
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Figure 4.22 Reflectance spectra of M-40 composite film and directly deposited Ni40C20 

nanoparticles. 
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4.4 Conclusion 

In summary, we demonstrate the rational design of Ni@C@SiO2 core-shell 

nanoparticles as promising light absorbers for solar-driven steam generation. The 

combination of the broadband absorption of carbon and plasmonic properties of Ni ensured 

a high energy utilization efficiency. In the meantime, the silica layer improved the 

robustness of the particles and provided a hydrophilic surface to facilitate the heat 

exchange. As a result, the core-shell particles showed superior performance, and the energy 

efficiency reached 91.2%. In addition to high photothermal efficiency, these nanoparticles 

can be incorporated into a hydrogel film so that its surface texture can be tuned by taking 

advantage of the magnetic response of these particles. Thanks to the increased surface 

roughness, the steam generation performance can be further improved by enabling multiple 

reflections and increasing the effective surface area, achieving an evaporation rate as high 

as 2.25 kg·m-2·h-1 with a Ni40C20/PVA composite hydrogel film. The robust core-shell 

particles can be readily incorporated into the design of many other evaporators. More 

importantly, we believe that the mold-free surface texturing strategy based on magnetic 

particles can provide new opportunities in designing solar evaporator devices.  
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Chapter 5 Conclusion and Outlook 

5.1 Conclusion of this Dissertation 

The synthesis of plasmonic material has attracted a lot of research interests due to 

their unique optical properties. Exploring the tuning principles of the optical properties of 

the plasmonic nanoparticles not only deepened our understanding of light-matter 

interaction but brought new opportunities to novel optical applications, such as sensing, 

biomedicine, and solar-energy conversion. Understanding the design principles of the 

plasmonic nanoparticles allows us to tailor the nanostructures for specific application 

scenarios.  

It is well known that the optical properties of plasmonic nanostructures are highly 

associated with their morphologies. With tremendous efforts put in the synthetic protocols, 

especially in the crystal growth mechanism in seed-mediated growth methods, 

nanoparticles with well-defined geometries can be prepared with high reproducibility. 

Recent researches have turned to the unconventional seed-mediated growth methods, 

where the facet directed epitaxial growth was avoided. The novel structures that deviated 

from the traditional facet guided crystal growth brought more complexity to both the 

morphology and the optical properties. In Chapter 2, we demonstrated the optical tuning 

of plasmonic nanoparticles through morphology control, more specifically, site-selective 

island growth on anisotropic Au nanostructures. Although the synthesis of similar 

structures has been reported before, we established a surface strain template that offers the 

systematic tuning of the structural features of the islands, including the number, size, 

distance, wetting degree of islands grown on the Au nanostructures. Using Au nanorods as 
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an example system, we established a relationship between the optical properties and the 

structural features of the products and achieved a multi-stage fine-tuning of the longitudinal 

LSPR peak of the Au nanodumbbells obtained from the tip island growth. The Au 

nanodumbbells exhibited an LSPR peak in the NIR-II window for photothermal treatments 

while maintaining a relatively small size, which was difficult to achieve in a typical Au 

nanorod case. The fine-tuning of the LSPR peak shown in this work marked an important 

step of the Au nanodumbbells for practical applications. 

In addition to the permanent change in optical properties, the dynamic and 

reversible control can bring more flexibility in optical tuning and is important for the 

fabrication of responsive materials and smart devices. Magnetic manipulation of the 

plasmonic nanostructures proved to be an ideal approach to achieve dynamic optical 

tuning, as it offers large scale, contactless control without interfering with the surrounding 

media, all of which are important in the design and fabrication of smart devices. In Chapter 

3, we demonstrated two magnetic tuning strategies that approached the synthesis of 

plasmonic/magnetic composites from two directions, building plasmonic nanostructures 

based on the magnetic nanoparticles and coating magnetic materials on plasmonic 

nanoparticles. In the first part, we utilized the self-aligned nature of Au-Au and Au-Ag 

dimers synthesized with partial surface passivation method and fabricated 

Fe3O4@SiO2/Au-Au and Fe3O4@SiO2/Au-Ag nanocomposites with Au-Au and Au-Ag 

dimers aligned perpendicular to the surface of Fe3O4@SiO2 nanorods. This allowed us to 

achieve a large-scale oriental control of the plasmonic dimers and selective elimination of 

the longitudinal mode of the dimers. Taking advantage of the lithography methods, we 
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fabricated patterned nanocomposite/solvogel film with nanocomposites aligned in different 

regions and showed the polarization-dependent color-switching that can be used for anti-

counterfeiting purposes. In the second part, we attempted the direct coating of Fe3O4 on 

Au and Ag nanostructures. This strategy provides a more straightforward way to achieve 

magnetic manipulation of plasmonic nanostructures and potentially broaden the choice of 

plasmonic nanoparticles to any pre-synthesized particles. Due to the lattice mismatch 

between Au and Fe3O4, Fe3O4 has a tenancy to self-nucleate instead of coating on Au 

surface. Taking advantage of our previously reported synthetic strategy of CNCs, which 

consisted of ultra-fine Fe3O4 nanocrystals, we successfully coat the Au and Ag 

nanostructure with Fe3O4. Although AuNPs tend to form assemblies during the Fe3O4 

coating, it can be avoided by using microstructures, such as AgNWs and AgPLTs. We also 

demonstrated the magnetic manipulation of Ag@Fe3O4PLTs and the fabrication of a smart 

window and a smart display device featuring magnetically controlled transmission and 

reflection, respectively. 

In Chapter 4, we further explored the alternative plasmonic nanomaterials and 

demonstrated that Ni could be a promising candidate for solar energy harvesting. Ni 

intrinsically exhibits a relatively broad plasmonic peak at about 500 nm. By combining a 

layer of carbon coating, the plasmonic peak of NiNPs can be redshifted to better match the 

solar radiation spectrum, while carbon itself allows the absorption in longer wavelengths. 

The Ni@C@SiO2 core-shell nanocomposites showed excellent solar-thermal performance 

and proved to be efficient light absorbers in solar-steam-generation devices. In addition, 

the magnetic properties of Ni gave the nanocomposites magnetic responses, which, when 
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incorporated in a PVA hydrogel film, can produce surface microstructure on the surface of 

the films. The microstructures greatly enhanced the evaporation of water on the device 

surface and proposed new possibilities in the design of solar-evaporator devices. 

5.2 Outlook and Future Work 

There is still room for the optical tuning of the plasmonic nanoparticles. In this 

section, we proposed future research directions in several aspects. 

First, as shown in Chapter 2, the site-selective island growth of Au can occur on 

Au nanostructures capped with CTAB or CTAC. As observed in the site-selective island 

growth on nanostructures other than AuNRs, islands can sometimes be grown on the edges 

of the nanostructures. As the edges have a different surface property from both the faces 

and the tips, the site selectivity between the three regions should be explored, and more 

complex feature selecting principles should be involved to obtain a finer control of the 

island growth locations. 

In the second part of Chapter 3, the Au assemblies fixed by the Fe3O4 nanocrystals 

could be a promising platform for SERS enhancement for dried samples. Drying samples 

is a common method to enhance the SERS signal of analytes. However, due to the uneven 

distribution of solutes during the drying process, the SERS signal of dried samples has a 

relatively low reproducibility, limiting the quantitative analysis of the samples. The hot 

spots within the Au assemblies can greatly enhance the SERS signal, and Fe3O4 fixation 

improves the structural stability during the drying process. By magnetically separating the 

Au@Fe3O4 nanocomposites in the droplets, the nanocomposites can serve as a nucleation 

site for the analytes, and the analytes can be enriched around the composites. This not only 
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improves the reproducibility of the SERS analysis but ensures the enrichment of analytes 

around the plasmonic nanoparticles, further enhancing the SERS signals. 

In a word, there’s still plenty of room at the bottom. We look forward to exploring 

the beauty of the nano-world and contributing more to the development of nanotechnology. 




