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Abstract 

Plasmonic nanostructures with hollow interiors have emerged as a class of multifunctional 

materials for many applications, owing to their superior plasmonic activities relative to their solid 

counterparts. Besides outer surfaces, hollow nanostructures also have inner surfaces, which 

facilitate the control of internal structures. In this Perspective, we discuss recent progress in 

engineering the internal structure of hollow nanostructures for enhanced plasmonic properties. We 

start with a brief introduction to the synthetic methods that can effectively control the internal 

structure of hollow nanostructures. We then elaborate on the impact of each parameter of internal 

structure on plasmonic properties, where how to rationally design and experimentally control these 

parameters is also discussed. Afterwards, we highlight the applications of plasmonic hollow 

nanostructures with well-controlled internal structures in biosensing and photocatalysis. Lastly, we 

conclude this perspective with the challenges and opportunities in this emerging field. 
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1. INTRODUCTION 

Over the past couple of decades, design, synthesis, and utilization of hollow nanostructures 

with tailored plasmonic properties have emerged as a frontier of nano research and innovation. 

Plasmonic hollow nanostructures (PHNs) have demonstrated remarkable potential across diverse 

applications ranging from sensing,1,2 biomedicine,3-10 electronics,11 imaging,12,13 catalysis,14 and 

energy harvesting.15 One of the primary factors contributing to the superior plasmonic performance 

of PHNs lies in a mechanism called "plasmon hybridization",16-20 which involves intricate 

interaction and merging of the localized and delocalized surface plasmons within their hollow 

interiors. As a result, the "hybridized" plasmons of the hollow nanostructures shift to a lower 

energy level and couple more strongly with the optical field, resulting in significantly enhanced 

and more homogeneously distributed localized surface plasmon resonance (LSPR).21-24 In addition 

to their outstanding plasmonic activities, PHNs possess unique physicochemical properties such 

as large surface-to-volume ratios and highly open structures.25-30 

The design and fabrication of hollow nanostructures with desired plasmonic properties 

typically rely on the controls over both internal and external morphological and structural 

parameters, such as shape, size, elemental composition, wall thickness, and degree of 

hollowness.25,31-37 These controls can be achieved chemically by a myriad of synthetic methods 

developed over the years. Specifically, the synthetic methods can be broadly divided into two 

categories: i) template-based methods, which involve the coating of a prefabricated template (hard 

or soft) with a layer of shell material, followed by removal of the template. A representative 

example of this method is galvanic replacement reaction (GRR),25,38-42 which will be emphasized 

in the following discussion; and ii) template-free methods, which rely on the intrinsic properties 

of precursor materials and reaction conditions to spontaneously generate the desired nanostructures 

in a chemical synthesis. Examples include those based on self-assembly,43 Ostwald ripening,44-46 

and self-deformation.47-49 Thanks to the efforts by many research groups, a diverse array of PHNs 

(e.g., nanoboxes,27,50 nanocages,1,2,51-53 nanoshells,54-56 nanostars,57,58 and nanoframes59-64) have 

been reported over the past few decades. These hollow nanostructures are tailored with unique 

plasmonic properties that can be utilized in many technologically important applications, 

especially in the areas of biomedicine and photocatalysis.29,39,65-73 

This article discusses recent endeavors dedicated to engineering the internal structure of 

PHNs with an emphasis on those prepared via GRR-based synthetic methods. In this paper, the 
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"internal structure" refers to the morphology and composition inside the outer surface layer of a 

PHN. We begin with a brief introduction to the synthetic methodologies for PHNs with controlled 

internal structures. We then elaborate on how to rationally design the internal structure of a PHN 

by detailing the impacts of several key parameters of internal structure, including the morphology 

of hollow interior (or void), elemental composition of walls, wall thickness, and inner shells. Later, 

a few recent applications of PHNs in biosensing and photocatalysis are highlighted. Finally, an 

overview and perspectives on the current and future research are provided, where the challenges 

and opportunities in this niche field are discussed. 

 

2. SYNTHETIC METHODOLOGIES 

Conventionally, PHNs are synthesized by straightforward hard-template methods. 

Typically, desired materials are deposited onto hard templates with functionalized surfaces, 

followed by selective removal of the templates via dissolution, thermal decomposition, chemical 

etching, or calcination.31 Despite the conceptual simplicity of the process, this conventional 

method has several intrinsic limitations. Obstacles include the simple configurations of final 

products, tedious surface modification procedures of the templates, and the utilization of toxic 

etchants and solvents during the template removal process,26 which greatly restrict the broad 

application of this method. Therefore, developing self-template47,74 or template-free methods based 

on one or combined mechanisms is of great significance. In the following discussion, we highlight 

the galvanic replacement reaction (GRR)-based synthetic methods, which are powerful for 

controlling the internal structure of a PHN. Those non-GRR-based synthetic methods will also be 

briefly discussed. 

2.1. GRR-Based Synthetic Methods 

Galvanic replacement reaction (GRR) is a redox process driven by the reduction potential 

difference between reactants (usually two metals).39,40 In a conventional GRR-based synthesis of 

PHNs (Figure 1a), the nanocrystal of metal A, acting as the sacrificial template, is hollowed out by 

the ions of metal B with a higher reduction potential in solution phase through the process: y/x A(s) 

+ By+
(aq) → y/x Ax+

(aq) + B(s). The complete dissolution of metal A template eventually resulted in 

the formation of a nanostructure featuring a hollow interior as well as a porous A-B alloyed wall 

as the final product. Details about conventional GRR-based methods can be found in our 

previously published review.25 In the following discussion, we highlight those innovative synthetic 
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approaches based on conventional GRR, which can effectively control the internal structure of 

PHNs. 

GRR be combined with the co-reduction mechanism by adding a mild reducing agent (e.g., 

formaldehyde, sodium citrate, and ascorbic acid) during the reaction.75-77 As a result, competition 

arises between the reduction of metal ions By+ by sacrificial template A and by this reducing agent 

(Figure 1b). Meanwhile, the newly oxidized ions Ax+ from the sacrificial template are reduced back 

to the nanostructures by the reducing agent. This complex process provides new pathways for 

tuning the wall thickness of a PHN over a wider range compared with conventional GRR-based 

method. For example, in a recent work by Ye et al.,56 Ag-Au nanoshells with a wall thickness of 

~15 nm were synthesized by adding sodium citrate as a reducing agent. The extinction intensity of 

the Ag-Au nanoshells was four times higher than that of Ag-Au nanocages prepared by 

conventional GRR. 

Another innovative approach that has been recently developed was to couple GRR with the 

template regeneration process (see Figure 1c).1,2 Specifically, during the course of template 

regeneration, metal A selectively grows into the void of an A-B alloyed hollow nanostructure 

prepared by conventional GRR, forming an A@A-B shell@shell nanostructure (or core@shell 

structure when the void is fully stuffed with metal A atoms). The key to ensuring the selective 

deposition of adatoms on the inner surface of hollow nanostructure is to lower the deposition rate 

of metal A atoms, allowing them enough time to migrate from the outer surface to the inner surface. 

This process is inherently driven by thermodynamics since the growth of metal A on the inner 

surface of a hollow nanostructure reduces its surface area and thereby minimizes the system total 

free energy.78 It is worth mentioning that, in addition to the controlling of the deposition and 

surface diffusion rates, lattice mismatch also plays an important role in this process. Specifically, 

the distribution of metals A and B in the wall of hollow nanostructure prepared by GRR is 

inhomogeneous, typically consisting of a metal B-rich outer surface and a metal A-rich inner 

surface. The newly generated metal A atoms during the growth tend to selectively deposit on the 

metal A-rich inner surface because there is no lattice mismatch in forming an A-A bond, which 

further promotes the formation of A@A-B shell@shell nanostructure as the final product. More 

detailed discussions about the mechanism of template regeneration can be found in our previous 

publications.1,2,78-80 Remarkably, the resultant A@A-B structure can serve as a regenerated template 

for a new round of galvanic replacement. Repeating such sequential processes of template 
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regeneration and galvanic replacement enables the synthesis of highly diverse hollow structures 

with tunable wall thickness and elemental compositions (e.g., by introducing a third metal C), 

regardless of the stoichiometry imposed by the galvanic reactions. In a recent work by our group,2 

metallic nanocages with highly tunable wall thickness and controlled elemental compositions were 

successfully prepared by this method. 

In addition to co-reduction and template regeneration, GRR can be combined with a 

physical process called the Kirkendall effect.42,81 This approach can effectively control the void 

structure inside a hollow nanostructure by utilizing the unbalanced interdiffusion rates between 

the metals involved in the system. Moreover, a chemical potential regulating mechanism can also 

be integrated to GRR.82 By modifying both the template surface and the metal salt precursor with 

different chemical ligands to form metal-ligand coordination complexes, it is possible to 

manipulate the reduction potential that is the inherent driving force of GRR. As a result, the product 

of this surface-limited reaction can be either a core-shell nanostructure or a pure alloyed-shell 

nanostructure freely. 

These versatile approaches based on GRR have been demonstrated to be effective in 

controlling the physicochemical parameters of hollow nanostructures, especially their internal 

structures. As the requirements by various applications become increasingly sophisticated and 

challenging, development of new synthetic approaches for finely crafting hollow nanostructures 

remains a promising direction of fundamental research. 

 

2.2. Non-GRR-Based Synthetic Methods 

In addition to GRR-based methods, self-assembly and soft-template strategies are 

sometimes applied to fabricate hollow nanostructures. Specifically, pre-synthesized nanoparticles, 

as building blocks, are self-organized or deposited onto a surfactant-decorated template, forming 

desired architectures through various weak interactions.83 The resultant hollow structures are 

typically in the form of vesicles, of which size and wall thickness can be controlled by adjusting 

the size, concentration, surface ligand, and/or composition of pre-synthesized nanoparticles.84-89 

For example, in a work by He et al.,84 Au nanoparticles (Au NPs) modified with amphiphilic block 

copolymers were assembled to form vesicles with hollow interiors. The morphology of the hollow 

interior had strong dependences on length of polymer tethers and the size of Au NPs. In another 

work by Niikura et al.,86 Au vesicles were prepared by assembling semifluorinated oligo(ethylene 
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glycol) ligand-coated Au NPs. The diameter and void size of the vesicles can be tuned by altering 

the size of Au NPs. For instance, the utilization of 5 nm and 10 nm Au NPs resulted in the formation 

of vesicles with average diameters of 60 and 95 nm, respectively. Recent studies have indicated 

that the LSPR peaks of these vesicles are mostly located at long wavelengths, close to or within 

the near-infrared (NIR) region.43 It is worth mentioning that these self-assembly strategies may 

face some potential issues for applications. For instance, the self-assembly process usually requires 

multiple steps of chemical functionalization and thus is difficult to scale up the synthesis. In 

addition, the synthetic methods provide limited control over the uniformity and degree of 

aggregation of the products. Moreover, the synthesized hollow structures sometimes lack 

outstanding chemical and thermal stabilities,90 making it not straightforward to use them for certain 

applications. 

 

3. IMPACT OF INTERNAL STRUCTURE ON PLASMONIC PROPERTY 

The plasmonic properties of PHNs have a strong dependence on their internal structure. In 

this section, we discuss the impact of various parameters of internal structure. In the following 

discussions, "void" refers to the hollow interior of a PHN. "wall" refers to the layer of materials 

between the inner and outer surfaces of a PHN. "inner shell" is defined as the shell close to the 

inner surfaces of a PHN that are separated from the most outer shell by a gap or an interface. 

 

3.1. Impact of Void Morphology 

The morphology, including both size and shape, of void has a direct impact on the 

plasmonic properties of PHNs. It is worth noting that, for PHNs prepared by GRR-based methods, 

the morphology of void normally resembles that of the initial template. In general, for PHNs of 

similar void shapes and comparable wall thicknesses, increasing void size leads to redshift of the 

major LSPR peaks. For PHNs of similar void sizes, reducing the symmetry of void shape also 

results in redshift of major LSPR peaks. In some cases, in addition to redshift of major LSPR peaks, 

new shoulder peaks may emerge due to the electron restoring force energy and polarizability.23,91 

By controlling the void morphology, major LSPR peaks of PHNs can be tuned in a wide 

range, spanning from the visible light to the deep NIR window. Particularly, for in vivo biological 

applications such as photothermal therapy and biomedical imaging, nano-agents with NIR 

absorption are preferred since the light in this window provides deeper tissue penetration ability, 
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higher maximum permission exposure (MPE) value, lower autofluorescence background, and 

reduced photo scattering.92-96 Increasing the void size represents an effective approach to tuning 

the LSPR peak of PHN. For example, in a recent study,1 our group synthesized a series of Ag-Au 

nanocages that had the same void shape (i.e., cubic shape) but different void sizes ranging from ~ 

27 nm to 113 nm (Figure 2a-c). As shown by Figure 2d, the major LSPR peaks of these nanocages 

red shifted from 680 to 790 nm as the void size increased. In this approach of void size control, 

PHNs are enlarged as the void size is increased. Therefore, this approach is often limited by the 

maximum size suitable for certain applications. As an alternative approach, controlling the shape 

of void can effectively tune the LSPR peak of PHNs without necessarily increasing particle size. 

Especially, LSPR peak red shifts as the symmetry of void shape is reduced. For instance, in a work 

by Cai et al.97 (see Figure 2e,f), gold hollow nanorods were synthesized through the galvanic 

replacement reaction between selenium-doped tellurium nanorods as sacrificial templates and Au3+. 

The hollow nanorods with an aspect ratio of 3.0 have a longitudinal LSPR peak at ~1000 nm along 

with a transverse LSPR peak at ~600 nm. They were demonstrated to exhibit excellent optical and 

photothermal performance and could be used as a multifunctional platform for the diagnosis and 

treatment of cancer. 

 

3.2. Impact of Elemental Composition of Walls 

The elemental composition of walls of PHNs directly affects their interaction with light, 

resulting in different plasmonic properties (e.g., position and width of the resonance peak). In 

general, Ag, Au, and Cu are the three dominant plasmonically active metals owing to their intrinsic 

permittivity.21 In the case of PHNs prepared by GRR-based methods, the elemental composition 

usually exists in the form of alloys, which offer a greater tunability over mono-metallic PHNs.98 

A variety of elemental combinations have been utilized in PHNs, of which Ag-Au is one 

of the most commonly used systems.52,99-101 This could be attributed to the following merits: i) 

Superior extinction intensity and tunability. Ag and Au are capable of generating plasmon 

resonance from the visible to NIR range and possess the highest two plasmonic quality factors (Q-

factor);102-104 ii) Outstanding chemical and thermal stabilities. Ag and Au as noble metals are 

relatively chemically inert, especially when they form alloys;105 iii) Good biocompatibility. Ag-Au 

PHNs can be well dispersed in aqueous solutions with bio-friendly ligands serving as stabilizers 

(e.g., citrate and ascorbic acid). Ag and Au also enable simple and efficient surface modifications 
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with biomolecules (e.g., antibodies, peptides, and nucleic acids) by means of electrostatic 

interactions and/or thiol-gold/silver chemistry.106-108 

To design the elemental composition of PHNs for specific applications, a few other 

important factors, in addition to their plasmonic properties, need to be considered. For example, 

to reduce the materials cost of PHNs, inexpensive non-noble metals such as Al, Ni, Fe, and Co can 

be incorporated into the PHNs.98,109 For instance, in a work by Lindley et al.,110 Co2B nanoparticles 

are used as sacrificial templates for galvanic replacement reactions with HAuCl4. The resultant 

Co2B-Au nanoshells displayed outstanding plasmonic properties, including highly tunable LSPR 

peaks. Significantly, materials cost of the Co2B-Au nanoshells was lower than nanoshells of pure 

Au due to the utilization of less expensive cobalt and boron. Besides using metallic templates, 

PHNs can also be prepared by using non-metal templates. For instance, the Se-Au hollow 

nanoparticles formed through the GRR between Se template and Au3+ ions have been demonstrated 

to be highly suitable for in vivo tumor imaging and therapeutic applications because of their 

excellent biocompatibility and the antitumor activity of Selenium.10,97,111-113 

 

 

 

3.3. Impact of Wall Thickness 

Wall thickness has been demonstrated to be a key parameter in influencing the plasmonic 

properties of PHNs. Despite observations from many case studies, it has been challenging to 

systematically investigate the explicit role played by wall thickness in determining the plasmonic 

properties of PHNs in experiments. This is mainly because the change of wall thickness is often 

accompanied by the alternations of void size and/or outer diameter of a PHN, two other parameters 

that also influence the plasmonic properties. 

With the recent advancement of nano-synthesis, it has become feasible to specifically 

control wall thickness of PHNs, making it possible to single out the role played by wall thickness. 

In a recent study, our group designed two complementary sets of experiments using Ag-Au 

nanocage as a model system.114 In the first set of experiments, we fixed the internal void size of 

the nanocages and altered the wall thickness by depositing Ag-Au on the outer surfaces of the 

cages. These cages are termed "[Ag-Au]O-n cages" (O: wall thickness increases toward outer 

surfaces; n: number of consecutive Ag-Au layers that are correlated to wall thickness, n = 1-5, see 
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Figure 3a). In another set of experiments, we fixed the outer diameter of the nanocages and 

changed the wall thickness by depositing Ag-Au on the inner surfaces of the cages. These cages 

are termed "[Ag-Au]I-n cages" (I: wall thickness increases toward inner surfaces; n: number of 

consecutive Ag-Au layers, n = 1-5, see Figure 3b). We found that as the wall thickness increases, 

the LSPR peaks of both sets of nanocages tend to shift to shorter wavelengths (i.e., blueshift), 

which is accompanied by the decrease of bandwidth (Figure 3c,d). Notably, the decrease in the 

bandwidth of [Ag-Au]I-n cages is much more evident than the case of [Ag-Au]O-n cages. 

Interestingly, we also found that the major LSPR absorption λmax and the outer size to wall 

thickness ratio (L/t) of both sets of nanocages are linearly correlated. Additionally, the impact of 

wall thickness on the extinction intensities of both sets of nanocages was also studied. For the [Ag-

Au]O-n cages, their extinction intensities increased dramatically with the increase in wall thickness. 

For the [Ag-Au]I-n cages, the differences in their extinction intensities are less significant. 

Collectively, the extinction intensities of the Ag-Au nanocages are affected by both wall thickness 

and void size, where the wall thickness plays a dominant role. 

It should be pointed out that wall thickness not only affects plasmonic properties of PHNs 

but also influences their thermal stabilities. In many applications, thermal stability of a PHN needs 

to be carefully considered. For example, outstanding thermal stability of PHNs is desired in laser-

based applications, where the localized temperature of a PHN may reach a level as high as several 

hundred Celsius.115-117 In a case study, we found the thermal stability of Ag-Au nanocages could 

be efficiently enhanced by thickening their walls.118 Further studies on other PHN systems deserve 

thorough examinations in the future. 

 

3.4. Impact of Inner Shells 

PHNs having one or multiple inner shells are a class of nanostructures featuring unique 

plasmonic properties. Generally, they can be broadly classified into two categories: i) PHNs with 

inner shells that are segregated from the most outer shell by gaps in between them (referred to as 

"segregated inner shells"); and ii) PHNs with inner shells that are consecutively attached to the 

most outer shell without gaps (referred to as "integrated inner shells"), where an interface is formed 

between the materials of outer and inner shells. 

PHNs with segregated inner shells, also known as "nano-matryoshka", have been prepared 

with a variety of shapes (e.g., nanorattles, nanoshells, nanoboxes, nanotubes, and 
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nanoframes60,61,119-121) since they were first reported by Sun et al.122 The synthetic method of the 

nano-matryoshka (which is typically GRR-based) involves epitaxially growing a metal as the 

template on a pre-formed nanoshell, and then growing another layer of shell and etching that 

template metal. By repeating such a sequential process of overgrowth followed by etching, nano-

matryoshka with multiple shells is produced. Notably, the spacing between the shells is determined 

by the thickness of the grown template. In general, the LSPR peaks of nano-matryoshka red shift 

as the spacing between shells or number of shells increases. For instance, in a work by 

Haddadnezhad et al.,60 Au double-walled nanoframes containing wall frames nested inside one 

another in a core-shell manner were prepared. This structure was achieved by first synthesis of a 

Pt double-walled frame of truncated octahedron shape (Figure 4a), followed by regrowth of Au 

using the as-formed Pt frame as a seed. By controlling the amount of Au grown on the Pt seed, the 

gap distance between the inner and outer frames of an individual Au double-walled nanoframe can 

be adjusted in the range of 5.2-9.7 nm (Figure 4b-d). As the gap distance was increased, the major 

LSPR peak red shifted (Figure 4e). 

To obtain PHNs with integrated inner shells, one effective method is the above-mentioned 

template regeneration approach (Figure 1c), where an inner shell is formed by selectively 

depositing metal atoms on the inner surfaces of a preformed hollow nanostructure as the seed. By 

adjusting the thickness of inner shell, the LSPR peaks of final products can be efficiently turned. 

Notably, during the course of LSPR tuning, the outer diameter and external shape of the hollow 

nanostructures remain unchanged. In a recent work by our group,1 ~48 nm Ag@Ag-Au shell@shell 

nanocages were synthesized through selective deposition of Ag atoms onto the inner surfaces of 

preformed Ag-Au nanocages (Figure 4f). The thickness of the inner Ag shell can be conveniently 

tuned in the range of 0-10.0 nm by controlling the amount of Ag adatoms. As the thickness of inner 

Ag shell was increased, the color of the Ag@Ag-Au nanocage suspensions also changed 

dramatically. A distinct color change from cyan to blue, violet, magenta, red, orange, and yellow 

could be distinguished by the naked eye (Figure 4g). As shown by Figure 4h, the major LSPR 

peaks of corresponding Ag@Ag-Au nanocage samples continuously blue shifted from ~695 nm to 

~475 nm. 

 

4. APPLICATIONS 

PHNs with carefully engineered internal structures have been extensively used in various 
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technologically important applications. In this section, we highlight their applications in 

biosensing and photocatalysis, where the emphasis is placed on structure-performance relationship. 

Since GRR-based synthetic methods are more versatile than those non-GRR based methods in 

terms of controlling the internal structure of PHNs, in the following we primarily focus on 

examples of PHNs that are prepared by GRR-based methods. 

4.1. Application in Biosensing 

In biosensing applications, plasmonic nanostructures are often used as labels or signal 

transducers, which provide optical signals to reflect the amount of biomarkers in a sample. In many 

biosensing platforms, PHNs offer superior performance relative to their solid counterparts owing 

to their superior plasmonic properties. 

One of the commonly used biosensing technologies is lateral flow assay (LFA, Figure 5a), 

which offers rapid tests at low costs.106,123-126 In most commercial LFAs, spherical Au nanoparticles 

(Au NPs, which typically have a diameter of ~40 nm and a major LSPR peak at ~530 nm) are used 

as labels.127-130 However, the detection sensitivity of conventional Au NP-based LFA is relatively 

low, primarily due to the limited plasmonic activity of Au NPs. In a recent study, Ag-Au nanocages 

were developed and used as alternative labels to improve the sensitivity of LFA.2 Those Ag-Au 

nanocages had a thick wall of 17.6 nm that consisted of five consecutive Ag-Au alloyed layers 

(Figure 5b). As shown by Figure 5c, the nanocages had a major LSPR peak located at ~551 nm 

and displayed a red color, similar to those of 40 nm Au NPs. Significantly, the LSPR extinction of 

these nanocages was found to be 10 times larger than that of 40 nm Au NPs, resulting in a much 

more intense red color for these nanocages compared to Au NPs. Using human prostate-specific 

antigen (PSA) as a model biomarker, the nanocages-based LFA offered a low limit of detection 

(LOD) of 0.1 ng/mL (Figure 5d). In comparison, the LOD of conventional Au NP-based LFA was 

determined to be ~1.0 ng/mL. This considerable improvement in detection sensitivity can be 

ascribed to the superior plasmonic activity of the nanocages relative to Au NPs given that all other 

components of the two LFAs (e.g., antibodies and materials of test strip) were kept the same. 

In another biosensing system (Figure 6a),1 Ag@Ag-Au shell@shell nanocages were used 

as colorimetric labels for the detection of human carcinoembryonic antigen (CEA, a cancer 

biomarker). Briefly, CEA in a sample is specifically captured by antibodies conjugated with 

alkaline phosphatase (ALP, an enzyme that can catalyze the formation of ascorbic acid). When 

incubated with solutions containing AgNO3 (a precursor to Ag) and Ag-Au nanocages, the formed 
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ascorbic acid as a reducing agent could activate the selective growth of Ag towards the inner 

surfaces of the nanocages, resulting in the formation of Ag@Ag-Au shell@shell nanocages. The 

thickness of inner Ag shell is determined by the amount of ascorbic acid yielded in the reaction 

solution, which is correlated to the concentration of CEA in a sample. The Ag@Ag-Au nanocages 

of various Ag shell thicknesses displayed different colors that could be visualized by the naked eye 

(for semi-quantitative analysis) or quantified by a UV-vis spectrophotometer (for quantitative 

analysis). By referring to the blank of 0 ng/mL CEA (cyan color), the naked-eye LOD was about 

2 ng/mL (Figure 6b). Quantitative analysis based on the shift of major LSPR peaks offered a lower 

LOD at 0.14 ng/mL (Figure 6c,d). This LOD was ~3-fold lower than the LOD of conventional 

ALP-based enzyme-linked immunosorbent assay (ELISA) that used the same antibodies and 

similar assay procedures. The outstanding performance of this biosensing system relies on the 

sensitive LSPR peak shift as a response to the change of the thickness of inner Ag shell. When the 

same amount of Ag was grown on solid nanoparticles such as Au nanospheres and nanorods, the 

shift of LSPR peaks was not as sensitive as in the case of growing Ag inside a nanocage (Figure 

6e). These experimental observations were consistent with calculation results based on finite-

difference time-domain (FDTD) simulations. 

 

4.2. Application in Photocatalysis 

With the increase of energy demand and environmental pollution, the harvesting of clean 

and sustainable solar energy has been extensively studied over the years.131 Photocatalysis is 

designed to produce solar fuels such as hydrogen through a water-splitting process, where PHNs 

are promising candidates due to their unique plasmonic and structural properties. 

PHNs are usually coupled with semiconductor particles or layers on the surface when used 

as photocatalysts. There are many benefits from the coupling of PHNs and semiconductors. For 

instance, the introduction of PHNs can extend the absorption spectrum of the photocatalysts to 

broader visible region of solar light.132,133 Plasmonic metals can trigger the generation of additional 

electron-hole pairs in the semiconductor interface through a plasma-induced resonance energy 

transfer (PRET) mechanism,68-73 thus improving the photocatalytic efficiency. Moreover, the 

hollow structures of PHNs endow photocatalysts with unique and useful characteristics: the hollow 

interiors produce light scattering and hence facilitate light harvesting;29 The thin shells of PHNs 

reduce the transport distance of charge carriers, thereby minimizing the energy loss by reducing 
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the charge recombination during transportation; PHNs possess high specific surface areas which 

increase the number of active sites and thus catalytic performance; The shells of PHNs separate 

the external space and the internal voids so that the two half-reactions are spatially separated.31,134 

Most abovementioned benefits of photocatalysts made of PHN-semiconductor composites 

have a strong dependence on the internal structures of PHNs. As such, engineering the internal 

structure of a PHN represents a powerful approach to optimize the efficiency of photocatalysis. 

For example, in a recent work by Yue et al.,69 Au-Ag hollow nanoparticles (HNPs) with different 

internal void sizes in the range of 35-20 nm (Figure 7a) were synthesized through a synthetic 

strategy based on GRR and co-reduction. Photocatalysts for H2 evolution were prepared by 

coupling the Au-Ag HNPs with titanium oxide (TiO2, P25). As shown by Figure 7b, major LSPR 

peaks of the Au-Ag HNPs blue shifted from 713 nm to 490 nm as the void size decreased from 35 

to 20 nm. The photocatalysis results (Figure 7c) showed that all the Au-Ag HNP/P25 composites 

displayed higher photocatalytic activities under full spectrum illumination than pure P25. The 

improvement of photocatalytic performance by Au-Ag HNPs was believed to arise from the hot 

spots generated by electromagnetic fields. Notably, a maximal photocatalytic activity was 

observed with an Au-Ag HNP that had a moderate void size (sample ii in Figure 7a). This is mainly 

because this HNP has a complete shell and can yield a stronger electromagnetic field to promote 

charge separation. As the void of HNP increased (e.g., sample i in Figure 7a), pores in the shell 

present, which reduced the electromagnetic field strength and thus the photocatalytic activity. As 

the void of HNP decreased (e.g., samples iii and iv in Figure 7a), the interaction between the sphere 

and cavity plasmon weakened and this further weakened the electromagnetic field. This study 

clearly demonstrates the photocatalytic activity of PHNs is closely related to their internal structure. 

 

5. CONCLUSIONS 

In this perspective, we provide a comprehensive discussion on engineering the internal 

structure of plasmonic hollow nanostructures (PHNs) for enhanced plasmonic properties. Most of 

the PHNs were synthesized via the galvanic replacement reaction (GRR)-based methods. To 

construct highly diverse internal structures of the PHNs, GRRs are often combined with other 

mechanisms such as co-reduction, template regeneration, Kirkendall effect, and regulation of 

reduction potential. There are several key parameters of internal structure that are directly 

correlated to the plasmonic properties of PHNs, including the morphology of internal void, 
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elemental composition of walls, wall thickness, and inner shell structure. Precise control over these 

parameters yields PHNs with superior extinction intensities and a wide LSPR peak tuning range, 

facilitating their applications in various applications such as biosensing and photocatalysis. 

Despite the current progress in engineering the internal structures of PHNs, there are still 

challenges and opportunities in this field. Examples include: i) Controlling the crystallinity of 

walls of PHNs. Crystallinity of PHNs may influence their performance in certain applications, 

especially in catalysis.135,136 Currently, due to the self-templating nature of galvanic replacement 

reactions, the crystallinity of resultant PHNs cannot be fully controlled. Especially, when the two 

metals involved in a GRR have a large lattice mismatch, the hollow nanostructures as products 

tend to have a polycrystalline structure with randomly distributed defects in the walls.39 It is 

meaningful to explore effective approaches for controlling the crystallinity of PHNs in the future; 

ii) Improving the uniformity of PHNs. Good uniformity, in terms of morphology, structure, and 

elemental composition, is critical to ensure reliable and consistent performance of PHNs in certain 

applications. In particular, it is challenging to achieve uniform internal structures for PHNs 

produced in different batches of synthesis. This is primarily because controlling the internal 

structure requires careful manipulations of various thermodynamic and kinetic parameters during 

a synthesis. A slight variation in experimental conditions can lead to significantly different internal 

structures; iii) Enhancing the stability of PHNs. In some applications (e.g., those rely on laser 

irradiations), PHNs experience extremely high temperatures and may subject to morphological 

changes. To maintain their structures and plasmonic properties, it is vital to enhance the thermal 

stability of PHNs. Incorporating a thermally stable metal (e.g., Pt, Ru, Rh, and Ir) into PHNs may 

enhance the stability.137-141 Moreover, PHNs may tend to aggregate when stored in solution phase 

for a long period of time. It is of significance to select appropriate colloidal stabilizers to improve 

the long-term stability; iv) Scaling up the synthesis. Currently, most syntheses of PHNs with 

complex structures remain at the laboratory scale, wherein each step is carefully and precisely 

controlled. Scaling up the synthesis without compromising the quality and uniformity of PHNs is 

necessary for industrial applications. Recent efforts on continuous flow synthesis based on droplets 

may open a new avenue for scaling up the production of PHNs.142-145 We hope this paper will 

inspire new basic and applied research in the field of plasmonic nanostructures in the future. 
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Figure 1. Schematics showing different galvanic replacement reaction (GRR)-based methods for 

the synthesis of plasmonic hollow nanostructures. a) conventional GRR between template of metal 

A with ions of metal B (By+), which generates A-B alloyed nanocage; b) the coupling of GRR with 

co-reduction; and c) the coupling of GRR with template regeneration. a) and c) are adapted with 

permission from ref 2. Copyright 2020 American Chemical Society. 
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Figure 2. Plasmonic hollow nanostructures with different void morphologies (i.e., size and shape). 

a-c) Transmission electron microscopy (TEM) images of a) 27 nm, b) 68 nm, and c) 113 nm Ag-

Au nanocages; d) Corresponding LSPR extinction spectra recorded from the samples in a-c); e) 

TEM image and UV-vis-NIR spectrum of a typical Au hollow nanorod sample. The 100 nm scale 

bar applies to the TEM image; f) Application of the Au hollow nanorods in biomedical imaging 

and therapy. a-d) are adapted with permission from ref 1. Copyright 2021 American Chemical 

Society. e, f) are adapted with permission from ref 97. Copyright 2018 American Chemical Society. 
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Figure 3. Ag-Au nanocages with different wall thicknesses. a) A schematic and corresponding 

TEM images of individual [Ag-Au]O-n cages. As indicated by the arrows in the schematic, the wall 

thickness increases toward outer surface of the cage while the internal void size remains unchanged; 

b) A schematic and corresponding TEM images of individual [Ag-Au]I-n cages. The wall thickness 

increases toward inner surface of the cage while the outer diameter remains unchanged; c) 

Normalized LSPR peaks corresponding to the samples in a); d) Normalized LSPR peaks 

corresponding to the samples in b). The scale bar in a) applies to all TEM images. Adapted with 

permission from ref 114. Copyright 2023 The Royal Society of Chemistry. 
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Figure 4. Plasmonic hollow nanostructures with various inner shells. a-d) Field-emission scanning 

electron microscopy (FE-SEM) images of a) Pt nanoframe, and b-d) Au double-walled nanoframes 

with two face-to-face segregated walls; e) Corresponding UV-vis-NIR spectra of samples in a-d). 

f) Schematics showing the growth of consecutive Ag shells on the inner surfaces of preformed Ag-

Au nanocages, forming Ag@Ag-Au shell@shell cages; g) Photographs taken from aqueous 

suspensions of Ag@Ag-Au cages with different inner Ag shell thicknesses in the range of 0-10.0 

nm; h) Corresponding UV-vis spectra recorded from the samples in g). a-e) are reprinted with 

permission from ref 60. Copyright 2023 American Chemical Society. f-h) are reprinted with 

permission from ref 1. Copyright 2021 American Chemical Society. 
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Figure 5. Application of Ag-Au nanocages in lateral flow assay (LFA). a) Principles of LFAs for 

PSA detection using Ag-Au nanocages with five consecutive Ag-Au alloyed layers in the wall 

([Ag-Au]5 cages) and Au NPs as labels, respectively; b) Energy-dispersive X-ray (EDX) mapping 

images of an individual [Ag-Au]5 cage; c) LSPR spectra comparing the extinction intensities of 

the [Ag-Au]5 cages and 40 nm Au NPs at the same particle concentration; d) Representative 

photographs taken from the [Ag-Au]5 cage- and Au NP-based LFAs for PSA standards. The 

asterisks (*) indicate the detection limits by the naked eyes. Adapted with permission from ref 2. 

Copyright 2020 American Chemical Society.  
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Figure 6. A biosensing platform based on Ag@Ag-Au shell@shell nanocages for detection of 

CEA. a) Schematics showing the detection principle. ALP: alkaline phosphatase; AA-P: L-ascorbic 

acid 2-phosphate; DHA: L-dehydroascorbic acid; b) Representative photographs taken from the 

detection results of CEA standards; c) LSPR extinction spectra of the solution shown in b); d) 

Linear range region of the biosensing system. Error bars indicate the standard deviations (n = 6); 

e) Comparison of major LSPR peaks (λmax) of different nanocrystals that were prepared by 

depositing the same amount of Ag atoms on preformed hollow Ag-Au nanocages (blue; note, Ag 

was deposited on inner surfaces), solid Au nanospheres (magenta), and solid Au nanorods (red). 

Reprinted with permission from ref 1. Copyright 2021 American Chemical Society. 
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Figure 7. Application of Au-Ag hollow nanoparticles (HNPs) in photocatalysis for H2 evolution. 

a) TEM images of four different Au-Ag HNPs with void sizes in the descending order of (i), (ii), 

(iii), and (iv); b) UV-vis spectra and photographs taken from the samples in a); c) Photocatalytic 

H2 evolution rates in 25 vol% methanol for pure P25 TiO2 and Au-Ag HNPs/P25 composites under 

full spectrum and visible light irradiations. Adapted with permission from ref 69. Copyright 2020 

Elsevier. 


