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Abstract: Metal nanostructured materials, with many excellent and unique physical and mechanical 

properties compared to macroscopic bulk materials, have been widely used in the fields of electron-

ics, bioimaging, sensing, photonics, biomimetic biology, information, and energy storage. It is wor-

thy of noting that most of these applications require the use of nanostructured metals with specific 

controlled properties, which are significantly dependent on a series of physical parameters of its 

characteristic size, geometry, composition, and structure. Therefore, research on low-cost prepara-

tion of metal nanostructures and controlling of their characteristic sizes and geometric shapes are 

the keys to their development in different application fields. The preparation methods, physical and 

chemical properties, and application progress of metallic nanostructures are reviewed, and the 

methods for characterizing metal nanostructures are summarized. Finally, the future development 

of metallic nanostructure materials is explored. 
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1. Introduction 

Nanomaterial has been a much-researched field during the past decade. Normally 

nanomaterials were prepared by various methods in the laboratory. Nanomaterials were 

investigated, from the difference between nanomaterials and ordinary materials, to the 

special properties of nanomaterials themselves; from the preparation of single nano-

materials to the preparation of composite nanomaterials. Due to the superior properties 

of nanomaterials in terms of force, heat, light, electricity, and magnetism, nanomaterials 

have a wide range of applications, including medical, home appliances, machinery, and 

electronic products (Figure 1). 
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Figure 1. Various applications of nanomaterials. 

According to different application fields, nanomaterials can also be divided into 

nano-optical materials, nano-magnetic materials, and nano-semiconductors. Although 

nanomaterials have been widely used to a certain extent, how to controllably fabricate 

nanomaterials with characteristic microstructures and peculiar physical properties is still 

particularly important [1], which is the key to determining application fields of the nano-

materials. 

Nanomaterials have been widely investigated in modern physics, chemistry, materi-

als science, and life sciences, and the research results have gradually been widely used in 

high-tech fields, such as modern microelectronics, mesoscopic nanoelectronics, and mo-

lecular electronics [2], etc. 

Common nanostructures include nanowires, nanorods, nanoribbons, nanoblocks, 

nanoparticles, and nanotubes. Among them, nanoparticles have many forms [3], such as 

polyhedrons, plates, prisms, rods, wires, nanoboxes, nanocages, dumbbells, nano space-

craft, stars, branches and wires, tree branches, nano rings, etc. This kind of nanostructure 

has a series of unique physical and chemical properties and a wide range of application 

prospects, including traditional catalysis, electronics, photography, information storage, 

etc., as well as new applications, in photonics, sensing, imaging, and medicine, which cre-

ates strong interest in its structural characteristics, growth mechanism, and potential ap-

plications. Nanostructured materials are categorized into metal nanostructured materials 

and non-metallic nanostructured materials (such as nanoclays natural [4,5], etc.). This ar-

ticle mainly explores metal nanostructured materials (such as nano-gold, nano-silver, 

nano-copper, etc.). 

Metal nanostructures have drawn widespread attention due to their interesting char-

acteristics and potential technical application value [6–15]. Metal nanocrystals are deter-

mined by a series of physical parameters, which include their size, shape, composition, 

and structure. In principle, people can control any of these parameters, but the flexibility 

and range of changes are highly sensitive to specific parameters. For example, in the case 

of local surface plasmon resonance (LSPR), surface-enhanced Raman scattering (SERS), 

calculations, and experimental results show that the shapes and structures of gold and 

silver nanocrystals play the most important role in determining the number, position, and 
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intensity of LSPR modes, as well as the spectral region or the use of SERS [16] for effective 

molecular detection. In the case of catalysis, it is the activity of metal nanocrystals that can 

be enhanced by reducing the size [17]. However, the most sensitive to selectivity is the 

accumulation of atoms on the surface or exposed surface nanocrystals [18]. For example, 

Pt can selectively catalyze different types of chemical reactions on {100} and {210} crystal 

faces the most active reaction to H2 and CO [19]. There are many other examples that 

clearly illustrate the importance of shape control for the effective use of metal nanocrys-

tals. Researchers have prepared and characterized different metal nanostructures through 

a variety of physical and chemical methods, to explore their valuable properties. Among 

them, the physical preparation method is vacuum deposition [20,21], electron beam li-

thography [22,23], and laser etching [24–26], etc. Nanostructures prepared by such meth-

ods are usually attached to various substrates while metal nanostructures synthesized by 

various wet chemical synthesis methods, such as nanospheres, nanorods, nanocubes, 

nano double cones, and core-shell nanocomposite structures usually rely on the active 

agent molecules adsorbed on their surfaces to maintain a stable and monodispersed state 

in the solution [9–12]. In recent years, researchers have conducted in-depth studies on the 

optical properties of metal nanostructures through a series of optical characterization 

techniques such as dark field [27–30], near field [31–33], confocal microscopy [34–36], as 

well as spectroscopy and numerical electromagnetic simulation tools [37–39]. They found 

a new phenomenon related to LSPR, which reveals that single and assembled metal 

nanostructures contain the basis of abundant photon-photon, photon-electron, and elec-

tron-electron interactions physical phenomenon. As a result, metal nanostructures are 

widely used in various fields with their unique electromagnetic properties, such as bio-

cell label [40], sensing [41–44], as well as data storage and optoelectronics [45–47]. In ad-

dition, metal nanostructures assembled into various special structures have special re-

search and application values due to the coupling effect of surface plasmon resonance [48–

50]. A classic example is the metal nanostructures coupled with SERS, which effectively 

amplifies the Raman scattering signal (the amplification effect can currently reach 108–1010 

orders of magnitude) due to the greatly enhanced local electric field. Therefore, we can 

more clearly detect the Raman signal of a single molecule [50]. 

2. Fabrication Methods 

The performance of metal nanostructures significantly depends on size, shape, and 

aspect ratio, which has prompted people to research and develop preparation techniques 

that can better control the shape and size of nanostructures. At present, the preparation 

technology of metal nanostructures mainly includes a chemical method, template method, 

photolithography technology, self-assembly of metal nanoparticles, and microbial-as-

sisted synthesis technology. 

2.1. Chemical Synthesis 

Chemical synthesis is currently one of the most important methods for preparing 

nanometals, but the preparation process is not easy to control and is limited by the types 

of precursor compounds that can be selected. Chemical synthesis methods can be further 

divided into: The chemical reduction method, seed growth method, and diffusion 

method. 

The most commonly used and mature method for the synthesis of bimetallic nano-

particles is chemical reduction. In this method, the main principle is that the metal salt 

(such as chloroauric acid) in the solution is reduced by the reducing agent. When synthe-

sizing bimetallic nanoparticles, we need to use a reducing agent to reduce two different 

metal ions, so this method is also called a co-reduction method. Metal ions with a higher 

reduction potential are firstly reduced to nuclei, and other metal ions are subsequently 

reduced and precipitated on the surface of the core to form a shell layer, thereby obtaining 

a bimetallic core-shell structure. In order to better control the reduction and nucleation 
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process, appropriate surfactants or polymer ligands are used to passivate the particle sur-

face during the preparation process, and the reduction step is controlled or a relatively 

mild reducing agent is used. NaBH4 is a commonly used strong reducing agent. In many 

works, it is used to synthesize bimetallic nanostructures for example, the successful prep-

aration of Ag@Cu [51] and Au@Pd [52] bimetallic nanostructures. The weak reducing 

agent can be AA, H2, or CO [53,54], etc. 

Generally speaking, the metal salt precursor is mixed with a reducing agent in the 

presence of a stabilizer to achieve the purpose of controlling the size and shape of the 

metal nanostructure. Taking Ag as an example, studies have shown that silver nitrate, as 

a precursor, has been widely used due to its low price and easy availability. Various re-

ducing agents such as sodium citrate, sodium borohydride, and alcohols are widely used 

to reduce the metal/silver ions in the solution to metal/silver atoms, which combine to 

form aggregates and finally form nanostructures. For example, T. Teranishi [55] uses a 

silver nitrate precursor, combined with an electrophoretic deposition to control the size of 

monodisperse platinum nanoparticles, as shown in Figure 2. 

 

Figure 2. Pt nanoparticles of different diameters prepared by chemical methods: (a) 10 min, (b) 20 min, (c) 30 min, and (d) 

180 min. (PVP/Pt = 10, [methanol] = 90 vol %). Reprinted with permission from ref. [55]. Copyright 1999 American Chem-

ical Society. 

On the other hand, the photochemical synthesis method combines chemical methods 

and illumination methods, utilizing a variety of illumination methods to synthesize metal 

nanostructures. For this technology, light is used to control nanostructures. For example, 

laser ablation or direct laser irradiation of a metal salt aqueous solution in the presence of 

a surfactant to prepare a specific shape and size of metal nanoparticles [56,57]. Lasers are 

also used to modify metal nanoparticles, such as silver nanospheres and silver nanoplates 

[58–61], by simple melting, which is called a light-cutting process. Laser-mediated synthe-

sis technology has also achieved success in the preparation of high-quality, controllable 

metal nanostructures. For example, Kabashin [62] used pulsed lasers for nanomanufac-

turing. First, a single layer of nanospheres was deposited on an aluminum oxide film, and 

then irradiated with a single laser pulse. The near-field enhancement under the spheres 

resulted in parallel nano-drilling of the film. The metal was then deposited and the alu-

minum oxide film was dissolved in an alkaline solution. Finally, an ordered array of Au 

nanodots was obtained on the silicon substrate, as shown in Figure 3. 
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Figure 3. Preparation of ordered Au nanodot arrays by laser pulse irradiation. Adapted from [62]. 

under the terms of the Creative Commons CC BY license.  

The seed growth method is another commonly used chemical synthesis method with 

simple operations. The microstructure of metal nanomaterials can be accurately adjusted 

by changing thermodynamic/kinetic parameters. When the surface of the seed metal is 

deposited by another metal, a core-shell structure will be formed. When other metals are 

deposited on specific parts of the seed, a heterogeneous structure will be formed. With 

previous research, the Au@Ag core-shell structure [63], dendritic Au/Ag bimetallic NPs 

[64], and bimetallic Cu-Pt alloy nanoparticles with a polyhedral, star, or dendritic shape 

[65] have been synthesized by the seed reduction method. The diffusion method is a kind 

of chemical synthesis method for the gentle preparation of bimetallic nanostructures. It 

has the advantages of good spatial uniformity, mild experimental conditions, and easy 

accessibility. Zhang et al. [66] used the diffusion method to synthesize octahedral Au/Pd 

metal nanoparticles. During the diffusion preparation process, the temperature has a sig-

nificant influence on the synthesis mechanism [67]. 

The chemical synthesis method can generally prepare nanostructures in batches and 

large scales. It is simple and easy to implement, however there are harsh requirements on 

the type of materials and there is difficulty in controlling the structure. It is generally easy 

to synthesize nanoparticles, but there are certain challenges in the synthesis of other struc-

tures. 

2.2. Template Method 

Nanoimprint lithography, first developed by a fellow of the American Academy of 

Engineering, Princeton University, Chou, et al. [68] has been proven to be one of the most 

promising next-generation lithography technologies for nano-scale large-area structure 

replication. A typical process is shown in Figure 4: First heat the polymer to above its glass 

transition temperature, then press the polymer into a hard mold with surface microstruc-

ture, and finally remove the mold to complete the microstructure of the mold surface to 

the polymer surface copy transfer. The specific operation steps are shown as follows: (1) 

Preparing the nano template material; (2) modifying the surface of the template material; 

(3) coating the selected materials or their precursors on the nano template; and (4) remov-

ing the nano template. 
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Figure 4. Flow chart of nanoimprint technology. 

The remarkable feature of nanoimprinting is that the resolution is no longer limited 

by the optical diffraction limit but determined by the pattern size of the mold. Further-

more, nanoimprinting has the advantages of high replication accuracy, high preparation 

efficiency, low cost, and a simple process. However, this technology is currently mainly 

applied to polymers and amorphous metals with a lower glass transition temperature [69], 

and its mechanism is to utilize the characteristics of the flow resistance (indicated by the 

viscosity coefficient) of the above-mentioned materials that rapidly decrease as the tem-

perature increases. Generally, when an amorphous material is heated to above its glass 

transition temperature, its viscosity-temperature relationship conforms to the following 

law [70]: 

� = � ∙ exp (
�

����
)  (1)

where η is the viscosity coefficient, and A and B are constants independent of temperature. 

Although increasing the temperature can reduce the flow resistance of the material and 

facilitate forming, on the other hand, because the amorphous material is in the thermody-

namic metastable state, the amorphous material will relax to its more thermodynamically 

stable crystalline state after experiencing finite time at a high temperature. The stable crys-

talline state fundamentally limits the nanoimprinting time of amorphous materials, 

thereby limiting the aspect ratio of the produced nanostructures. 

The template method to prepare nanostructures has good controllability. This 

method has been used to prepare nanostructures that are highly dependent on the specific 

shape and size of the selected template [71]. 

There are currently two types of template synthesis methods. One is soft templates, 

and the other is hard templates. Surfactant molecules are usually formed as soft templates 

under the critical micelle concentration. This kind of soft template is easy to prepare and 

does not require complicated technology, but it also has great shortcomings. The stability 

of the template is poor, the scope of application is limited, and the requirements for ma-

terials are relatively strict. Generally speaking, the structure of micelles and reverse mi-

celles in the solution determines the shape and size of the final product. 

The most commonly used hard template is the porous anodic aluminum oxide 

(AAO) template. The high-order nature of the porous structure of the anodic aluminum 

oxide membrane (AAM) (composed of closely arranged cylindrical hexagonal cells, each 

cell contains a central cylindrical hole perpendicular to the surface), making it an ideal 

template for preparing nanostructured materials, suitable for optoelectronics, sensors, 

magnetic memory, and electronic circuits [72].The main advantage of the hard template 

is that it requires less material. Generally speaking, it can mold materials that are softer 
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than its own and has good regularity. Since AAM morphological parameters (film thick-

ness, pore size, and density) can be easily controlled by adjusting the anodizing conditions 

(voltage and time, anodizing bath composition, and temperature) [73], many studies have 

shown that template-assisted methods have been used to prepare metal nanostructures of 

various shapes and sizes, such as silver nanowires [74–76], nanopillars [77–79], as well as 

hollow spheres and nanoplates [80–84], etc. 

A more common application is the template method combined with an electrochem-

ical deposition to prepare metal nanowires, which are multilayer nanowires grown by 

switching electrodeposition potentials between two values or by precisely controlling the 

time of each potential to ensure a constant layer thickness, using constant current growth 

to prepare heterogeneous alloy nanowires [85]. Nanowires prepared by electrochemical 

deposition can perfectly replicate the template structure but have poor applicability and 

strong dependence on chemical reagents. Therefore, most of the metals prepared by this 

chemical deposition method are inert metals, such as gold, silver, etc. For example, Ching 

[86] used polycarbonate film and anodic aluminum oxide film as growth templates to suc-

cessfully prepare gold nanowires under electrochemical deposition conditions. 

In addition to manufacturing nanostructures for basic research, template deposition 

has many technical applications, such as the LIGA (lithographic electroplating) process 

based on deep X-ray lithography [87], which is used to produce metal structures for mi-

croelectromechanical applications. The system may be used as a mold for manufacturing 

plastic parts, as well as a process used to produce coils and other magnetic recording film 

sensor head components [88]. Templates suitable for the electrodeposition of metal 

nanostructures can be prepared by patterning the resist layer using photolithography (op-

tical, X-ray, electron beam, and scanning probe). In this case, the exact shape and location 

of each feature are clearly determined in advance, or by using random or self-organizing 

processes to create nanoporous membranes. Examples of nanoporous films that have been 

successfully used for template electrodeposition include polycarbonate films prepared by 

etching damage trajectories caused by high-energy particles, and aluminum oxide films 

prepared by controlled anodization of aluminum. Schwarzacher [85] et al. showed three 

new examples of template electrodeposition: The growth of hetero-alloy nanowires, the 

growth of epitaxial multilayer dot arrays, and the growth of superconductor nanowires 

with controlled microstructures. Each of these examples takes advantage of one or more 

specific advantages of template electrodeposition technology, namely the ability to pre-

pare nanostructures with controlled crystal structures and/or extremely high aspect ratios. 

The characteristic of the template method is that the template can provide geometric 

constraints, so that the material can grow or shape according to the structure of the tem-

plate. Most of the nanostructures prepared by the template method are nanowires, which 

are determined by the particularity of the template. The challenge of preparing the 

nanostructures by the template method lies in the processing of the template. In addition, 

the template method to prepare metal nanostructures generally needs to be combined 

with chemical deposition, but chemical deposition requires harsh material types. At pre-

sent, it is difficult to realize the chemical deposition synthesis of various metals or alloys. 

Therefore, the template method still has challenges in the nanosynthesis of metals. 

2.3. Photolithography 

The current top-down nanofabrication technology is actually a nanoscale pattern 

transfer [89]. Since the vigorous development of nanolithography in the 1980s, many 

nanolithography technologies have been developed, among which the most advanced 

electron beam lithography technology is the most widely used for patterning microstruc-

tures or systems. Electron beam lithography technology has the unique advantages of 

high feature size resolution, high processing reliability, high positioning/alignment accu-

racy, and high pattern replication flexibility. Nanolithography is a process of producing 

or imprinting nano-sized patterns on a specific substance or substrate as a whole. This 

branch involves the research and application of nano-processing or nano-patterning of 1-
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nm nanoparticles [90]. Photolithography technology is mainly divided into two types ac-

cording to the use of masks or templates. They are masked and maskless lithography. In 

the mask method, a mask with a desired projection or groove pattern is used to transfer 

the pattern on the substrate material. This realizes a pattern manufacturing capability with 

high throughput. On the other hand, maskless lithography, such as electron beam lithog-

raphy, focused ion beam lithography, and scanning probe lithography, produce irregular 

patterns by continuous writing without using a mask. Nanolithography technology has 

made revolutionary contributions in the fields of computers and the Internet and plays a 

pivotal role in the semiconductor and IC industries [91]. 

At present, the controllable preparation of metal nanostructures still relies on ad-

vanced nanolithography technology, such as electron beam lithography [92]. The applica-

tion of this technology can produce uniform and regular metal nanostructures. However 

the yield efficiency is low and the cost is high, especially for the preparation of nanostruc-

tures with a high aspect ratio. 

The manufacturing range of photolithography is generally from 1 to 100 nanometers. 

Unlike other processes, photolithography provides a controllable “engraving” capability 

for metal nanostructures [93]. Researchers have proposed a variety of lithography tech-

niques, such as optical lithography (OL), multiphoton lithography (MPL), scanning probe 

lithography (SPL), and particle beam lithography (PBL). Particle beam lithography (PBL) 

uses high-energy particles instead of light beams to produce high-resolution nanostruc-

tures. Electron beam lithography (EBL) [94] and focused ion beam (FIB) are the two main 

subcategories of particle beam lithography, which are integrated with electrons and ions, 

respectively. Particles with higher energy (>2 KeV) and nanometer-scale wavelengths can 

reduce diffraction, which limits the resolution of photolithography, so resolutions below 

10 nm can be achieved in PBL [95,96]. Compared with photolithography, another ad-

vantage of particle beam lithography is that it is a direct writing method without a mask 

and has excellent flexibility in feature design [95]. 

EBL has a lower proximity effect and higher resolution and flux [97]. Electron beam 

can sweep across the substrate to image the surface. Moreover, it can be used to make 

resist deposited on the substrate. Due to the low electron energy, EBL can produce poly-

mer resists such as PMMA, PEG, and PAA. As shown in Figure 5, depending on the type 

of mask, electrons can be cross-linked to produce negative-mode lithography, and degra-

dation can be used to produce positive-mode lithography [98]. The developer is used to 

remove bad areas. EBL can produce features of various sizes (1 mm–10 nm) on a consid-

erable area. Considering the size and scattering area of the resist molecules, myriads of 

secondary electrons can affect other areas on the resist. The resolution depends on the 

molecular size of the resist, scattering range, and secondary electrons. The secondary elec-

trons that are backscattered can affect other areas on the resist. As shown in Figure 5, the 

positive tone is suitable for the production of nano-patterns with different geometric 

shapes by coating the peeling area with electron beam evaporation coating technology 

[96]. For example, EBL technology can be used to deposit silver nanostructures on the 

substrate to produce nanostructures [99]. Seong [94] used photolithography technology 

to successfully prepare Ag nanostructures on a glass substrate. They first spin-coated the 

silver film on the glass substrate, and then used electron beam irradiation to prepare silver 

nanostructures on the substrate. Tsigara et al. [100] used photolithography to prepare Pt 

and Ag microelectrodes patterned by hexagonal nanotriangular Ag arrays, and intro-

duced Ag and bimetallic Ag into the Pt microelectrode nanostructure system. 
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Figure 5. The principle of electron beam lithography. Adapted from [101]. under the terms of the 

Creative Commons CC BY license.  

FIB is a high-resolution manufacturing method (10–30 nm) for imaging and manu-

facturing different materials (such as polymers, silicon wafers, and metals). The principle 

of FIB is the same as that of scanning electron micrograph (SEM). The difference is that 

when using SEM and EBL, ions including Ga+, Ne+, or He+ are used instead of electrons 

[96]. The interaction volumes of gallium, electrons, and helium are different. The interac-

tion volume associated with the secondary electrons (SE2) generated by the focused He+ 

beam is much smaller than that of e- and Ga+, which means that helium ion microscope 

(HIM) has more advantages for imaging resolution than SEM and Ga+-FIB. On the other 

hand, Ga+ has high quality and can produce considerable scattering on the surface. HIM 

can also scatter the surface at a rate of 30 KeV, and because of the low quality of He+, it is 

advantageous to make small features at the sub-nanometer level [102]. However, the man-

ufacturing throughput of FIB is less than that of EBL, and there is no need to cover and 

provide. Due to its low interaction area, FIB becomes a high-resolution manufacturing 

method. In addition to the semiconductor industry, FIB is also widely used in different 

scientific applications such as biological materials and biological substances. In biological 

applications, cells, biological materials, and their interfaces can be visualized, analyzed, 

milled, and prepared for further technologies (such as TEM) [103]. A FIB instrument con-

sists of a sample table, vacuum chamber, liquid metal ion source, ion column, detector, 

and gas delivery system [104]. Although FIB milling has a lower proximity and higher 

sensitivity than electron beam lithography, the large diameter of the Ga+ ion beam leads 

to a low resolution, which causes surface damage and pollution from ion implantation 

[97]. 

The biggest advantage of lithography technology is high precision and strong con-

trollability. The wavelength used is generally 0.1–4000 Å, which is generally used as a 

technical means for precision processing. The disadvantages are also obvious. This tech-

nology is inefficient and expensive, making it difficult to be used on a large scale. Recently, 

nanolithography and its technology have almost surpassed all the obstacles of previous 

years, and they are changing with each passing day. Now patterning technology can be 

easily completed without using a mask, which is a great help to the field of nanomanu-

facturing. The large-scale development of alternative nanolithography technologies, such 

as microcontact printing, nanoimprint lithography, and scanning probe lithography, is of 

great help to today’s industry. Due to their ease of use and operation, these methods are 

now used in almost all types of production. Although nanolithography was a very niche 

branch before, it has developed in areas such as maskless patterning, reduced equipment 

usage, reduced power consumption, reduced skilled workers, and reduced experimental 

settings, etc. The nanolithography becomes the first choice for the IC manufacturing in-

dustry and nanoelectromechanical systems (NEMS) [105].  
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2.4. Superplastic Nano Die Casting Technology 

Liu et al. [106] invented die casting technology for crystalline metals. This technology 

is classified as a template method, which can directly mold metal into nanostructures at a 

temperature far below the melting point. 

Figure 6a shows a schematic diagram of the preparation of crystalline metal 

nanostructures by die casting. First, a piece of metal is placed on a mold with nanostruc-

tures. The commonly-used mold is an anodic aluminum oxide (AAO) template. The sec-

ond step is to heat the metal/template. When it reaches a specific temperature (generally 

the target temperature is set to 0.5 Tm < T < Tm), pressure is applied to the metal and the 

template. At this time, the metal is plastically deformed and squeezed into the pores of 

the template. Generally, after superplastic nanomolding, chemical etching is used to re-

move the template, leaving an array of nanopillars grown on the surface of the metal sub-

strate. 

 

Figure 6. Flow chart of superplastic nano die casting technology: (a) Schematic of the SPNI process. (b) Optical micrograph 

of an as-thermoplastic-formed Au/Al2O3 template combination, which was prepared by SPNI under an applied force of 5 

kN and holding for ∼60 min (scale bar, 1 mm). (c) microstructure of the surface in (b) observed by an electron microscope. 

The uniform rust-red color of the sample suggests that Au nanowire arrays have been replicated, which is verified by 

characterizing the sample under SEM after dissolving the Al2O3 template in KOH solution (c) scale bar, 5 μm. Inset figure 

(scale bar, 30 nm). Adapted from [106]. under the terms of the Creative Commons CC BY license. 

The superplastic nano-molding technology can prepare large-scale metal nano-pillar 

arrays, as shown in Figure 6b,c. Figure 6b shows the optical micrograph of Au flakes/AAO 

samples prepared by Au. The center of the sample shows a dark red color, which indicates 

that the surface of the sample is covered with microstructures. Figure 6c is the microstruc-

ture of the surface in Figure 6b observed by an electron microscope. The SEM image 

proves that the superplastic nanomolding technology has successfully replicated the pat-

tern of the AAO template and prepared a nanopillar array with good uniformity. 
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The superplastic nano-molding technology is not only applicable to metal Au, but 

also applicable to metals Bi, Ag, Cu, and Pt. Figure 7 shows the Bi, Ag, Cu, and Pt 

nanostructures prepared by superplastic nanomolding technology. The nanopillar struc-

ture prepared by superplastic nanomolding technology has a perfect crystal structure. For 

example, Liu et al. [106] conducted TEM analysis on the Au nanopillars, and the results 

showed that the nanopillars prepared by superplastic nanomolding technology had a sin-

gle crystal structure, as shown in Figure 8. 

 

Figure 7. Nanostructure of Bi, Ag, Cu, and Pt metals: (a) SPNI, a piece of Bi by using a 200-nm Al2O3 

template at 260 °C (closing to its melting temperature, Tm ∼273 °C) and under a force of 8 kN. Bulk 

Bi completely filled the Al2O3 template within 36 s, corresponding to an aspect ratio of ∼300 since 

the thickness of the Al2O3 template is ∼60 μm. Scale bar, 5 μm. Inset figure scale bar, 200 nm. (b) An 

extremely high-aspect ratio of ∼2000 for Ag nanowires was also obtained by SPNI of a piece of Ag 

into a 25-nm Al2O3 template at ∼700 °C, under an applied force of 15 kN and holding for 90 min. 

Scale bar, 2 μm. Inset figure scale bar, 25 nm. (c,d) Cu and Pt nanowire arrays were fabricated by 

SPNI at ∼550 and ∼820 °C, respectively. Scale bars, 200 and 100 nm, respectively. Adapted from 

[106]. under the terms of the Creative Commons CC BY license. 
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Figure 8. TEM analysis of Au nanostructures: (a,b) Topography images of prepared Au nanostructures. Scale bars, 200 

and 50 nm, respectively. (c) Diffraction pattern of the Au hierarchical nanostructure in (b) showing a face-centered cubic 

single crystal structure and the axis of the nanostructure is determined along <111> crystallographic orientation. Scale bar, 

5 nm−1. (d–g) High-resolution TEM images at the regions denoted by A, B, C, and D in (b) and fast Fourier transformations 

(insets) confirming the perfect single crystal of the Au hierarchical nanostructure. Scale bars, 2 nm. Adapted from [106]. 

under the terms of the Creative Commons CC BY license. 

Figure 8a is a bright field image of the prepared nanostructures, and Figure 8c is a 

diffraction analysis of the nanopillar structure, which proves that the prepared nanopil-

lars own a perfect single crystal structure. Figure 8d–g are the high-resolution TEM im-

ages and Fourier transform at positions A–D in Figure 8b, respectively, which once again 

prove that the entire nanopillar structure is a single crystal. 

The superplastic nano-molding technology of crystalline metal at a temperature far 

below the melting point can prepare metal nanopillars with an aspect ratio of up to ~2000. 

The prepared nanopillars show a single crystal structure. At present, this technology helps 

to successfully prepare nanopillars with a diameter of only 5 nm, which is much smaller 

than the size range of metal grains. The preliminary verification has been carried out that 

this mechanism of plastic deformation may be derived from the creep mechanism con-

trolled by lattice diffusion. Although the superplastic nano-molding technology has 

solved the problem of crystalline metal nano-preparation, the mechanism still needs to be 

further clarified. In addition, this technology relies significantly on the template, and the 

prepared nanostructures are usually columnar. Therefore, this technology still has certain 

challenges in the preparation of shape control. 

2.5. Plasma Synthesis Method 

At present, the most commonly used synthesis methods for metal oxide nanomateri-

als include the template method [107], hydrothermal or solvothermal synthesis [108], laser 

ablation [109], and thermal oxidation [110], etc. The template method can ensure good 

control of the morphology of the nanostructures, but is expensive and time-consuming 

[111]. Laser ablation synthesis can provide more controls on the morphology and quality 

of nanomaterials, but the process itself is expensive and not suitable for mass production 

[112]. Hydrothermal synthesis is fast, effective, and relatively inexpensive, but the mor-

phology of the product is difficult to control only by the surfactants used [111]. The ther-
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mal oxidation method can well control the morphology of nanomaterials, but the repeat-

ability of the preparation process is insufficient [113–116]. The metal substrate is treated 

with oxygen or other gases under plasma [117,118]. Compared with the thermal method, 

this method shortens the synthesis time by an order of magnitude. In order to form oxides 

through the thermal oxidation synthesis process, oxygen molecules must be adsorbed on 

the heated substrate and then decomposed into atomic oxygen, which then reacts with the 

metal [119]. On the contrary, the plasma already contains atomic oxygen species. There-

fore, by using oxygen plasma as the treatment agent, the oxygen dissociation step can be 

skipped [120]. The plasma method is cheap, easy to scale, and environmentally friendly, 

which makes it very suitable for large-scale and even the industrial synthesis of nanostruc-

tures. 

The reaction process of the direct current (DC) arc plasma method is a classic physical 

gas phase method. The DC arc plasma is a kind of thermal plasma. Energy is applied by 

direct current, and the applied energy is transferred by collision of electrons with neutral 

substances. The DC arc in the experiment is usually generated at a higher current and a 

lower voltage. After energization, the applied electrical energy quickly ionizes the gas in 

the reaction system into plasma, and the generated plasma is thermal plasma, which 

makes the center temperature of the arc several thousand kelvins. At high temperatures, 

the raw material target is quickly evaporated into atoms or ionized into ions. When these 

particles leave the central area of the arc, the reaction temperature drops sharply so that 

the particles recombine to form a stable crystal structure. The surrounding inert gas atoms 

or reactive gases collide violently to cause quenching or chemical reactions. In this 

method, the heat provided by the high temperature generated by the plasma is one reason 

for the evaporation of the raw material target, and the other main reason is caused by the 

action of the plasma itself. 

Further studies have shown that [121,122] in addition to the formation of metal na-

noparticles by direct thermal evaporation caused by the heating of the metal, it is more 

importantly caused by the action of different reactive gas plasmas, such as hydrogen. This 

action increases the synthesis speed of nanoparticles by ten times or even dozens of times. 

Someone proposed the mechanism of nanoparticle formation under hydrogen plasma 

conditions and believed that it was brought out by the escape of hydrogen from the alloy 

[121]. Five steps can be used to illustrate this. (1) Hydrogen atoms or ions enter the molten 

target. After the arc is triggered, hydrogen gas is decomposed into hydrogen atoms or 

ions. These active hydrogen atoms and hydrogen ions create a plasma environment for 

the entire reaction system. Since hydrogen atoms and hydrogen ions are a smaller size 

than hydrogen molecules, it is easier to enter the molten raw material target, which is 

theoretically estimated to be 105–108 times that in the gaseous state. (2) The formation of 

molecular hydrogen. When hydrogen atoms or ions enter the molten target, the tempera-

ture quickly drops to about 1500 °C, and the solid solution of hydrogen atoms becomes 

over-saturated, thereby combining into hydrogen molecules. (3) The formation of bubbles. 

When the concentration of hydrogen molecules further increases to reach saturation, hy-

drogen bubbles will be formed. (4) The formation of target vapor. When hydrogen molec-

ular bubbles are formed, the target atoms will also evaporate into the bubbles to form 

target vapor. Due to the large evaporation area and low pressure at this time a large 

amount of target vapor will form. (5) The escape of bubbles. When the bubble grows to a 

certain extent, it will leave the molten target and carry the raw material particle vapor out. 

The carried-out particles will nucleate and generate nanoparticles after leaving the central 

area [123]. Therefore, changing the proportion of hydrogen in the experimental gas will 

affect the evaporation rate of the raw materials, and will affect the size and morphology 

of the generated nanoparticles. 

As shown in Figures 9 and 10, Guo et al. developed and described a customized 

plasma-enhanced horizontal tube furnace deposition system, namely plasma-enhanced 

thermal oxidation (PETO), to synthesize a variety of metal oxide nanostructures, includ-

ing ZnO, Fe2O3, CuO, etc. Using the PETO method, stable and high-quality metal oxide 
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nanomaterials can be produced at a lower processing temperature and in a shorter growth 

time [124]. 

 

Figure 9. Schematic diagram of a custom-made plasma-enhanced horizontal tube furnace deposition system. The vacuum-

sealed glass cylinder reactor has two electrodes with pointed ends from each side, and these two electrodes are used to 

ignite plasma. Adapted from [124]. under the terms of the Creative Commons CC BY license. 

 

Figure 10. Schematic illustration of the initial stages of the growth process for the metal oxide 

nanostructures produced under plasma. These stages lead to the nucleation, nanowire growth, 

and formation of a thin oxide layer. Adapted from [124]. under the terms of the Creative Com-

mons CC BY license. 

2.6. Other Preparation Methods 

Self-assembly is a method of preparing nanostructures. This method does not rely on 

external forces, and combines the dispersed microstructures through the interaction force 

of the structure itself. This interaction force is generally Van der Waals force, hydrogen 

bond, etc. 

In addition, in recent years, people have noticed that living microorganisms such as 

bacteria, fungi, and plants have great potential in the synthesis of metal nanoparticles like 

synthetic sulfide (CdS) [125], titanium/nickel, titanate [126], zirconia [127], gold [128], and 

silver [129], etc. Application of micro-organisms is an environmentally friendly and be-

nign synthetic route, which provides a green technology for the control and preparation 

of nanostructures. For example, M. Gericke used the cultivation of two fungi to synthesize 

gold nanoparticles of different shapes and sizes in the cells. The size can be adjusted by 

controlling parameters such as pH, temperature, gold concentration, and exposure time. 

These methods allow the production of uniform metal nanopatterns. However, due to the 

time-consuming, multi-step process, the cost is high, and the preparation of different ma-

terials is also restricted. 
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3. Characterization Methods 

For metal nanostructures, we usually need to use scanning electron microscope 

(SEM) to characterize the surface morphology, element composition, microstructure, etc., 

and use ultraviolet photoelectron spectroscopy (UPS), X-ray photoelectron spectroscopy 

(XPS), etc. to measure surface work function, energy level arrangement at the interface, 

and the chemical composition of the material. The following is a related introduction 

about them. 

3.1. Scanning Electron Microscope (SEM) 

Scanning electron microscopy is a technique in which electron beams act on the sur-

face of a sample to obtain information and structure of the sample by collecting secondary 

electrons and backscattered electrons. When incident electrons collide with atomic elec-

trons, they excite secondary electrons. By detecting the secondary electrons, the surface 

morphology of the sample can be obtained. When incident electrons collide with atomic 

nuclei, backscattered electrons are generated. The intensity of backscattered electrons in-

creases with the increase of the atomic number. Therefore, backscattered electrons can be 

used to detect materials in the sample. In addition, when the electron beam acts on the 

sample surface, the composition of the sample can also be measured by the generated X-

ray spectrum. The scanning electron microscope is composed of an electronic optical sys-

tem, a scanning system, a signal detection amplification system, and an image display 

system [130]. At present, there are mainly low-voltage SEM, environmental SEM, analyt-

ical SEM, field emission SEM, etc. If the SEM is equipped with an X-ray energy spectrom-

eter device, it can analyze the composition of the micro-area and observe the morphology 

of the microstructure at the same time. It is a scientific research instrument with a wide 

range of applications. At present, a major development trend of scanning electron micros-

copy is to conduct research on the technology of combining SEM with other equipment. 

3.2. Scanning Tunneling Microscope Technology (STM) 

One can operate and control single atoms through a scanning tunneling microscope 

(STM), which has played an important role in the research of nano-metal materials. STM 

is a kind of microscope with high resolution and has unique advantages. It can use tun-

neling current to study the surface morphology and surface electronic structure of nano-

metal particles. STM can observe structural defects such as atomic hills, platforms, steps, 

and holes on the surface. STM can also observe and study the structure of atoms and elec-

trons on the surface of nano-metal materials. It can also measure surface fluctuations by 

observing the microscopic three-dimensional images of the material. This technology sat-

isfies people’s requirements to directly observe atoms. STM does not cause damage to the 

sample during imaging, and reduces environmental constraints when performing exper-

iments. STM also has strong applicability and is an important tool for technicians to con-

duct research on nano-metal materials. 

3.3. Atomic Force Microscope (AFM) 

Although AFM has a similar working principle to STM, AFM has its own unique 

advantages. AFM has lower requirements for samples, and therefore has a wider applica-

tion range. In the research of nano-metal materials, AFM can analyze the surface morphol-

ogy and can be combined with other equipment such as STM, TEM, etc. to study nano-

metal particles. 
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3.4. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is one of the main instruments for studying 

the microstructure of materials. It can observe and study the distribution, microscopic 

morphology, and crystal structure of nanoparticles. Researchers use transmission electron 

microscopy combined with energy spectrometer (EDS) and other technologies to simulta-

neously achieve high-efficiency characterization of the crystal structure of nanomaterials 

and the distribution of elements within the material. In addition, transmission electron 

microscopy can also accurately measure the particle size distribution and size of nano 

materials, and test nano particles inside metal materials with high accuracy. In addition, 

the application of in-situ analysis technology in the TEM system has made breakthrough 

progress. For example, by introducing a certain atmosphere, liquid phase, or raising to a 

certain temperature in the TEM, the changes of microscopic morphology and structure for 

the material can be observed as well as studied in real time and with high resolution. 

3.5. X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a technique for analyzing the chemical 

properties of the surface of a substance. When a X-ray goes through the filter to the sam-

ple, the electrons are activated and ejected by the action of the ion gun. The energy distri-

bution is processed by the electron energy analyzer. Finally, the accelerated electrons after 

passing through the electron multiplier enter the scanning and recording system for re-

cording comparison, and the result is obtained. XPS is a surface analysis instrument for 

measuring surface element analysis, band structure and chemical state, and chemical state 

imaging. 

3.6. Ultraviolet Photoelectron Spectroscopy (UPS) 

Ultraviolet photoelectron spectroscopy is a technique that ultraviolet light irradiates 

the surface of the sample, causing photoelectrons to be emitted from the surface of the 

sample. These electrons are received by the energy analyzer, and the electron detector 

counts the number of electrons, and finally the UPS energy spectrum is shown on the 

display, which can be used to characterize the energy level structure and surface work 

function of the sample’s valence band [131]. 

Since nano-metal materials are only a few to tens of nanometers in size, the special 

effects and different types of defects caused by them require higher-resolution instru-

ments for analysis. In the current research stage, various electron microscopy technologies 

have their own unique advantages and disadvantages. According to different influencing 

factors such as research content and experimental parameters, choosing the most appro-

priate electron microscopy technology is conducive to better developing nano metal ma-

terials. For example, the particle size of cluster materials in only a few atoms. AFM and 

STM can be used for combined analysis. Nanocrystalline structure materials can be stud-

ied by a combination of SEM and TEM. 

4. Performance and Application 

Nano-metal structured materials are composed of metal particles with a size ranging 

from a few nanometers to one hundred nanometers. Some phenomena of nano-structured 

materials can be understood according to the following three structural models [132]. 

1. Variable interface model: Nano-metal structure materials have many interfaces be-

cause the particles (crystal grains) are nano-scale, and the energies existing on the 

interfaces are very different. The energy can be affected by many aspects such as the 

interfacial atomic distance, arrangement, coordination number, etc. For nanostruc-

tured materials, the change of the lattice constant will change the surface translation 

period, and even destroy the surface translation period. Such complex surface states 

and interactions possibly lead to unique magnetic, electrical, and optical properties 

in nano-metal materials. 
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2. Interface defect model: The volume of nanoparticles is very small. When the interface 

composition changes, the order of the atomic arrangement at the grain boundary will 

also change, resulting in more defects in the interface. Structural defects will exert a 

great impact on the super-plasticity and strength of the material. 

3. Gas-like model: When the atoms are arranged on the interface of the nano-metal 

structure material, they are disordered, e.g., in a gas state, and not arranged accord-

ing to a certain rule. However, when professional researchers have gradually deep-

ened the research on the microstructure of nanomaterials, they discovered that 

nanostructured materials are not in completely disordered states, but a combination 

of disorder and order. 

4.1. Nano Metal Structure Material Characteristics 

Although metal nanostructures have broad application prospects, studies have 

shown that the performance of metal nanostructures significantly depends on their geo-

metric dimensions and shapes. This is mainly because the characteristic size of the mate-

rial (the size of the internal microstructure or the geometric size of the nanomaterial) usu-

ally determines its performance (mechanical, electrical, optical, or magnetic, etc.). 

Taking metal materials as an example, the internal crystal grain size has a great in-

fluence on the mechanical properties of the material. Generally, the yield strength of met-

als can be improved by refining the grain size, where the yield strength (σys) is inversely 

proportional to the square root of the average grain diameter (d) (σys ∝ d−1/2). This rela-

tionship is usually applicable to the size from sub-millimeter to tens of nanometers grains. 

More than 60 years ago, S. S. Brenner [133] observed a substantial increase of the yield 

strength (close to the theoretical limit) in the tensile test of a single crystal metal rod with 

diameter of 1 μm. In contrast, J.G. Sevillano [134] did not observe changes in strength in 

sub-micrometer diameter samples. These studies are only the beginning to exploring the 

difference between millimeter- and micrometer-sized rod materials. 

In the preparation process of nanostructures, the focused ion beam method is good 

for the preparation of one-dimensional nanopillar structures. Using this technology, peo-

ple have prepared nanopillar structures of various sizes in different materials to study 

their mechanical properties. Taking Au nanopillars as an example, a large amount of ex-

perimental data show that the tensile strength of gold nanopillars is obviously size-de-

pendent, and the smaller the diameter of the nanopillars, the higher the tensile strength 

(shown in Figure 11). This relationship can be expressed by the Hall–Petch formula [135]: 

�� = �� + ���
�

�. (2)

Among them, �� and �� are the yield stress and internal friction, k is the Hall–Petch 

constant, and d is the size of the grain, which can generally be understood as the charac-

teristic size. 
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Figure 11. The relationship between the tensile strength of Au nanopillars and the diameter of 

nanopillars. 

The Hall–Petch formula was originally used to describe the relationship between the 

yield point and ferrite grain size in low-carbon steel, and it was gradually summarized as 

“the smaller the size, the higher the strength”, and the meaning of d is also extended from 

the intrinsic grain size to the geometric size of the sample, the thickness of the film and 

the layer spacing of the hierarchical structure [136–138], etc. 

Using the Hall–Petch formula to fit the tensile strength of Au nanopillars with differ-

ent diameters, the empirical formula for the tensile strength and diameter of Au nanopil-

lars can be obtained [138]: 

��� = 0.01 + 7.2��
�

����. (3)

Michael [139] studied the influence of the grain size of the metal sample Ni3Al-Ta on 

strength and plasticity. Compression tests were performed on the cylindrical structures 

with diameters of 0.5–20 μm. For comparison, they refer to the compression experiment 

of bulk materials and observe the failure modes of samples with different diameters. 

In addition, Michael calculated the relationship between the yield strength of Ni3A1-

Ta and the sample diameter (Figure 12). The results show that the yield strength of Ni3A1-

Ta is proportional to the reciprocal of the square root of the sample diameter, which is 

similar to the grain size effect described by the Hall–Petch formula. 
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Figure 12. The relationship between the yield strength of Ni3A1-Ta and d−1/2. 

The change of nanostructure has great impact on the strength, plastic deformation 

ability, tensile performance, and other mechanical indicators of metal materials. Take gra-

dient structure materials as an example, gradient materials are materials whose grain size 

gradually increases or decreases in a certain direction. Compared with ordinary materials, 

gradient materials have ultra-high strength and hardness, excellent stretching plasticity, 

etc. 

For example, Lin [140] studied the influence of grain gradient on the strength of me-

tallic Ni by preparing metallic Ni with different gradient structures. In the experiment, it 

was ensured that the coarse and fine grains of each sample had the same size, respectively. 

The only variable was the speed of the gradient from coarse to fine grains. 

The speed of the grain size change in the gradient material has a greater impact on 

the strength of the metal. Generally speaking, the structure strength of the gradient mate-

rial whose grain size changes uniformly is greater. 

4.2. Metal Nanostructure Performance and Application 

The essential difference between nanostructured materials and macroscopic bulk ma-

terials is that nanomaterials have a larger specific surface area, which brings different 

macroscopic and microscopic properties of the same material. Many studies have shown 

that the properties of nanomaterials are closely related to the geometric characteristics of 

nanostructures. By changing the morphological characteristics of nanometals, nanometal 

materials can play an important role in different fields (mechanics, electricity, optics, etc.) 

[141–144]. 

4.2.1. Nanosheet Photothermal Therapy 

Due to its photothermal stability and biocompatibility in the near infrared (NIR) re-

gion [145], nanostructured metals may become the main candidate materials for photo-

thermal therapy. Photothermal therapy, also known as thermal ablation and optical hy-

perthermia, refers to a treatment method that uses the photothermal effect of a photother-

mal conversion agent under laser irradiation to generate a local high temperature in order 

to cause the death of cancer cells [146]. Photothermal therapy is an effective method to 

process tumors and bacteria in recent years. The principle is using materials to enter the 

human body [147,148] and actively or passively stay inside or near the tumor tissue, con-

vert external light energy into heat energy, and increase the temperature of the tumor area 

to a temperature that can kill the cells [149], that is, the tolerance temperature of tumor 
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cells and bacteria is 42 °C. The photothermal effect only occurs directly around the pho-

tothermal conversion agent, and the local temperature may be from tens to hundreds of 

degrees higher than the physiological temperature (in a short period of time). This means 

that photothermal heating can target tumors rather than healthy tissues, minimize the side 

effects of cancer therapy, and act as an efficient, minimally invasive, and highly specific 

treatment method. An ideal photothermal reagent should meet the following require-

ments: Good biocompatibility, good light stability, strong absorption in the near-infrared 

region, high photothermal conversion efficiency, easy modification of the particle surface, 

and effective accumulation in tumors. 

So far, many types of photothermal nanomaterials have been extensively developed, 

including graphene [150,151], metal iron nanoparticles [152], cobalt-based nano-flakes 

[153] and gold nanoparticles [154], copper chalcogenides (such as CuS and Cu2-x Se), and 

other nanoparticles [155,156]. However, these nanomaterials have certain shortcomings in 

biological and medical applications. They are composed of heavy metals such as iron, co-

balt, gold, copper, tungsten, etc. At the same time, they have a certain degree of toxicity, 

that can cause serious side effects after being injected into the body [157]. Many in vitro 

and in vivo studies have shown that these nanocomposite materials are cytotoxic because 

they oxidize the heavy metal elements that make up the nanomaterials into free radicals 

and release them into the blood through different biochemical pathways. At the same 

time, if heavy metals accumulate inside the cell, it will cause cell death in severe cases. In 

addition, the synthesis part of nanocomposites also has limitations. They require expen-

sive and toxic chemicals as raw materials, the process steps are complicated, time-con-

suming and material-consuming, and the principle is complicated. Therefore, to further 

improve the effect of photothermal therapy, it is also necessary to develop new photother-

mal preparations with good biological safety and simple synthesis. 

In the past few years, many nanosheets have been used in photothermal therapy. As 

a result of the layered structure and large surface area, they have higher drug loading, 

more surfactant groups, and higher photothermal conversion efficiency than ordinary na-

noparticles. An ideal photothermal agent should have a sufficiently high mass extinction 

coefficient to ensure excellent near-infrared spectrum- (NIR) induced photothermal per-

formance, and also meet the complex biocompatibility requirements in the physiological 

environment. For example, the (Pd) nanosheets in an aqueous solution are irradiated with 

a near-infrared laser, and the near-infrared photothermal efficiency is monitored at differ-

ent temperatures. It was found that after 10 min of near-infrared laser irradiation, when 

the solution contains nanosheets, the temperature was observed to rise from 28 °C to 48.7 

°C. In contrast, the 1-mL aqueous solution of nanosheets only increased by 0.5 °C under 

near-infrared laser irradiation. Applying this technique to liver cancer cells, almost 100% 

of the cancer cells are killed within 5 min of laser irradiation, and the effect is remarkable. 

After 30 min of near-infrared laser irradiation, the photothermal stability of Pd nanosheets 

is better than that of Au and Ag nanosheets. In addition to the nanosheets, gold nano-

prisms exhibit excellent photo-thermal stability under a longer near-infrared laser (wave-

length 1064 nm) irradiation time. This is because the infrared light has a higher tissue 

penetration ability and lower blood and light absorption properties of soft tissues [158]. 

The strong light absorption capacity and non-radiative energy dissipation character-

istics make it possible for the metal nanostructures to be used for photothermal therapy, 

such as gold nanoparticles. Link et al. [159] used femtosecond transient absorption spec-

troscopy to study the photothermal heating process in gold nanoparticles. The near-infra-

red laser pulse absorbed by the gold nanoparticles excites the free electrons in the plasmon 

band, thereby generating thermionic pulses. The hot electron pulse is rapidly cooled by 

the interaction of electrons and phonons, and collides with the gold lattice, heating it to 

thousands of degrees in about 1 ps (depending on the laser power). Then, heat is trans-

ferred from the nanoparticle to its surrounding area on a time scale of about 100 ps 
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through the phonon-phonon interaction, causing the temperature of the surrounding me-

dium to rise by tens of degrees. The schematic diagram of the photothermal effect in gold 

nanorods is shown in Figure 13. 

 

Figure 13. The physical process of photothermal conversion of gold nanorods activated by femto-

second laser pulses. 

Researchers target the characteristics of tumors such as certain protein receptors on 

the surface of cancer cells (such as folate receptors) or the special internal environment of 

the tumor (such as hypoxia) to modify nanoparticles to increase their enrichment in the 

tumor, thereby improving the photothermal therapy effect. Figure 14 is a schematic dia-

gram of the application of Au nanoparticles (AuNPs) in tumor photothermal therapy. The 

recommended name for this method is plasmonic photothermal therapy (PPTT). In addi-

tion, AuNPs-antibody conjugates can be used for diagnosis and plasma photothermal 

therapy, the so-called diagnostic method. 

 

Figure 14. Schematic diagram of photothermal treatment scheme using AuNPs to actively deliver 

to cancer cells. 

Zhao et al. [160] successfully used Pd nanocomposites in mice to combine near-infra-

red photodynamics and photothermal treatment for cancer, and this multifunctional treat-

ment system has important prospects in the development of a new generation of cancer 

treatment systems, as shown in Figure 15. 
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Figure 15. Palladium (Pd) nanosheet composite materials used in photothermal therapy. Reprinted with permission 

from ref. [160]. Copyright 2014 American Chemical Society. 

4.2.2. Surface Enhanced Raman Scattering (SERS) with Porous, Core-Shell Structure 

Metal nanostructures have local electromagnetic field enhancement capabilities and 

are widely used as the substrate for SERS. In 1928, Indian physicist Chandrasekhara Ra-

man firstly discovered that when a beam of light passes through a transparent medium, 

most of the light will be transmitted through the substance, absorbed by the substance, or 

reflected on the surface of the substance. A part of the light will be scattered on the surface 

of the medium molecules and the frequency of the scattered light will change. The scat-

tered light with frequency changes is called Raman scattering. Raman scattering, also 

known as the Raman effect, is a phenomenon in which the Raman scattering signal of 

molecules adsorbed on a specially prepared substrate is greatly enhanced. In the incident 

light, the intensity of Raman scattering is about 10–3 than that of Rayleigh scattering. Due 

to the cross-sectional area of Raman scattering being very small and the Raman signal 

being very weak, the incident light intensity is only about 10–3, coupled with the combined 

factors such as fluorescence interference and backward laser technology, resulting in the 

limited early application of Raman technology. In 1974, Fleishmen [161] discovered that 

the pyridine molecule was adsorbed on the surface rough of the Ag electrode, a strong 

Raman signal was generated; from 1977 to 1979, the two research groups of Van Duyne 

and Creighton independently summarized the phenomenon experimentally and theoret-

ically, and the results showed that it was a regular phenomenon based on the rough sur-

face. It is denoted as the surface-enhanced Raman scattering effect. In addition, Moskovits 

et al. [162] have also verified through experiments that surface plasmons are the main 

reason for the enhanced Raman signal generated by the rough electrode. 

SERS is Raman scattering amplified by molecules adsorbed on the metal surface. It is 

a highly sensitive, highly selective, and fast response surface detection technology. It can 

achieve ultra-sensitive detection down to the single-molecule level through the nanostruc-

tures of precious metals (such as gold, silver, and copper), and is used to detect a variety 

of molecules [163,164]. It has unique advantages in non-destructive testing in the fields of 

analytical chemistry, food safety, and environmental monitoring. 

Metal plasmon nanostructures, such as gold, silver, and other precious metal nano-

particles are widely used in the field of photoelectric sensing due to their unique physical 

and chemical properties. As a non-invasive optical sensing technology, SERS detection is 

widely used in the fields of catalytic reaction monitoring [165], food safety [166], bacteria 

detection [167], environmental detection [168], and pesticide detection [169], etc. In SERS 

detection, in order to obtain stronger signals, researchers have designed SERS substrates 

with different morphologies of nanostructures by precious metals. Plasma nanostructures 

with sharp corners are very effective in maintaining SERS activity. SERS activity can in-

crease the electromagnetic field (E-field) and produce “hot spot” effects [170]. 
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It has been many years since people first discovered the SERS effect. Due to the com-

plexity of the SERS effect, the enhancement mechanism has not yet been determined. 

There are two main unified views [171], the physical enhancement model and the chemi-

cal enhancement model. The physical enhancement model is that the enhancement of the 

Raman signal is realized by the electromagnetic field generated by the local surface plas-

mon (LSPR) activated on the rough surface of the metal nanomaterial [164], so this phys-

ical enhancement model is also called electromagnetic field enhancement (localized sur-

face plasmon resonance of metal nanoparticles). Electromagnetic field enhancement dom-

inates the contribution of SERS [172]. Theoretical calculations show that [173] the maxi-

mum enhancement factor (EF) achievable by electromagnetics is about 1011, and the en-

hancement factor based on the chemical mechanism is about 10–104. The SERS substrate 

is used as the carrier of the molecule to be detected, and its activity and stability perfor-

mance is the key to affecting Raman signal amplification and spectral quality. Specifically, 

when light is incident on the interface between the metal nanostructure and medium, the 

surface of the metal nanostructure will oscillate collectively. When the free electrons on 

the surface are coupled with electromagnetic waves, it will form a near-propagation along 

the surface of the metal nanostructure. This phenomenon in which the metal substrate 

causes surface plasmon resonance under the action of excitation light is called LSPR. 

When a certain wavelength of incident light irradiates the surface of the metal substrate, 

the free electrons on the metal surface produce collective coupling oscillations, so that the 

electromagnetic field on the metal surface is locally enhanced. The scattering cross section 

of the molecule to be measured in the local electromagnetic field is greatly increased, and 

the Raman of the molecule is greatly enhanced, and the enhanced factor (EF) can be as 

higher as 106–109 times. The enhancement effect of this electromagnetic field is closely re-

lated to the particle size, structure, and type of the precious metal substrate. Figure 16 is a 

schematic diagram of the LSPR of spherical metal nanoparticles. If this electromagnetic 

field is restricted to a small range on the metal surface, it is called a localized surface plas-

mon. At this time, if the probe molecule is in this area, its Raman signal has been signifi-

cantly enhanced. When the surface of the metal nanomaterial has high roughness, a large 

number of hot spots will be formed. In the slit area or the area with a larger curvature, the 

electromagnetic field can be amplified to form more surface plasmons, so it has high sur-

face roughness [174]. The metal nanomaterials are ideal SERS substrates. The current com-

mon SERS substrates roughly include metal electrode active substrates, metal sol active 

substrates, solid substrates with self-assembled nanoparticles, and directly processed 

solid substrates. 

 

Figure 16. Schematic diagram of a localized surface plasmon. 
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The chemical enhancement model (the charge transfer between the molecule to be 

tested and the surface of the metal nanoparticle), which is different from physical en-

hancement, is a short-range enhancement that only targets certain specific molecules. In 

the chemical enhancement theory, the generally accepted mechanism of charge transfer, 

the theoretical model believes that when molecules are adsorbed on the surface of the 

precious metal substrate, the molecules to be tested and the metal substrate contact to 

form a chemical bond, and the Fermi energy level of the metal substrate is located at the 

highest occupied orbital (LUMO) and the lowest unoccupied orbital (HOMO). Under suit-

able incident light excitation, electrons at the Fermi level are light-activated to transition 

to the LUMO level of the molecule to be measured, or electrons at the HOMO level of the 

adsorbed molecule transition to the Fermi level of the metal substrate. These charge trans-

fer processes increase the effective polarizability of the molecule and enhance the Raman 

signal [175]. The enhancement coefficient of the chemical enhancement model is lower 

than that of the physical enhancement model, generally 102. Figure 17 is a schematic dia-

gram of the electrochemical charge transfer mechanism of a single molecule. Combining 

the two enhancement effects introduced above, it is found that the Raman signal intensity 

of the tested molecule is not only related to the local electromagnetic field intensity gen-

erated on the surface of the metal substrate structure, but also related to the polarizability 

of the molecular system. 

 

Figure 17. The charge transfer mechanism of single-molecule electrochemistry: (a) Before and (b) after. 

Yu et al. [163] studied the use of electron beam lithography to make gold nanoholes 

and nanodiscs arrays with precisely controlled size and spacing, and tested the surface-

enhanced Raman scattering, as shown in Figure 18. These nanostructures exhibited a 

strong SERS signal when activated at 785 nm, while the SERS signal was weak at 514 nm. 

The results show that with the increase of the nano-aperture, the enhancement of the local 

surface plasmon resonance wavelength shifts to the near-infrared direction. 
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Figure 18. Surface-enhanced Raman scattering of gold nanohole array: (a) Schematic of side view of 

gold thin film with nanoholes and a physically separated layer of isolated gold disks at the bottom 

of the well. 4-MP molecules adsorbed on the surface with an asterisk to illustrate where the local 

electromagnetic field is enhanced. SEM images of three gold nanohole arrays with diameters of 40, 

90, and 190 nm and the gratings of 100, 150, and 250 nm, respectively. The thickness of gold films is 

50 nm. The depth of wells is ∼100 nm measured by tapping mode AFM. (b) SERS spectra of 4-MP 

adsorbed on three gold nanohole arrays with different diameters activated by a 785-nm laser. Re-

printed with permission from ref. [163]. Copyright 2008 American Chemical Society. 

In addition, Huang et al. [176] described the importance of the sharpness of metal 

nanostructures in SERS. By controlling the acute angle of the nanostructure, the SERS sig-

nal can be regulated, but the stability of the acute angle is a challenging issue. In order to 

overcome this problem, they synthesized the Pd–Ag core-shell and other bimetallic 

nanostructures. This Pd–Ag core-shell structure owns good stability and shows relatively 

stable signals in SERS applications. 

4.2.3. Surface-Enhanced Fluorescence (SEF) of Nanoparticles 

Fluorescence technology has a wide range of applications in microscopic imaging, 

optical devices, medical diagnosis, and other fields. Scientists have shown great interest 

in improving the fluorescence sensitivity of fluorescent carriers. Due to the needs of many 

potential applications, fluorescence sensitivity of a single molecule has become a challeng-

ing topic [177,178]. For this reason, surface-enhanced fluorescence (SEF) technology was 

developed. The SEF effect means that when a fluorescent species is close to the metal 

nanostructured substrate, its radiation behavior will be regulated. Under appropriate con-

ditions, the spectral radiation intensity of fluorescent species will increase compared to 

(b) 

(a) 
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the intensity in free state [179]. SEF is highly dependent on the near-field coupling be-

tween the activated state fluorophore and the surface of the object. In particular, 

nanostructured surfaces with localized surface plasmons are effective SEF substrates. Due 

to the interaction between molecules and nanoparticles, the distance between molecules 

and a plasma nanostructure has a greater impact on the SEF effect [180,181]. Generally 

speaking, there are three factors that affect surface-enhanced fluorescence: (1) The sub-

strate metal generates surface plasmon resonance under the excitation of an external light 

field to cause local field enhancement; (2) the increases in the quantum yield and radiation 

rate of fluorescent species; and (3) energy transfer between the substrate metal and fluo-

rescent species. The specific explanation is as follows: When the incident light frequency 

of the external light field is coupled and matched with the natural frequency of the sub-

strate metal and the emission band of the fluorescent species, a collective electronic oscil-

lation mode will be formed on the metal surface and the local field will be enhanced. In 

the case of the enhancement of the local field, the number of free electron transitions of 

the fluorescent species, the fluorescence radiation rate and quantum yield increase. How-

ever, if the distance between the substrate metal and fluorescent species is too close, the 

activated fluorescent species will transfer energy to the substrate metal in a non-radiative 

manner, and the substrate metal after absorbing the energy will produce a thermal effect 

and cause the radiation efficiency of fluorescent species to decrease. The phenomenon of 

fluorescence quenching occurs. In the study of surface-enhanced fluorescence effects, flu-

orescence enhancement and fluorescence quenching are mutually restrained processes, 

which is mainly related to the morphology and the size of metal nanostructure surface 

and the distance between fluorescent species and a metal surface. 

In early studies on enhanced spectral effects, electrochemical polishing or physical 

polishing methods are usually used to prepare metal nanostructured substrates. Although 

the prepared substrate has poor reproducibility and other shortcomings, as a traditional 

method for preparing a reinforced substrate, it has a simple preparation process and can 

obtain a metal substrate with a micro-nanostructure. It has important research value in 

the study of surface-enhanced fluorescence effect [182]. Studies have shown that metal 

nanoparticles will produce LSPR under specific excitation conditions [179], and a strong 

local electric field will be formed around them. Under the action of a local electric field, 

the number of free electrons in high-energy states in fluorescent species increases and 

their transition frequency is accelerated, and the spontaneous emission of fluorescent mol-

ecules is enhanced. In 1982, Weitz et al. [183,184] used silver island film (SIF) as a substrate 

to study the fluorescence radiation characteristics of Eu3+ ions. Experiments have found 

that under the action of laser pulses, Eu3+ fluorescent radiation using SIF as a substrate is 

enhanced. The author made a quantitative analysis of his experimental phenomena based 

on quantum yield, and believed that quantum yield played a decisive role in the fluores-

cence radiation of Eu3+, which laid an experimental and theoretical basis for the study of 

surface-enhanced fluorescence effects. 

Metal nanoparticles are often used in the study of surface-enhanced fluorescence ef-

fects. The preparation method of the substrate is simple and time-consuming. Under 

proper conditions, the substrate exhibits a good fluorescence enhancement effect. Zhu et 

al. [183] used Au nanoparticle (AuNP) as a substrate and found the spectral enhancement 

of the Rhodamine B fluorescent molecule under the excitation of an external light field. In 

addition, the main feature of Au nanorod (AuNR) is that it has two plasmon resonance 

absorption peaks. By changing the aspect ratio of AuNR, the position of the plasmon ab-

sorption peak can be changed, and the perfect match between the nanorod and emission 

peak of the fluorescent species can be achieved which can enhance the fluorescence signal 

intensity of the luminescent center. Zhu et al. [183] achieved effective regulation of the 

peak-to-peak value of the longitudinal plasmon absorption by adjusting the aspect ratio 

of AuNR. Disordered precious metal nano-sol particles with special optical properties 

prepared by wet chemical methods can be used as metal nano-antennas to regulate the 
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fluorescent radiation of luminescent center, and have been successfully applied in the 

fields of biosensing [185] and substance detection [186], etc. 

Shang et al. [178] introduced a fast and simple method, electrostatic potential depo-

sition technology, to enhance fluorescence by depositing metal particles on the surface. 

The prepared metal surface is composed of silver nanostructures, which present a rela-

tively uniform morphology. Studies have shown that these silver nanostructures have a 

strong enhancement effect on fluorophores, as shown in Figures 19 and 20. Compared 

with other methods such as vapor deposition and self-assembly techniques, the electro-

chemical deposition method is very useful for preparing nanostructures with novel mor-

phologies and specific characteristics, and it is economical, efficient, and easy to use [187–

189]. Since then, electrochemical preparation of metal substrates has also been widely 

used. For example, metal nano-fractal structures [190] and metal nano-dendrite-like nano-

structures [191] prepared by electrochemical methods have been found. According to ex-

periments, the probe molecules deposited on the surface of the silver fractal nano-struc-

tured substrate achieved simultaneous enhancement of fluorescence and Raman signals 

[191]. It has played a very good experimental support for the research of surface-enhanced 

spectroscopy. In 2012, Zheng et al. [192] used displacement reaction between a high-pu-

rity aluminum substrate and silver nitrate to prepare a flower-like silver nanostructure 

substrate. Under the action of the substrate, the fluorescence radiation of Rhodamine 6G 

molecules was enhanced. Dong et al. [193] tried to use the replacement reduction method 

to prepare Ag/Au bimetallic nano-clusters on polished copper wafers, achieving up to 8 

times of the fluorescence enhancement effect. Studies showed that metal nanoparticles in 

a low temperature environment are more conducive to becoming fluorescent molecules 

so as to achieve fluorescence radiation enhancement [194]. Generally speaking, the dielec-

tric function of a metal mainly depends on the size of the metal and local environment. 

The non-free electrons of the metal dielectric function have a more inhibitory effect on the 

fluorescence quenching at a low temperature environment than at room temperature. 

However, there is a competitive process between enhancement and quenching. If the 

quenching process is inhibited, the fluorescent species as a whole exhibit the effect of flu-

orescence radiation enhancement. 

 

Figure 19. Silver nanostructures formed by electrostatic potential deposition at different times. Reprinted with permission 

from ref. [178]. Copyright 2007 American Chemical Society. 
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Figure 20. Fluorescence spectra under different electrodeposition times: (a) 10 s; (b) 50 s; (c) 100 s; 

(d) 200 s; (e) 500 s; and (f) 1000 s. Reprinted with permission from ref. [178]. Copyright 2007 Amer-

ican Chemical Society. 

In terms of practical applications, surface-enhanced spectroscopy, as a non-destruc-

tive testing technology, has been successfully applied in many fields due to its advantages 

of high sensitivity, high selectivity, and low cost. Compared with traditional fluorescence 

spectroscopy detection, metal nanostructures can greatly improve the performance of 

probes under specific conditions. Related research results have been preliminarily applied 

to the optical imaging of cancer cells [195] and DNA detection [196], etc. 

4.2.4. Optical Applications of Fano Resonance 

Surface plasmon resonance in metal nanostructures has rich and unique optical prop-

erties and is widely used in fields such as physics, chemistry, materials, and biological 

sensing, etc. In the 1920s, N. Bohr explored the Rydberg spectrum curve in hydrogen at-

oms and calculated the atomic structure mode [197]. Later, U. Fano applied quantum me-

chanics to theoretically explain the discovery of Beutle in the Rydberg spectrum curve. 

The reason for the existence of the shape of the anti-symmetrical line, the Beutler–Fano 

formula was proposed to predict this line shape. Subsequently, the Fano theory was 

widely used in many fields such as atomic and molecular physics. In 1998, T.W. Ebbesen 

found that the sub-wavelength aperture in the thin metal film had an abnormal light trans-

mission performance. The nonlinear optical effect Fano resonance makes the metal 

nanostructure have better optical properties such as greater near-field enhancement, 

higher refractive index sensitivity, and a narrow half-height of spectral resonance peak. 

Since then, the research on the optical properties of metal nanoparticles has become a re-

search hotspot in the nanophotonics field. 

Plasma clusters can support Fano resonance and the cluster’ linear characteristics are 

controlled by the cluster geometry. In 2012, J. Britt Lassiter and others of the Rice Univer-

sity Nanophotonics Laboratory designed a semicircular-centered nanostructure sur-

rounded by rings of tightly-spaced coupled nanodiscs. When this structure was incorpo-

rated with a unique broadband liquid crystal device geometry, the entire Fano resonance 

spectrum can be switched on and off in a voltage-dependent manner [198]. The applica-

tion of a relative (~6V) voltage caused a reversible transition between Fano-like and non-

Fano-like spectra, resulting in a complete on/off switch of the transparent window. In the 

same year, Krishnan Thyagarajan and others of the Swiss Federal Institute of Technology 

proved the significant increase in the second harmonic generation of the Fano resonance 

in the plasma heptamer made of silver, theoretically and experimentally [199]. This geo-

metric structure is designed to simultaneously generate Fano resonance at the fundamen-

tal wavelength, resulting in a strong localization of fundamental field close to the system, 
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and higher-order scattering peaks at the second harmonic wavelength. These results illus-

trated the versatility of the Fano resonant structure to design specific optical responses in 

the linear and nonlinear regions, paving the way for future research on the role of dark 

mode in nonlinear and quantum optics. 

Structural coloring is an interference phenomenon. Colors appear when visible light 

interacts with nanostructured materials. In 2014, Shen et al. [200] of the Massachusetts 

Institute of Technology proposed a new structural color generation mechanism, which 

generates color on a thin photonic crystal plate through Fano resonance effect. The pro-

posed concept is realized by experimentally fabricating samples that show colors caused 

by resonance and have a weak dependence on the viewing angle. The results showed that 

by stretching the photonic crystal plate fabricated on an elastic substrate, the colors caused 

by resonance can be dynamically tuned. In 2018, Hwang et al. [201] experimentally ob-

served and theoretically explained the influence of Fano resonance on optical chirality of 

planar plasmonic nanodevices in the visible wavelength range. The disk-centered 

nanodevice is surrounded by six gold nanorods, and its orientation angle exhibits optical 

chirality under dark field illumination. The chiral response induced by gold nanorods is 

affected by nanodisks of different diameters, which leads to Fano resonances with differ-

ent coupling strengths. By observing and understanding the influence of Fano resonance 

on optical chirality, the chiral characteristics of planar subwavelength nanodevices can be 

effectively manipulated. 

Zhang et al. [202] proposed a stone table structure composed of two parallel nano 

metal rods and a single nano metal rod perpendicular to it. This structure has a single 

composition, and only uses precious metal gold and surrounding media. In addition, it is 

simple to make experimentally. More importantly, it supports the Fano resonance very 

well and obvious asymmetric line patterns can be observed in the spectrum (as shown in 

Figure 21). The dipole resonance mode of the single rod can be directly activated by the 

vertically-incident light (the electric field direction is parallel to the rod) and become a 

bright state. The quadrupole resonance mode of the double rod is a dark state, which 

needs to be coupled with the dipole resonance mode of the single rod to be activated. 

When two structures are combined in the same plane to form the stone table structure, the 

dark mode of double rod needs to be coupled with the bright mode of the single rod in 

the near field to be activated. Then the dark and bright modes’ interaction formed Fano 

resonance of the whole structure. 
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Figure 21. (a) Top view of the plasmonic system consisting of a radiative element and a dark element 

with separation d, with light incident at the normal direction. (b) The real part and imaginary part 

of an Ex probe placed at 10 nm from the end facet of the radiative antenna red arrow in (a) for sepa-

rations ranging from 40 to 100 nm between the radiative and dark elements. (c) The 2D field plot of 

an uncoupled radiative atom (left) and radiative atom coupled with a dark atom with a separation 

of 40 nm (right) at a frequency of 428.4 THz, as indicated by the red triangle in (b). Reprinted with 

permission from ref. [202] Copyright 2008 American Physical Society. 

The cluster structure composed of seven nanodiscs designed by Halas et al. [203] can 

well support the Fano resonance phenomenon, as shown in Figure 22. This structure has 

the characteristic that the Fano resonance effect is particularly sensitive to changes in the 

refractive index of the surrounding environment. In addition, it is a cluster structure with 

very high sensitivity. 



Nanomaterials 2021, 11, 1895 31 of 40 
 

 

 

Figure 22. Size dependence of the scattering spectrum of a heptamer: (a) 85-nm diameter constitu-

ent particles; (b) 128-nm diameter particles; and (c) 170-nm diameter particles. In all cases, the gap 

sizes between the particles in the heptamers were nominally ∼15 nm. (Ⅰ) SEM images obtained 

using an FEI Quanta 400 SEM; (Ⅱ) experimentally obtained dark-field scattering spectra, obtained 

with unpolarized light, of each individual cluster shown in (Ⅰ); and (Ⅲ) FDTD calculations of the 

dark-field spectral response of the same structure. Reprinted with permission from ref. [203]Copy-

right 2010 American Chemical Society. 

The formation mechanism of surface plasmon Fano resonance is analyzed and ex-

plained in depth by studying three typical metal nanostructures that can produce Fano 

resonance, such as symmetry destruction, nanoclusters, and nanoarrays. These typical 

metal nanostructures have many potential applications in biological detection, surface-

enhanced Raman scattering, and nano-optoelectronic devices. 

1. Biological detection sensor. 

The detection of small changes in the wavelength position of localized surface plas-

mon resonance in metal nanostructures has been successfully applied in detections such 

as biological markers. However, practical applications often suffer from the large spectral 

width of plasmon resonance caused by large radiation damping in the metal nanocavity. 

Through the custom design and use of repeatable nanofabrication processes, high-quality 

planar gold plasma nanocavities with strongly-reduced radiation damping are fabricated, 

and the additional substrate etching leads to a substantial increase in the sensing volume 

and subsequent increase of sensitivity. Niels Verellen et al. of the University of Luhan, 

Belgium designed a nanostructure that combines nanocrossbars and nanorods, using the 

coherent combination of bright and dark plasma modes in nanocrossrods and nanorods 

to generate high quality factor subradiation Fano resonance [204]. After experiments and 

other tests, the sensitivity of the structure to the refractive index can be as high as 1000 

nm/RIU. Moreover, by further fine-tuning geometric parameters of the nanostructures, 

the sensing performance and quality factors can be further improved, making these nano-

cross-systems a valuable platform for biochemical sensing applications and plasma laser 

emission. 

2. Optoelectronic devices. 

Electrically-driven plasmon devices can provide unique opportunities as research 

tools and practical applications. In such a device, the current flowing through the metal 

tunnel junction excites plasmons, thereby generating light emission. The plasmon gener-

ated at the tunnel junction is equivalent to feeding back a plasmon antenna at its source. 

In this case, it is different from conventional optical excitation of plasma that combines 

far-field illumination to a plasma antenna and then couples out. This local characteristic 

of excitation easily enters the evanescent (or “dark”) mode, which is not easily activated 

by far-field illumination. From a more practical viewpoint, this device can pave the way 

for the realization of on-chip optical communication and sensing. Yuval Vardi et al. from 
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the Department of Condensed Matter Physics of the Israel Institute of Science proposed 

an electrically-driven plasmon device that consists of gold nanoparticles trapped in the 

gap between two electrodes [205]. In several devices, they found a sharp asymmetric tilt 

angle in the frequency spectrum, and finally determined it as Fano resonance. The calcu-

lation of finite difference time domain showed that this resonance was caused by the in-

terference between the nanoparticle and electrode dipole field, and this resonance is easily 

controlled by structural parameters. The Fano resonance generated in the plasmonic struc-

ture of metal nanoparticles has always attracted attention, especially its sharp spectral 

characteristics and sensitivity to sample parameters, which may make them highly effi-

cient sensors. Therefore, the ability to generate such resonances in electric-driven equip-

ment may amplify their potential. In addition, separate control of wide and narrow mode 

disturbances in these devices provides a simple way to design Fano resonance. This device 

has an important reference value for the realization of on-chip controllable nano-optical 

emitters and sensors. 

3. Chemical applications. 

Molecular electronics is a new tool for studying quantum transport phenomena. It 

can be used for third-generation DNA sequencing using nanopores and nanochannels 

[206]. Some nucleobases in DNA often exist in the form of methylation associated with 

epigenetic modification to turn on/off the expression of genes or cancer states. Therefore, 

methylated nucleobases need to be identified and distinguished from normal nucleobases 

[207]. Nevertheless, molecular electronics is still in its infancy. Therefore, most of the mo-

lecular electronics methods for sequencing proposed so far need to be greatly upgraded 

for practical implementation. For single-molecule spectroscopy and rapid DNA sequenc-

ing at the level of atomic resolution, the new concept of two-dimensional molecular elec-

tronic energy spectroscopy (2D MES) can be driven by the Fano resonance of bias and gate 

voltage [208]. This method can analyze molecular fingerprints in the form of Fano reso-

nance rather than in the form of electron transmission, i.e., 2D conduction (high spatial 

resolution) rather than optical or photonic methods (very low spatial resolution). In order 

to obtain this Fano resonance of molecules with discrete molecular orbital (MO) energy 

levels, graphene and graphene nanoribbons (GNR) have become ideal materials with con-

tinuous band structures because of the extraordinary electronic characteristics of nanoe-

lectronics. Arunkumar Chitteth Rajan et al. of the National Institute of Science and Tech-

nology in Ulsan, South Korea displayed Fan by applying external disturbance to a small 

GNR (AGNR), 2D MES [209] driven by resonance. Once a molecule is attached to the 

AGNR surface, the ballistic electron transfer mode can be replaced by the new path of the 

Fano resonance mode under appropriate resonance conditions. In this way, characteristic 

2D differential conductance maps can be used to identify adsorbed molecules and their 

conformations. 

4.2.5. Other Apps 

As mentioned earlier, metal plasma nanostructures are materials with potential ap-

plications. Many new applications have inspired people to explore the structure of various 

metal materials [210]. Such as lasers, hyperlenses, active plasmas, optoelectronics [211], 

phase change materials [212], and polymers [213], etc. 
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5. Conclusions 

The continuous research of nanomaterials is not only the embodiment of the rapid 

development of science and technology, but also the requirements of the development of 

the times. The development of new materials affects and brings great convenience to hu-

man lives. The controllable and low-cost preparation of metal nanostructures have always 

been a problem in scientific research. In this article, we reviewed the manufacturing meth-

ods of metal nanostructures and the applications of metal nanostructures, focusing on the 

dependence of these applications on the properties of specific nanostructures. The main 

highlight of this review is that preparation methods of metal nanostructures are classified, 

and metal nanostructure materials are prepared by these variety of preparation methods 

into different microstructural characteristics and properties, which can be applied to dif-

ferent fields. Commonly-used characterization methods of metal nanostructures are sum-

marized, which provides an important reference for researchers on the future study of 

metal nanostructure materials. 

The existing metal nanostructure preparation methods are applicable in laboratory 

research, but there are still some challenges for metal nanostructures to move from labor-

atory research to widespread applications. For example, the template method can only be 

applied in mold metal glass, polymers, etc. The chemical synthesis method has the char-

acteristics of high efficiency, but is subjected to the limitation of the type of material and 

the challenges of controllability. Photolithography technology is capable to prepare most 

metal structures, however it always produces a high cost and is difficult to prepare 

nanostructures with a high aspect ratio. The preparation of metal nanostructures still has 

challenges in terms of high efficiency, controllability (such as resolution, accuracy, and 

uniformity), material diversity, low cost, and high aspect ratio structure. 

Author Contributions: M.Y.; writing of the manuscript and visualization; Z.W.; conceptualization, 

reviewing; X.C.; reviewing; S.P.; correcting of the manuscript; Y.Z.; correcting of the manuscript; 

K.C.; reviewing; Y.W.; correcting of the manuscript; J.Z.; arranging illustrations of the manuscript. 

All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the fundamental Research Funds for the Central Universities, 

grant number FRFAT-19-002; the Beijing Municipal Natural Science Foundation, grant number 

2214072; the National Natural Science Foundation of China, grant number 52071012. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Lieber, C.M.; Wang, Z.L. Functional nanowires. MRS Bull. 2007, 32, 99–108. 

2. Dasgupta, N.P.; Sun, J.; Liu, C.; Brittman, S.; Andrews, S.C.; Lim, J.; Gao, H.; Yan, R.; Yang, P. 25th anniversary article: Semi-

conductor nanowires—Synthesis, characterization, and applications. Adv. Mater. 2014, 26, 2137–2184. 

3. Xia, Y.; Xiong, Y.; Lim, B.; Skrabalak, S.E. Shape-Controlled Synthesis of Metal Nanocrystals: Simple Chemistry Meets Complex 

Physics? Angew. Chem. Int. Ed. 2009, 48, 60–103. 

4. Lazzara, G.; Cavallaro, G.; Panchal, A.; Fakhrullin, R.; Stavitskaya, A.; Vinokurov, V.; Lvov, Y. An assembly of organic-inorganic 

composites using halloysite clay nanotubes. Curr. Opin. Colloid Interface Sci. 2018, 35, 42–50. 

5. Khan, M.A.; Imam, M.K.; Irshad, K.; Ali, H.M.; Hasan, M.A.; Islam, S. Comparative Overview of the Performance of Cementi-

tious and Non-Cementitious Nanomaterials in Mortar at Normal and Elevated Temperatures. Nanomaterials 2021, 11, 911. 

6. Wiley, B.; Sun, Y.; Chen, J.; Cang, H.; Li, Z.Y.; Li, X.; Xia, Y. Synthesis of Silver and Gold Nanostructures. MRS Bull. 2005, 

30, 356–361. 

7. Pérez-Juste, J.; Pastoriza-Santos, I.; Liz-Marzán, L.M.; Mulvaney, P. Gold nanorods: Synthesis, characterization and applications. 

Coordin. Chem. Rev. 2005, 249, 1870–1901. 

8. Niemeyer, C. Nanoparticles, proteins, and nucleic acids: Biotechnology meets materials science. Angew. Chem. Int. Edit. 2001, 

40, 4128–4158. 

9. Murray, W.A.; Barnes, W.L. Plasmonic Materials. Adv. Mater. 2007, 19, 3771–3782. 

10. Murphy, C.J.; Sau, T.K.; Gole, A.; Orendorff, C.J. Surfactant-Directed Synthesis and Optical Properties of One-Dimensional 

Plasmonic Metallic Nanostructures. MRS Bull. 2005, 30, 349–355. 

11. Maier, S.A.; Atwater, H.A. Plasmonics: Localization and guiding of electromagnetic energy in metal/dielectric structures. J. 

Appl. Phys. 2005, 98, 10. 



Nanomaterials 2021, 11, 1895 34 of 40 
 

 

12. Hutter, E.; Fendler, J.H. Exploitation of Localized Surface Plasmon Resonance. Adv. Mater. 2004, 16, 1685–1706. 

13. Daniel, M.C.; Astruc, D. Gold Nanoparticles: Assembly, Supramolecular Chemistry, Quantum-Size-Related Properties, and 

Applications toward Biology, Catalysis, and Nanotechnology. Chem. Rev. 2004, 104, 293–346. 

14. Pham, T.B.; Hoang, T.H.C.; Pham, V.H.; Nguyen, V.C.; Nguyen, T.V.; Vu, D.C.; Pham, V.H.; Bui, H. Detection of Permethrin 

pesticide using silver nano-dendrites SERS on optical fibre fabricated by laser-assisted photochemical method. Sci. Rep.-UK 

2019, 9, 1–10. 
15. Joseph, D.; Kwak, C.H.; Huh, Y.S.; Han, Y.K. Synthesis of AuAg@Ag core@shell hollow cubic nanostructures as SERS substrates 

for attomolar chemical sensing. Sens. Actuators 2019, B281, 471–477. 

16. Kottmann, J.P.; Martin, O.J.F.; Smith, D.R.; Schultz, S. Plasmon resonances of silver nanowires with a nonregular cross section. 

Phys. Rev. B 2001, 64, 235402p. 

17. Valden, M.; Lai, X.; Goodman, D.W. Onset of Catalytic Activity of Gold Clusters on Titania with the Appearance of Nonmetallic 

Properties. Science 1998, 281, 1647–1650. 

18. Narayanan, R.; El-Sayed, M.A. Catalysis with Transition Metal Nanoparticles in Colloidal Solution:  Nanoparticle Shape De-

pendence and Stability. J. Phys. Chem. B 2005, 109, 12663–12676. 

19. Falicov, L.M.; Somorjai, G.A. Correlation between catalytic activity and bonding and coordination number of atoms and mole-

cules on transition metal surfaces: Theory and experimental evidence. Proc. Natl. Acad. Sci. USA 1985, 82, 2207–2211. 

20. Kalyuzhny, G.; Schneeweiss, M.A.; Shanzer, A.; Vaskevich, A.; Rubinstein, I. Differential Plasmon Spectroscopy as a Tool for 

Monitoring Molecular Binding to Ultrathin Gold Films. J. Am. Chem. Soc. 2001, 123, 3177–3178. 

21. Ustinov, A.I.; Melnichenko, T.V.; Liapina, K.V.; Shishkin, A.E. Structure and properties of porous nickel and copper films pro-

duced by vacuum deposition from the vapour phase. Vacuum 2017, 141, 272–280. 

22. Rechberger, W.; Hohenau, A.; Leitner, A.; Krenn, J.R.; Lamprecht, B.; Aussenegg, F.R. Optical properties of two interacting gold 

nanoparticles. Opt. Commun. 2003, 220, 137–141. 

23. Horák, M.; Bukvišová, K.; Švarc, V.; Jaskowiec, J.; Křápek, V.; Šikola, T. Comparative study of plasmonic antennas fabricated 

by electron beam and focused ion beam lithography. Sci. Rep. 2018, 8, 1–8. 

24. Mafuné, F.; Kohno, J.; Takeda, Y.; Kondow, T.; Sawabe, H. Structure and Stability of Silver Nanoparticles in Aqueous Solution 

Produced by Laser Ablation. J. Phys. Chem. B 2000, 104, 8333–8337. 

25. Mafuné, F.; Kohno, J.; Takeda, Y.; Kondow, T. Dissociation and Aggregation of Gold Nanoparticles under Laser Irradiation. J. 

Chem. Phys. B 2001, 105, 9050–9056. 

26. Ahmed, R.; Butt, H. Diffractive Surface Patterns through Single-Shot Nanosecond-Pulsed Laser Ablation. ACS Photonics 2019, 

6, 1572–1580. 

27. Xu, X.N.; Chen, J.; Jeffers, R.B.; Kyriacou, S. Direct Measurement of Sizes and Dynamics of Single Living Membrane Transport-

ers Using Nanooptics. Nano Lett. 2002, 2, 175–182. 

28. Sönnichsen, C.; Alivisatos, A.P. Gold Nanorods as Novel Nonbleaching Plasmon-Based Orientation Sensors for Polarized Sin-

gle-Particle Microscopy. Nano Lett. 2005, 5, 301–304. 

29. Dickson, R.M.; Lyon, L.A. Unidirectional Plasmon Propagation in Metallic Nanowires. J. Phys. Chem. B 2000, 104, 6095–6098. 

30. Wusimanjiang, Y.; Ma, Y.; Lee, M.; Pan, S. Single gold nanoparticle electrode for electrogenerated chemiluminescence and dark 

field scattering spectroelectrochemistry. Electrochim. Acta 2018, 269, 291–298. 

31. Betzig, E.J.K.T.D.J.S.R.L.; Trautman, J.K.; Harris, T.D.; Weiner, J.S.; Kostelak, R.L. Breaking the diffraction barrier-optical mi-

croscopy on a nanometric scale. Science 1991, 251, 1468–1470. 

32. Betzig, E.; Trautman, J.K. Near-field optics: Microscopy, spectroscopy, and surface modification beyond the diffraction limit. 

Science 1992, 257, 189–195. 

33. Ueno, K.; Yang, J.; Sun, Q.; Aoyo, D.; Yu, H.; Oshikiri, T.; Kubo, A.; Matsuo, Y.; Gong, Q.; Misawa, H. Control of plasmon 

dephasing time using stacked nanogap gold structures for strong near-field enhancement. Appl. Mater. Today 2019, 14, 159–165. 

34. Nie, S.; Chiu, D.T.; Zare, R.N. Probing Individual Molecules with Confocal Fluorescence Microscopy. Science 1994, 266, 1018–

1021. 

35. Failla, A.V.; Qian, H.; Qian, H.; Hartschuh, A.; Meixner, A.J. Orientational Imaging of Subwavelength Au Particles with Higher 

Order Laser Modes. Nano Lett. 2006, 6, 1374–1378. 

36. Fujita, K.; Egami, C. High contrast measurement of nanoparticle with polarization interferometric nonlinear confocal micro-

scope. Mol. Cryst. Liq. Cryst. 2016, 629, 254–257. 

37. Yee, K. Numerical solution of initial boundary value problems involving maxwell's equations in isotropic media. IEEE Trans. 

Antennas Propag. 1966, 14, 302–307. 

38. Sun, W.; Loeb, N.G.; Fu, Q. Finite-difference time-domain solution of light scattering and absorption by particles in an absorbing 

medium. Appl. Opt. 2002, 41, 5728. 

39. Kim, K.; No, Y. Light Coupling between Plasmonic Nanowire and Nanoparticle. J. Korean Phys. Soc. 2018, 73, 1283–1288. 

40. Hwang, A.; Kim, E.; Moon, J.; Lee, H.; Lee, M.; Jeong, J.; Lim, E.; Jung, J.; Kang, T.; Kim, B. Atomically Flat Au Nanoplate 

Platforms Enable Ultraspecific Attomolar Detection of Protein Biomarkers. ACS Appl. Mater. Interfaces 2019, 11, 18960–18967. 

41. Van Duyne, R.P.; Hulteen, J.C.; Treichel, D.A. Atomic force microscopy and surface-enhanced Raman spectroscopy. I: Ag island 

films and Ag film over polymer nanosphere surfaces supported on glass. J. Chem. Phys. 1993, 99, 2101–2115. 

42. Haynes, C.L.; Van Duyne, R.P. Nanosphere Lithography: A Versatile Nanofabrication Tool for Studies of Size-Dependent Na-

noparticle Optics. J. Phys. Chem. B 2001, 105, 5599–5611. 



Nanomaterials 2021, 11, 1895 35 of 40 
 

 

43. Elghanian, R.; Storhoff, J.J.; Mucic, R.C.; Letsinger, R.L.; Mirkin, C.A. Selective colorimetric detection of polynucleotides based 

on the distance-dependent optical properties of gold nanoparticles. Science 1997, 277, 1078–1081. 

44. Yu, K.; Devkota, T.; Beane, G.; Wang, G.P.; Hartland, G.V. Brillouin Oscillations from Single Au Nanoplate Opto-Acoustic 

Transducers. ACS Nano 2017, 11, 8064–8071. 

45. Ditlbacher, H.; Lamprecht, B.; Leitner, A.; Aussenegg, F.R. Spectrally coded optical data storage by metal nanoparticles. Opt. 

Lett. 2000, 25, 563–565. 

46. Nakamura, K.; Oshikiri, T.; Ueno, K.; Katase, T.; Ohta, H.; Misawa, H. Plasmon-Assisted Polarity Switching of a Photoelectric 

Conversion Device by UV and Visible Light Irradiation. J. Chem. Phys. C 2017, 122, 14064–14071. 

47. Wang, H.; Liang, W.; Liu, Y.; Zhang, W.; Zhou, D.; Wen, J. Asymmetric photoelectric property of transparent TiO2 nanotube 

films loaded with Au nanoparticles. Appl. Surf. Sci. 2016, 386, 255–261. 

48. Katz, E.; Willner, I. Integrated Nanoparticle-Biomolecule Hybrid Systems: Synthesis, Properties, and Applications. Angew. 

Chem. Int. Ed. 2004, 43, 6042–6108. 

49. Lin, S.; Lin, X.; Song, X.; Han, S.; Wang, L.; Hasi, W. Fabrication of flexible paper-based Surface-enhanced Raman scattering 

substrate from Au nanocubes monolayer for trace detection of crystal violet on shell. J. Raman Spectrosc. 2019, 50, 1074–1084. 

50. Ning, C.F.; Tian, Y.F.; Zhou, W.; Yin, B.C.; Ye, B.C. Ultrasensitive SERS detection of specific oligonucleotides based on 

Au@AgAg bimetallic nanorods. Analyst 2019, 144, 2929–2935. 

51. Bhagathsingh, W.; Nesaraj, A.S. Low temperature synthesis and thermal properties of Ag–Cu alloy nanoparticles. T. Nonferr. 

Metal. Soc. 2013, 23, 128–133. 

52. Han, C.; Wu, L.; Ge, L.; Li, Y.; Zhao, Z. AuPd bimetallic nanoparticles decorated graphitic carbon nitride for highly efficient 

reduction of water to H2 under visible light irradiation. Carbon 2015, 92, 31–40. 

53. Pan, Y.; Guo, X.; Li, M.; Liang, Y.; Wu, Y.; Wen, Y.; Yang, H. Construction of Dandelion-like Clusters by PtPd Nanoseeds for 

Elevating Ethanol Eletrocatalytic Oxidation. Electrochim. Acta 2015, 159, 40–45. 

54. Khan, M.; Yousaf, A.B.; Chen, M.; Wei, C.; Wu, X.; Huang, N.; Qi, Z.; Li, L. Mixed-phase Pd–Pt bimetallic alloy on graphene 

oxide with high activity for electrocatalytic applications. J. Power Sources 2015, 282, 520–528. 

55. Teranishi, T.; Hosoe, M.; Tanaka, T.; Miyake, M. Size Control of Monodispersed Pt Nanoparticles and Their 2D Organization 

by Electrophoretic Deposition. J. Phys. Chem. B 1999, 103, 3818–3827. 

56. Qazi, U.Y.; Kajimoto, S.; Fukumura, H. Effect of Sodium Dodecyl Sulfate on the Formation of Silver Nanoparticles by Biphotonic 

Reduction of Silver Nitrate in Water. Chem. Lett. 2014, 43, 1693–1695. 

57. Lim, P.Y.; Liu, R.S.; She, P.L.; Hung, C.F.; Shih, H.C. Synthesis of Ag nanospheres particles in ethylene glycol by electrochemical-

assisted polyol process. Chem. Phys. Lett. 2006, 420, 304–308. 

58. Zhang, J.; Li, S.; Wu, J.; Schatz, G.C.; Mirkin, C.A. Plasmon-Mediated Synthesis of Silver Triangular Bipyramids. Angew. Chem. 

Int. Ed. 2009, 48, 7787–7791. 

59. Zheng, X.; Xu, W.; Corredor, C.; Xu, S.; An, J.; Zhao, B.; Lombardi, J.R. Laser-Induced Growth of Monodisperse Silver Nanopar-

ticles with Tunable Surface Plasmon Resonance Properties and a Wavelength Self-Limiting Effect. J. Chem. Phys.C 2007, 111, 

14962–14967. 

60. Xue, C.; Métraux, G.S.; Millstone, J.E.; Mirkin, C.A. Mechanistic Study of Photomediated Triangular Silver Nanoprism Growth. 

J. Am. Chem. Soc. 2008, 130, 8337–8344. 

61. Jin, R.; Cao, Y.; Mirkin, C.A.; Kelly, K.L.; Schatz, G.C.; Zheng, J.G. Photoinduced conversion of silver nanospheres to nano-

prisms. Science 2001, 294, 1901–1903. 

62. Kabashin, A.V.; Delaporte, P.; Pereira, A.; Grojo, D.; Torres, R.; Sarnet, T.; Sentis, M. Nanofabrication with Pulsed Lasers. Na-

noscale Res. Lett. 2010, 5, 454–463. 

63. Ko, F.; Tai, M.R.; Liu, F.; Chang, Y. Au–Ag core–shell nanoparticles with controllable shell thicknesses for the detection of 

adenosine by surface enhanced Raman scattering. Sens. Actuators B Chem. 2015, 211, 283–289. 

64. Haili, Y.; Yi, H. Seed-assisted synthesis of dendritic Au-Ag bimetallic nanoparticles with chemiluminescence activity and their 

application in glucose detection. Sens. Actuators B Chem. 2015, 209, 877–882. 

65. Han, L.; Cui, P.; He, H.; Liu, H.; Peng, Z.; Yang, J. A seed-mediated approach to the morphology-controlled synthesis of bime-

tallic copper–platinum alloy nanoparticles with enhanced electrocatalytic performance for the methanol oxidation reaction. J. 

Power Sources 2015, 286, 488–494. 

66. Zhang, J.; Zhang, L.; Jia, Y.; Chen, G.; Wang, X.; Kuang, Q.; Xie, Z.; Zheng, L. Synthesis of spatially uniform metal alloys nano-

crystals via a diffusion controlled growth strategy: The case of Au-Pd alloy trisoctahedral nanocrystals with tunable composi-

tion. Nano Res. 2012, 5, 618–629. 

67. Yu, K.; Yao, T.; Pan, Z.; Wei, S.; Xie, Y. Structural evolution in the nanoscale diffusion process: A Au–Sn bimetallic system. 

Dalton Trans. 2009, 10353–10358. 

68. Chou, C.Y.; Krauss, P.R.; Renstrom, P.J. Imprint Lithography with 25-Nanometer Resolution. Science 1996, 272, 85–87. 

69. Kumar, G.; Tang, H.X.; Schroers, J. Nanomoulding with amorphous metals. Nature 2009, 457, 868–872. 

70. Debenedetti, P.G.; Stillinger, F.H. Supercooled liquids and the glass transition. Nature 2001, 410, 259–267. 

71. Thomas, A.; Goettmann, F.; Antonietti, M. Hard Templates for Soft Materials: Creating Nanostructured Organic Materials. 

Chem. Mater. 2008, 20, 738–755. 

72. Piao, Y.; Lim, H.; Chang, J.Y.; Lee, W.; Kim, H. Nanostructured materials prepared by use of ordered porous alumina mem-

branes. Electrochim. Acta 2005, 50, 2997–3013. 



Nanomaterials 2021, 11, 1895 36 of 40 
 

 

73. Inguanta, R.; Butera, M.; Sunseri, C.; Piazza, S. Fabrication of metal nano-structures using anodic alumina membranes grown 

in phosphoric acid solution: Tailoring template morphology. Appl. Surf. Sci. 2007, 253, 5447–5456. 

74. Kryukov, A.I.; Stroyuk, A.L.; Zin Chuk, N.N.; Korzhak, A.V.; Kuchmii, S.Y. Optical and catalytic properties of Ag2S nanoparti-

cles. J. Mol. Catal. A Chem. 2004, 221, 209–221. 

75. Zheng, X.; Zhu, L.; Yan, A.; Wang, X.; Xie, Y. Controlling synthesis of silver nanowires and dendrites in mixed surfactant solu-

tions. J. Colloid Interface Sci. 2003, 268, 357–361. 

76. Zhang, J.; Han, B.; Liu, M.; Liu, D.; Dong, Z.; Liu, J.; Li, D.; Wang, J.; Dong, B.; Zhao, H.; et al. Ultrasonication-Induced Formation 

of Silver Nanofibers in Reverse Micelles and Small-Angle X-ray Scattering Studies. J. Chem. Phys. B 2003, 107, 3679–3683. 

77. Jana, N.R.; Gearheart, L.; Murphy, C.J. Wet chemical synthesis of silver nanorods and nanowires of controllable aspect ratio. 

Chem. Commun. 2001, 617–618. 

78. Liu, Y.; Chu, Y.; Yang, L.; Han, D.; Lü, Z. A novel solution-phase route for the synthesis of crystalline silver nanowires. Mater. 

Res. Bull. 2005, 40, 1796–1801. 

79. Ni, C.; Hassan, P.A.; Kaler, E.W. Structural Characteristics and Growth of Pentagonal Silver Nanorods Prepared by a Surfactant 

Method. Langmuir 2005, 21, 3334–3337. 

80. Maillard, M.; Giorgio, S.; Pileni, M. Tuning the Size of Silver Nanodisks with Similar Aspect Ratios:  Synthesis and Optical 

Properties. J. Chem. Phys. B 2003, 107, 2466–2470. 

81. Zhang, W.; Qiao, X.; Chen, J. Synthesis of silver nanoparticles—Effects of concerned parameters in water/oil microemulsion. 

Mater. Sci. Eng. B 2007, 142, 1–15. 

82. Chen, S.; Carroll, D.L. Synthesis and Characterization of Truncated Triangular Silver Nanoplates. Nano Lett. 2002, 2, 1003–1007. 

83. Yener, D.O.; Sindel, J.; Randall, C.A.; Adair, J.H. Synthesis of Nanosized Silver Platelets in Octylamine-Water Bilayer Systems. 

Langmuir 2002, 18, 8692–8699. 

84. Wang, D.; Song, C.; Hu, Z.; Zhou, X. Synthesis of silver nanoparticles with flake-like shapes. Mater. Lett. 2005, 59, 1760–1763. 

85. Schwarzacher, W.; Kasyutich, O.I.; Evans, P.R.; Darbyshire, M.G.; Yi, G.; Fedosyuk, V.M.; Rousseaux, F.; Cambril, E.; Decanini, 

D. Metal nanostructures prepared by template electrodeposition. J. Magn. Magn. Mater. 1999, 198, 185–190. 

86. Lin, C.; Juo, T.; Chen, Y.; Chiou, C.; Wang, H.; Liu, Y. Enhanced cyclic voltammetry using 1-D gold nanorods synthesized via 

AAO template electrochemical deposition. Desalination 2008, 233, 113–119. 

87. Becker, E.W.; Ehrfeld, W.; Hagmann, P.; Maner, A.; Miinchmeyer, D. Fabrication of microstructures with high aspect ratios and 

great structural heights by synchrotron radiation lithography, galvanoforming, and plastic moulding (LIGA process). Microe-

lectron. Eng. 1986, 4, 35–56. 

88. Romankiw, L.T. A path: From electroplating through lithographic masks in electronics to LIGA in MEMS. Electrochim. Acta 

1997, 42, 2985–3005. 

89. Chen, Y. Nanofabrication by electron beam lithography and its applications: A review. Microelectron. Eng. 2015, 135, 57–72. 

90. Venugopal, G.; Kim, S. Nanolithography; InTech Open: Woodhead Publishing, Sawston, United Kingdom, 2013; pp.187–206. 

91. Sebastian, E.M.; Jain, S.K.; Purohit, R.; Dhakad, S.K.; Rana, R.S. Nanolithography and its current advancements. Mater. Today: 

Proc. 2020, 26, 2351–2356. 

92. Schultze, M.; Ramasesha, K.; Pemmaraju, C.D.; Sato, S.A.; Whitmore, D.; Gandman, A.; Prell, J.S.; Borja, L.J.; Prendergast, D.; 

Yabana, K.; et al. Attosecond band-gap dynamics in silicon. Science 2014, 346, 1348–1352. 

93. Ito, T.; Okazaki, S. Pushing the limits of lithography. Nature 2000, 406, 1027–1031. 

94. Kim, S.E.; Han, Y.H.; Lee, B.; Lee, J.C. One-pot fabrication of various silver nanostructures on substrates using electron beam 

irradiation. Nanotechnology 2010, 21, 75302p. 

95. Broers, A.N.; Hoole, A.C.F.; Ryan, J.M. Electron beam lithography–Resolution limits. Microelectron. Eng. 1996, 32, 131–142. 

96. Rodríguez-Hernández, J.; Cortajarena, A.L. Design of Polymeric Platforms for Selective Biorecognition; Springer International Pub-

lishing, Cham, Switzerland, 2015. 

97. Maas, D.; van Veldhoven, E.; Chen, P.; Sidorkin, V.; Salemink, H.; van der Drift, E.; Alkemade, P. Nanofabrication with a Helium 

Ion Microscope. Pap. Presented SPIE Adv. Lithogr. 2010, 7638, 763814. 

98. Cheng, H. Metallic Nanotransistors; University of Canterbury Electrical & Computer Engineering: Christchurch, New Zealand, 

2008. 

99. Reyntjens, S.; Puers, R. Focused ion beam induced deposition: Fabrication of three-dimensional microstructures and Young's 

modulus of the deposited material. J. Micromech. Microeng. 2000, 10, 181–188. 

100. Tsigara, A.; Benkhial, A.; Warren, S.; Akkari, F.; Wright, J.; Frehill, F.; Dempsey, E. Metal microelectrode nanostructuring using 

nanosphere lithography and photolithography with optimization of the fabrication process. Thin Solid Film. 2013, 537, 269–274. 

101. Shahali, H.; Hasan, J.; Wang, H.; Tesfamichael, T.; Yan, C.; Yarlagadda, P.K.D.V. Evaluation of Particle Beam Lithography for 

Fabrication of Metallic Nano-structures. Procedia Manuf. 2019, 30, 261–267. 

102. Hlawacek, G.; Veligura, V.; van Gastel, R.; Poelsema, B. Helium-Ion Microscopy. J. Vac. Sci. Technol. B 2014, 32, 20801p. 

103. Grandfield, K.; Engqvist, H. Focused Ion Beam in the Study of Biomaterials and Biological Matter. Adv. Mater. Sci. Eng. 2012, 

2012, 1–6. 

104. Giannuzzi, L.A.; Stevie, F. A. Introduction to Focused Ion Beams. Instrumentation, Theory, Techniques and Practice; Springer, New 

York, NJ, USA, 2006. 

105. Bhagoria, P.; Mathew Sebastian, E.; Kumar Jain, S.; Purohit, J.; Purohit, R. Nanolithography and its alternate techniques. Mater. 

Today Proc. 2020, 26, 3048–3053. 



Nanomaterials 2021, 11, 1895 37 of 40 
 

 

106. Liu, Z. One-step fabrication of crystalline metal nanostructures by direct nanoimprinting below melting temperatures. Nat. 

Commun. 2017, 8, 1–7. 

107. Sun, X.; Liu, J.; Li, Y. Use of Carbonaceous Polysaccharide Microspheres as Templates for Fabricating Metal Oxide Hollow 

Spheres. Chem. A Eur. J. 2006, 12, 2039–2047. 

108. Wu, W.P.; Wang, Y.Y.; Wu, Y.P.; Liu, J.Q.; Zeng, X.R.; Shi, Q.Z.; Peng, S.M. Hydro(solvo) thermal synthesis, structures, lumi-

nescence of 2-D zinc(II) and 1-D copper(II) complexes constructed from pyridine-2,6-Dicarboxylic acid N-Oxide and decarbox-

ylation of the ligand. Crystengcomm 2007, 9, 753–757. 

109. Zhang, D.; Li, C.; Han, S.; Liu, X.; Tang, T.; Jin, W.; Zhou, C. Electronic transport studies of single-crystalline In2O3 nanowires. 

Appl. Phys. Lett. 2003, 82, 112–114. 

110. Shen, G.; Chen, P.; Ryu, K.; Zhou, C. Devices and chemical sensing applications of metal oxide nanowires. J. Mater. Chem. 2009, 

19, 828–839. 

111. Sun, Z.; Liao, T.; Kou, L. Strategies for designing metal oxide nanostructures. Sci. China Mater. 2017, 60, 1–24. 

112. Devan, R.S.; Patil, R.A.; Lin, J.; Ma, Y. One-Dimensional Metal-Oxide Nanostructures: Recent Developments in Synthesis, Char-

acterization, and Applications. Adv. Funct. Mater. 2012, 22, 3326–3370. 

113. Lee, S.; Lee, S.W.; Oh, T.; Petrosko, S.H.; Mirkin, C.A.; Jang, J. Direct Observation of Plasmon-Induced Interfacial Charge Sepa-

ration in Metal/Semiconductor Hybrid Nanostructures by Measuring Surface Potentials. Nano Lett. 2017, 18, 109–116. 

114. Bao, Y.; Wang, C.; Ma, J. A two-step hydrothermal route for synthesis hollow urchin-like ZnO microspheres. Ceram. Int. 2016, 

42, 10289–10296. 

115. Zhong, M.; Guo, W.; Li, C.; Chai, L. Morphology-controllable growth of vertical ZnO nanorod arrays by a polymer soft template 

method: Growth mechanism and optical properties. J. Alloys Compd. 2017, 725, 1018–1026. 

116. Mao, C.; Xiang, Y.; Liu, X.; Cui, Z.; Yang, X.; Yeung, K.W.K.; Pan, H.; Wang, X.; Chu, P.K.; Wu, S. Photo-Inspired Antibacterial 

Activity and Wound Healing Acceleration by Hydrogel Embedded with Ag/Ag@AgCl/ZnO Nanostructures. ACS Nano 2017, 

11, 9010–9021. 

117. Ostrikov, K.K.; Levchenko, I.; Cvelbar, U.; Sunkara, M.; Mozetic, M. From nucleation to nanowires: A single-step process in 

reactive plasmas. Nanoscale 2010, 2, 2012–2027. 

118. Morrish, R.; Silverstein, R.; Wolden, C.A. Synthesis of Stoichiometric FeS2 through Plasma-Assisted Sulfurization of Fe2O3 

Nanorods. J. Am. Chem. Soc. 2012, 134, 17854–17857. 

119. Yuan, L.; Zhou, G. The growth of One-Dimensional oxide nanostructures by thermal oxidation of metals. Int. J. Nano Sci. Nao 

Eng. Nanotechnol. 2012, 4, 1–22. 

120. Cheng, Q.; Yan, W.; Randeniya, L.; Zhang, F.; Ken Ostrikov, K. Plasma-produced phase-pure cuprous oxide nanowires for 

methane gas sensing. J. Appl. Phys. 2014, 115, 124310. 

121. Uda, M. Production of ultrafine metal and alloy powders by hydrogen thermal plasma. Nanostruct. Mater. 1992, 1, 101–106. 

122. Ohno, S.; Uda, M. Preparation for Ultrafine Particles of Fe-Ni, Fe-Cu and Fe-Si Alloys by “Hydrogen Plasma-Metal” Reaction. 

J. Jpn. Inst. Met. Mater. 1989, 53, 946–952. 

123. Feng, L.; Yanlin, J.; Yongpeng, W.; Jianwei, Z. Preparation of nano powder by DC arc plasma technology and applications. DA 

ZHONG KE JI 2012, 149, 99–103. 

124. Guo, B.; Kosicek, M.; Fu, J.; Qu, Y.; Lin, G.; Baranov, O.; Zavasnik, J.; Cheng, Q.; Ostrikov, K.K.; Cvelbar, U. Single-Crystalline 

Metal Oxide Nanostructures Synthesized by Plasma-Enhanced Thermal Oxidation. Nanomaterials 2019, 9, 1405. 

125. Bale, M.; Palmer, R.E. Microfabrication of silicon tip structures for multiple-probe scanning tunneling microscopy. J. Vac. Sci. 

Technol. B Microelectron. Nanometer Struct. 2002, 20, 364. 

126. Bansal, V.; Poddar, P.; Ahmad, A.; Sastry, M. Room-Temperature Biosynthesis of Ferroelectric Barium Titanate Nanoparticles. 

J. Am. Chem. Soc. 2006, 128, 11958–11963. 

127. Bansal, V.; Rautaray, D.; Ahmad, A.; Sastry, M. Biosynthesis of zirconia nanoparticles using the fungus Fusarium oxysporum. 

J. Mater. Chem. 2004, 14, 3303–3305. 

128. Ankamwar, B.; Chaudhary, M.; Sastry, M. Gold Nanotriangles Biologically Synthesized using Tamarind Leaf Extract and Po-

tential Application in Vapor Sensing. Synth. React. Inorg. Met. Org. Nano-Met. Chem. 2005, 35, 19–26. 

129. Narayanan, K.B.; Sakthivel, N. Biological synthesis of metal nanoparticles by microbes. Adv. Colloid Interfac. 2010, 156, 1–13. 

130. Abd Mutalib, M.; Rahman, M.A.; Othman, M.H.D.; Ismail, A.F.; Jaafar, J. Scanning Electron Microscopy (SEM) and Energy-

Dispersive X-Ray (EDX) Spectroscopy. Membr. Charact. 2017, 161–179. 

131. Mao, H.; Guan, D.; Chen, M.; Dou, W.; Song, F.; Zhang, H.; Li, H.; He, P.; Bao, S. The chemisorption of tetracene on Si(100)-2×1 

surface. J. Chem. Phys. 2009, 131, 44703. 

132. Hong, D.; Xiaojun, S.; Xin, Z.; Doudou, Y.; Fengming, W.X.Z. Synthesis and Drug Delivery Properties of Nano Metal-organic 

Framework ZIF-90. Mater. Rep. 2018, 32, 189–192. 

133. Brenner, S.S. Tensile Strength of Whiskers. J. Appl. Phys. 1956, 27, 1484–1491. 

134. Cahn, R.W.; Haasen, P.; Kramer, E.J. Plastic Deformation and Fracture of Materials. Mater. Sci. Technol. 1993, 6, 19. 

135. Sylwestrowicz, W.; Hall, E.O. The Deformation and Ageing of Mild Steel; Proc. Phys. Soc. B. 1951; 64, 747–753. 

136. Zhu, T.; Li, J. Ultra-strength materials. Prog. Mater. Sci. 2010, 55, 710–757. 

137. Zhou, H.; Li, X.; Qu, S.; Yang, W.; Gao, H. A Jogged Dislocation Governed Strengthening Mechanism in Nanotwinned Metals. 

Nano Lett. 2014, 14, 5075–5080. 

138. Ze, L. Advanced microfabrication mechanics. Chin. J. Solid Mech. 2018, 39, 223–247. 



Nanomaterials 2021, 11, 1895 38 of 40 
 

 

139. Uchic, M.D.; Dimiduk, D.M.; Florando, J.N.; Nix, W.D. Sample dimensions influence strength and crystal plasticity. Science 2004, 

305, 986–989. 

140. Lin, Y.; Pan, J.; Zhou, H.F.; Gao, H.J.; Li, Y. Mechanical properties and optimal grain size distribution profile of gradient grained 

nickel. Acta Mater. 2018, 153, 279–289. 

141. Zhang, M.; Magagnosc, D.J.; Liberal, I.; Yu, Y.; Yun, H.; Yang, H.; Wu, Y.; Guo, J.; Chen, W.; Shin, Y.J.; et al. High-strength 

magnetically switchable plasmonic nanorods assembled from a binary nanocrystal mixture. Nat. Nanotechnol. 2017, 12, 228–232. 

142. Zhang, H.; Tersoff, J.; Xu, S.; Chen, H.; Zhang, Q.; Zhang, K.; Yang, Y.; Lee, C.; Tu, K.; Li, J.; et al. Approaching the ideal elastic 

strain limit in silicon nanowires. Sci. Adv. 2016, 2, e1501382. 

143. Lu, L.; Chen, X.; Huang, X.; Lu, K. Revealing the Maximum Strength in Nanotwinned Copper. Science 2009, 323, 607–610. 

144. Yue, Y.; Liu, P.; Zhang, Z.; Han, X.; Ma, E. Approaching the Theoretical Elastic Strain Limit in Copper Nanowires. Nano Lett. 

2011, 11, 3151–3155. 

145. Huang, X.; Tang, S.; Yang, J.; Tan, Y.; Zheng, N. Etching growth under surface confinement: An effective strategy to prepare 

mesocrystalline Pd nanocorolla. J. Am. Chem. Soc. 2011, 133, 15946–15949. 

146. Abadeer, N.S.; Murphy, C.J. Recent Progress in Cancer Thermal Therapy Using Gold Nanoparticles. J. Chem. Phys. C 2016, 120, 

4691–4716. 

147. Zheng, Y.; Jiao, Y.; Zhu, Y.; Cai, Q.; Vasileff, A.; Li, L.H.; Han, Y.; Chen, Y.; Qiao, S. Molecule-Level g-C3N4 Coordinated Tran-

sition Metals as a New Class of Electrocatalysts for Oxygen Electrode Reactions. J. Am. Chem. Soc. 2017, 139, 3336–3339. 

148. Noh, M.S.; Lee, S.; Kang, H.; Yang, J.; Lee, H.; Hwang, D.; Lee, J.W.; Jeong, S.; Jang, Y.; Jun, B.; et al. Target-specific near-IR 

induced drug release and photothermal therapy with accumulated Au/Ag hollow nanoshells on pulmonary cancer cell mem-

branes. Biomaterials 2015, 45, 81–92. 

149. Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K. Tumor vascular permeability and the EPR effect in macromolecular ther-

apeutics: A review. J. Control. Release 2000, 65, 271–284. 

150. Zhang, M.; Wang, J.; Wang, W.; Zhang, J.; Zhou, N. Magnetofluorescent photothermal micelles packaged with GdN@CQDs as 

photothermal and chemical dual-modal therapeutic agents. Chem. Eng. J. 2017, 330, 442–452. 

151. Wang, H.; Yuan, Y.; Chai, Y.; Yuan, R. Sandwiched Electrochemiluminescent Peptide Biosensor for the Detection of Prognostic 

Indicator in Early-Stage Cancer Based on Hollow, Magnetic, and Self-Enhanced Nanosheets. Small 2015, 11, 3703–3709. 

152. Yang, D.; Gulzar, A.; Yang, G.; Gai, S.; He, F.; Dai, Y.; Zhong, C.; Yang, P. Au Nanoclusters Sensitized Black TiO2−x Nanotubes 

for Enhanced Photodynamic Therapy Driven by Near-Infrared Light. Small 2017, 13, 1703007. 

153. Zhang, C.; Fu, Y.; Zhang, X.; Yu, C.; Zhao, Y.; Sun, S. BSA-directed synthesis of CuS nanoparticles as a biocompatible photo-

thermal agent for tumor ablation in vivo. Dalton Trans. 2015, 44, 13112–13118. 

154. Maddinedi, S.B. Green synthesis of Au−Cu2−xSe heterodimer nanoparticles and their in-vitro cytotoxicity, photothermal assay. 

Environ. Toxicol. Pharmacol. 2017, 53, 29–33. 

155. Chen, Z.; Wang, Q.; Wang, H.; Zhang, L.; Song, G.; Song, L.; Hu, J.; Wang, H.; Liu, J.; Zhu, M.; et al. Ultrathin PEGylated W18O49 

Nanowires as a New 980 nm-Laser-Driven Photothermal Agent for Efficient Ablation of Cancer Cells In Vivo. Adv. Mater. 2013, 

25, 2095–2100. 

156. Liu, B.; Li, C.; Chen, G.; Liu, B.; Deng, X.; Wei, Y.; Xia, J.; Xing, B.; Ma, P.; Lin, J. Synthesis and Optimization of MoS2@Fe3O4-

ICG/Pt(IV) Nanoflowers for MR/IR/PA Bioimaging and Combined PTT/PDT/Chemotherapy Triggered by 808 nm Laser. Adv. 

Sci. 2017, 4, 1600540. 

157. Gu, W.; Yan, Y.; Zhang, C.; Ding, C.; Xian, Y. One-Step Synthesis of Water-Soluble MoS2 Quantum Dots via a Hydrothermal 

Method as a Fluorescent Probe for Hyaluronidase Detection. ACS Appl. Mater. Interfaces 2016, 8, 11272–11279. 

158. Fang, W.; Tang, S.; Liu, P.; Fang, X.; Gong, J.; Zheng, N. Pd Nanosheet-Covered Hollow Mesoporous Silica Nanoparticles as a 

Platform for the Chemo-Photothermal Treatment of Cancer Cells. Small 2012, 8, 3816–3822. 

159. Link, S.; El-Sayed, M.A. Shape and size dependence of radiative, non-radiative and photothermal properties of gold nanocrys-

tals. Int. Rev. Phys. Chem. 2000, 19, 409–453. 

160. Zhao, Z.; Shi, S.; Huang, Y.; Tang, S.; Chen, X. Simultaneous Photodynamic and Photothermal Therapy Using Photosensitizer-

Functionalized Pd Nanosheets by Single Continuous Wave Laser. ACS Appl. Mater. Interfaces 2014, 6, 8878–8885. 

161. Fleischmann, M.; Hendra, P.J.; McQuillan, A.J. Raman spectra of pyridine adsorbed at a silver electrode. Chem. Phys. Lett. 1974, 

26, 163–166. 

162. Moskovits, M. Surface roughness and the enhanced intensity of Raman scattering by molecules adsorbed on metals. J. Chem. 

Phys. 1978, 69, 4159–4161. 

163. Yu, Q.; Guan, P.; Qin, D.; Golden, G.; Wallace, P.M. Inverted Size-Dependence of Surface-Enhanced Raman Scattering on Gold 

Nanohole and Nanodisk Arrays. Nano Lett. 2008, 8, 1923–1928. 

164. Popp, J.; Mayerhöfer, T. Surface-enhanced Raman spectroscopy. Anal. Bioanal. Chem. 2009, 394, 1717–1718. 

165. Sangeetha, K.; Sankar, S.S.; Karthick, K.; Anantharaj, S.; Ede, S.R.; Wilson, T.S.; Kundu, S. Synthesis of ultra-small Rh nanopar-

ticles congregated over DNA for catalysis and SERS applications. Colloids Surf. B Biointerfaces 2019, 173, 249–257. 

166. Zhang, D.; You, H.; Yuan, L.; Hao, R.; Li, T.; Fang, J. Hydrophobic Slippery Surface-Based Surface-Enhanced Raman Spectros-

copy Platform for Ultrasensitive Detection in Food Safety Applications. Anal. Chem. 2019, 91, 4687–4695. 

167. Chen, D.; Ning, P.; Zhang, Y.; Jing, J.; Zhang, M.; Zhang, L.; Huang, J.; He, X.; Fu, T.; Song, Z.; et al. Ta@Ag Porous Array with 

High Stability and Biocompatibility for SERS Sensing of Bacteria. ACS Appl. Mater. Interfaces 2020, 12, 20138–20144. 



Nanomaterials 2021, 11, 1895 39 of 40 
 

 

168. Pearson, B.; Mills, A.; Tucker, M.; Gao, S.; McLandsborough, L.; He, L. Rationalizing and advancing the 3-MPBA SERS sandwich 

assay for rapid detection of bacteria in environmental and food matrices. Food Microbiol. 2018, 72, 89–97. 

169. Chen, D.; Zhu, X.; Huang, J.; Wang, G.; Zhao, Y.; Chen, F.; Wei, J.; Song, Z.; Zhao, Y. Polydopamine@Gold Nanowaxberry 

Enabling Improved SERS Sensing of Pesticides, Pollutants, and Explosives in Complex Samples. Anal. Chem. 2018, 90, 9048–

9054. 

170. Viarbitskaya, S.; Teulle, A.; Marty, R.; Sharma, J.; Girard, C.; Arbouet, A.; Dujardin, E. Tailoring and imaging the plasmonic 

local density of states in crystalline nanoprisms. Nat. Mater. 2013, 12, 426–432. 

171. Huh, S.; Park, J.; Kim, Y.S.; Kim, K.S.; Hong, B.H.; Nam, J.M. UV/ozone-oxidized large-scale graphene platform with large 

chemical enhancement in surface-enhanced Raman scattering. ACS Nano 2011, 5, 9799–9806. 

172. Ding, S.; Yi, J.; Li, J.; Ren, B.; Wu, D.; Panneerselvam, R.; Tian, Z. Nanostructure-based plasmon-enhanced Raman spectroscopy 

for surface analysis of materials. Nat. Rev. Mater. 2016, 1, 1–16. 

173. Xu, H.; Aizpurua, J.; Kall, M.; Apell, P. Electromagnetic contributions to single-molecule sensitivity in surface-enhanced raman 

scattering. Phys. Rev. E Stat. Phys. Plasmas Fluids Relat. Interdiscip Top. 2000, 62, 4318–4324. 

174. Willets, K.A.; Van Duyne, R.P. Localized Surface Plasmon Resonance Spectroscopy and Sensing. Annu. Rev. Phys. Chem. 2007, 

58, 267–297. 

175. Ansar, S.M.; Li, X.; Zou, S.; Zhang, D. Quantitative Comparison of Raman Activities, SERS Activities, and SERS Enhancement 

Factors of Organothiols: Implication to Chemical Enhancement. J. Phys. Chem. Lett. 2012, 3, 560–565. 

176. Huang, X.; Tang, S.; Liu, B.; Ren, B.; Zheng, N. Enhancing the Photothermal Stability of Plasmonic Metal Nanoplates by a Core-

Shell Architecture. Adv. Mater. 2011, 23, 3420–3425. 

177. Tam, F.; Goodrich, G.P.; Johnson, B.R.; Halas, N.J. Plasmonic Enhancement of Molecular Fluorescence. Nano Lett. 2007, 7, 496–

501. 

178. Shang, L.; Chen, H.; Dong, S. Electrochemical Preparation of Silver Nanostructure on the Planar Surface for Application in 

Metal-Enhanced Fluorescence. J. Chem. Phys. C 2007, 111, 10780–10784. 

179. Dong, J.; Zhang, Z.; Zheng, H.; Sun, M. Recent Progress on Plasmon-Enhanced Fluorescence. Nanophotonics 2015, 4, 472–490. 

180. Thomas, M.; Greffet, J.J.; Carminati, R.; Arias-Gonzalez, J.R. Single-molecule spontaneous emission close to absorbing 

nanostructures. Appl. Phys. Lett. 2004, 85, 3863–3865. 

181. Carminati, R.; Greffet, J.J.; Henkel, C.; Vigoureux, J.M. Radiative and non-radiative decay of a single molecule close to a metallic 

nanoparticle. Opt. Commun. 2006, 261, 368–375. 

182. Rubim, J.C.; Gutz, G.R.; Sala, O. Surface-enhanced Raman scattering (SERS) and fluorescence spectra from mixed copper(I)/pyr-

idine/iodide complexes on a copper electrode. Chem. Phys. Lett. 1984, 111, 117–122. 

183. Zhu, J.; Zhu, K.; Huang, L. Using gold colloid nanoparticles to modulate the surface enhanced fluorescence of Rhodamine B. 

Phys. Lett. A 2008, 372, 3283–3288. 

184. Weitz, D.A.; Garoff, S.; Hanson, C.D.; Gramila, T.J.; Gersten, J.I. Fluorescent lifetimes of molecules on silver-island films. Opt. 

Lett. 1982, 7, 89–91. 

185. Zhang, J.; Fu, Y.; Mei, Y.; Jiang, F.; Lakowicz, J.R. Fluorescent Metal Nanoshell Probe to Detect Single miRNA in Lung Cancer 

Cell. Anal. Chem. 2010, 82, 4464–4471. 

186. Li, J.F.; Huang, Y.F.; Ding, Y.; Yang, Z.L.; Li, S.B.; Zhou, X.S.; Fan, F.R.; Zhang, W.; Zhou, Z.Y.; Wu, D.Y.; et al. Shell-isolated 

nanoparticle-enhanced Raman spectroscopy. Nature 2010, 464, 392–395. 

187. Parfenov, A.; Gryczynski, I.; Malicka, J.; Geddes, C.D.; Lakowicz, J.R. Enhanced Fluorescence from Fluorophores on Fractal 

Silver Surfaces. J. Phys. Chem. B 2003, 107, 8829–8833. 

188. Goldys, E.M.; Drozdowicz-Tomsia, K.; Xie, F.; Shtoyko, T.; Matveeva, E.; Gryczynski, I.; Gryczynski, Z. Fluorescence Amplifi-

cation by Electrochemically Deposited Silver Nanowires with Fractal Architecture. J. Am. Chem. Soc. 2007, 129, 12117–12122. 

189. Luchowski, R.; Shtoyko, T.; Apicella, E.; Sarkar, P.; Akopova, I.; Raut, S.; Fudala, R.; Borejdo, J.; Gryczynski, Z.; Gryczynski, I. 

Fractal-like Silver Aggregates Enhance the Brightness and Stability of Single-Molecule Fluorescence. Appl. Spectrosc. 2011, 65, 

174–180. 

190. Dong, J.; Qu, S.; Zheng, H.; Zhang, Z.; Li, J.; Huo, Y.; Li, G. Simultaneous SEF and SERRS from silver fractal-like nanostructure. 

Sens. Actuators B Chem. 2014, 191, 595–599. 

191. Ma, N.; Tang, F.; Wang, X.; He, F.; Li, L. Tunable Metal-Enhanced Fluorescence by Stimuli-Responsive Polyelectrolyte Interlayer 

Films. Macromol. Rapid Commun. 2011, 32, 587–592. 

192. Yan, X.; Sun, Y.; Zhang, Z. Fabrication of flower-like silver nanostructure on the Al substrate for surface enhanced fluorescence. 

Appl. Phys. Lett. 2012, 100, 51112p. 

193. Dong, J.; Ye, Y.; Zhang, W.; Ren, Z.; Huo, Y.; Zheng, H. Preparation of Ag/Au bimetallic nanostructures and their application 

in surface-enhanced fluorescence. Luminescence 2015, 30, 1090–1093. 

194. Zhang, Y.; Aslan, K.; Previte, M.J.R.; Geddes, C.D. Low Temperature Metal-Enhanced Fluorescence. J. Fluoresc. 2007, 17, 627–

631. 

195. Li, J.; Gu, M. Surface plasmonic gold nanorods for enhanced two-photon microscopic imaging and apoptosis induction of cancer 

cells. Biomaterials 2010, 31, 9492–9498. 

196. Ji, X.; Xiao, C.; Lau, W.; Li, J.; Fu, J. Metal enhanced fluorescence improved protein and DNA detection by zigzag Ag nanorod 

arrays. Biosens. Bioelectron. 2016, 82, 240–247. 

197. U., F. Effects of Configuration Interaction on Intensities and Phase Shifts. Phys. Rev. 1961, 124, 1866–1878. 



Nanomaterials 2021, 11, 1895 40 of 40 
 

 

198. Chang, W.; Lassiter, J.B.; Swanglap, P.; Sobhani, H.; Khatua, S.; Nordlander, P.; Halas, N.J.; Link, S. A Plasmonic Fano Switch. 

Nano Lett. 2012, 12, 4977–4982. 

199. Thyagarajan, K.; Butet, J.; Martin, O.J.F. Augmenting Second Harmonic Generation Using Fano Resonances in Plasmonic Sys-

tems. Nano Lett. 2013, 13, 1847–1851. 

200. Shen, Y.; Rinnerbauer, V.; Wang, I.; Stelmakh, V.; Joannopoulos, J.D.; Soljacic, M. structural colors from fano resonances. ACS 

Photonics 2014, 2, 27–32. 

201. Hwang, Y.; Lee, S.; Kim, S.; Lin, J.; Yuan, X. Effects of Fano Resonance on Optical Chirality of Planar Plasmonic Nanodevices. 

ACS Photonics 2018, 5, 4538–4544. 

202. Zhang, S.; Genov, D.A.; Wang, Y.; Liu, M.; Zhang, X. Plasmon-induced transparency in metamaterials. Phys. Rev. Lett. 2008, 356, 

84–89. 

203. Lassiter, J.B.; Sobhani, H.; Fan, J.A.; Kundu, J.; Capasso, F.; Nordlander, P.; Halas, N.J. Fano Resonances in Plasmonic Nanoclus-

ters: Geometrical and Chemical Tunability. Nano Lett. 2010, 10, 3184–3189. 

204. Verellen, N.; Van Dorpe, P.; Huang, C.; Lodewijks, K.; Vandenbosch, G.A.E.; Lagae, L.; Moshchalkov, V.V. Plasmon Line Shap-

ing Using Nanocrosses for High Sensitivity Localized Surface Plasmon Resonance Sensing. Nano Lett. 2011, 11, 391–397. 

205. Vardi, Y.; Cohen-Hoshen, E.; Shalem, G.; Bar-Joseph, I. Fano Resonance in an Electrically Driven Plasmonic Device. Nano Lett. 

2015, 16, 748–752. 

206. Ratner, M. A brief history of molecular electronics. Nat. Nanotechnol. 2013, 8, 378–381. 

207. Patterson, K.; Molloy, L.; Qu, W.; Clark, S. DNA Methylation: Bisulphite Modification and Analysis. J. Vis. Exp. 2011, 1, 2353–

2364. 

208. Sasaki, S.; Tamura, H.; Akazaki, T.; Fujisawa, T. Fano-Kondo interplay in a side-coupled double quantum dot. Phys. Rev. Lett. 

2009, 103, 266806p. 

209. Rajan, A.C.; Rezapour, M.R.; Yun, J.; Cho, Y.; Cho, W.J.; Min, S.K.; Lee, G.; Kim, K.S. Two Dimensional Molecular Electronics 

Spectroscopy for Molecular Fingerprinting, DNA Sequencing, and Cancerous DNA Recognition. ACS Nano 2014, 8, 1827–1833. 

210. Zhang, X.; Hicks, E.M.; Zhao, J.; Schatz, G.C.; Van Duyne, R.P. Electrochemical Tuning of Silver Nanoparticles Fabricated by 

Nanosphere Lithography. Nano Lett. 2005, 5, 1503–1507. 

211. Zheng, Y.B.; Yang, Y.; Jensen, L.; Fang, L.; Juluri, B.K.; Flood, A.H.; Weiss, P.S.; Stoddart, J.F.; Huang, T.J. Molecular Active Plas-

monics: Controlling Plasmon Resonances with Molecular Machines; SPIE: Bellingham, WA, USA, 2009; p. 73950W. 

212. MacDonald, K.F.; Fedotov, V.A.; Zheludev, N.I. Optical nonlinearity resulting from a light-induced structural transition in gal-

lium nanoparticles. Appl. Phys. Lett. 2003, 82, 1087–1089. 

213. Leroux, Y.R.; Lacroix, J.C.; Chane-Ching, K.I.; Fave, C.; Felidj, N.; Levi, G.; Aubard, J.; Krenn, J.R.; Hohenau, A. Conducting 

polymer electrochemical switching as an easy means for designing active plasmonic devices. J. Am. Chem. Soc. 2005, 127, 16022–

16023. 


