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Abstract 

Plasmon-enhanced photocatalysis has emerged as a promising technology for solar-to-

chemical energy conversion. Compared to isolated or disordered metal nanostructures, by 

controlling the morphology, composition, size, spacing, and dispersion of individual 

nanocomponents, plasmonic nanostructure arrays with coupling architectures yield strong 

broadband light-harvesting capability, efficient charge transfer, enhanced local electromagnetic 

fields, and large contact interfaces. Although metallic nanostructure arrays have been 

extensively studied for various applications, such as refractive index sensing, surface-enhanced 

spectroscopy, plasmon-enhanced luminescence, plasmon nanolasing, and perfect light 

absorption, the connection between surface plasmon resonance (SPR) and enhanced 

photocatalysis remains relatively unexplored. In this study, we present an overview of 

plasmonic nanostructure arrays over a broad range, from zero-dimensional (0D) to three-

dimensional (3D), for efficient photocatalysis. By reviewing the fundamental mechanisms, 

recent applications, and latest developments of plasmonic nanostructure arrays in solar-driven 

chemical conversion, this study reports on the latest guidance towards the integration of 

plasmonic nanostructures for functional devices in the fields of plasmonic, photonics, 

photodetection, and solar-energy harvesting. 
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1. Introduction

With the rapid development of the global economy, energy shortages and environmental 

pollution have emerged as considerable challenges for mankind. Solar energy is a globally 
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distributed energy source and is advantageous in term of its high regional universality, 

cleanliness, and sustainability. In recent decades, photocatalysis has materialized as a 

promising research approach for exploring the conversion of solar energy into chemical energy, 

such as hydrogen generation, organic pollutant degradation, and photosynthesis.[1–10] The 

photocatalytic performance of semiconductors relies heavily on two factors: light absorption 

and charge-carrier generation/separation/transport processes.[11,12] However, limited light 

absorption and rapid charge recombination are two common bottlenecks in this field.[13–16] In 

particular, semiconductors with wide bandgaps (>3 eV) such as TiO2 can only absorb 

ultraviolet (UV) light; thus, the energy corresponding to the visible and infrared (IR) regions 

remain unutilized, which account for 42% and 54% of the solar energy, respectively. 

        Recently, plasmonic metal nanomaterials have been introduced into solar-energy 

conversion systems, such as photovoltaics (solar cells), phototherapy, and solar-driven 

reactions. Plasmonic nanostructures exhibit strong and unique optical responses and can 

interact with incident photons via surface plasmon resonance (SPR) excitation. This resonance 

process is beneficial for photocatalysis, such as efficient light-harvesting in the visible and 

near-infrared ranges, hot electron–hole pair generation, enhanced scattering, hot-electron 

injection (HEI), local electromagnetic-field enhancement (LEMF), plasmon-induced resonant 

energy transfer (PIRET), and photothermal heating effects.[17–27] In several studies, hot 

electrons were generated either via localized surface plasmon resonance (LSPR) in free-

standing individual nanostructures, such as metal nanoparticles and nanorods),[17,28–32] or 

through surface plasmon polaritons (SPPs) in continuous patterned metal nanostructures.[33–37] 

        Among the various plasmonic nanostructures, arrays-structure have drawn great interest 

owing to their large surface-to-volume ratio, tunable nanoscale features, distinctive optical 

performance, high regularity, and high electrical conductivity. Their optical properties are 

mainly dependent on the size, shape, and periodicity of their structures.[8,36,38] Under resonance 

conditions, plasmons can efficiently couple light into nanostructures, confining it within the 

diffraction limit. In addition to the basic yet prominent SPR effects, such as LSPR and SPPs, 

plasmonic nanostructure arrays are advantageous for producing and tuning plasmonic modes 

such as extraordinary transmission, Fabry–Pérot (F–P) cavity mode, surface lattice resonance 

(SLR), plasmonic gap mode, and Fano resonance.[38–40] Moreover, owing to the ordered spatial 

arrangement of plasmonic nanostructure arrays, the processes of electrochemical reactions in 

each unit cell are optimally separated from the neighboring parts, thereby suppressing possible 

reverse processes.[41–43] Accordingly, plasmonic nanostructure arrays exhibit a superior 

performance in the conversion of solar energy into chemical energy, for example, in H2 

generation, photocatalysis, and photosynthesis. 

        To the best of our knowledge, the related prior review articles on metallic plasmonic arrays 

have primarily focused on applications such as refractive index sensors, surface-enhanced 

spectroscopy, plasmon-enhanced luminescence, nanoscale plasmon lasing, and energy storage 

devices.[38,40,44–47] Additionally, in the field of solar energy conversion, extensive reviews have 

generally reported on semiconductor nanostructure arrays or plasmon-mediated semiconductor 
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structures; however, metallic nanostructure arrays have remained largely unexplored.[18,48–54] 

Hence, a detailed discussion of the connection between the SPR effects of metallic 

nanostructure arrays and enhanced photocatalysis is still lacking in the literature. In this review, 

we characterized the enhanced photocatalytic performance of plasmonic nanostructure arrays 

for a broad range of structural designs aiming at formulating updated guidelines for solar 

energy conversion. First, we reviewed various light-management mechanisms and fabrication 

methods for nanostructure arrays. Plasmonic nanostructure arrays are categorized into zero-

dimensional (0D) and three-dimensional (3D) structures (refer to Figure 1). Subsequently, we 

presented the working principles and relationship between plasmonic nanostructure arrays and 

solar-energy conversion performance. In particular, comprehensive studies have reported on 

key processes (e.g., LSPR, SPPs, and other coupled-resonance modes) that play major roles in 

solar energy capture and conversion. Moreover, we illustrated the perspectives of plasmonic 

nanostructure arrays for converting solar energy into chemical energy, such as water splitting, 

photocatalysis, and photodegradation. Finally, we identified future directions of plasmonic 

nanostructure arrays and drew conclusions based on our findings, as presented herein. 

 
Figure 1. Classification of plasmonic nanostructure arrays as zero-dimensional (0D), one-dimensional (1D), two-

dimensional (2D), and three-dimensional (3D) arrays. Various light-management mechanisms in nanostructure 

arrays: (a) localized surface plasmon resonance (LSPR) effect, (b) surface plasmon polaritons (SPPs) mode on 

the surface of plasmonic arrays, (c) Fabry–Pérot (F–P) cavity mode generated through metal–dielectric–metal 

three-layer structures, (d) surface lattice resonance (SLR) mode generated via ordered plasmonic arrays, (e) gap 

mode generated in the nanogap between a metal particle and a metal film, and (f) Fano resonance induced by the 

interaction between a narrow discrete state and broad continuum. 

 

2. Resonance modes in plasmonic nanostructure arrays 

SPR is the resonant oscillation of the conduction electrons in metallic nanostructures.[55–58] This 
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oscillation can be activated through external electromagnetic (EM) radiation, whose frequency 

matches the natural resonant frequency of the conduction electrons residing on the metal 

surface. SPR can be categorized into two fundamental and distinct forms: LSPR and SPPs. 

LSPR is the non-propagating collective oscillation of surface electrons in metallic 

nanostructures with dimensions smaller than the wavelength of the incident light. In contrast, 

SPPs represent propagating charge oscillations along the interfaces between metals and 

dielectrics. SPPs cannot be excited solely through free-space radiation—prism couplers or 

grating couplers are required to impart additional momentum, thereby satisfying the 

momentum-matching condition.[38,52,59] By controlling the morphology and structural 

parameters of the nanoarchitecture, the coupling and interaction of LSPR and SPPs modes can 

result in other plasmon modes, such as the F–P cavity mode, SLR mode, gap plasmon mode, 

and Fano resonance mode. 

2.1 Localized surface plasmon resonance (LSPR) 

LSPR is a surface phenomenon generated through metal nanoparticles, in which electrons 

oscillate collectively in resonance with the incident light (Figure 1a). The electric field 

surrounding the localized plasmons is amplified by several orders of magnitude, and the 

intensity decays exponentially with distance. These resonances generate sharp optical 

absorption or scattering as well as strong EM fields. The corresponding scattering cross section 

(Csca) and absorption cross section (Cabs) are expressed as[57,60] 
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where k (= 2π/λ) represents the wave vector of the incident light, r and εm denote the radius and 

dielectric function of the nanoparticle, respectively, and εd symbolizes the dielectric constant 

of the surrounding environment. At the minimum |εm + 2εd|, Csca and Cabs attain their maximum 

values, thereby causing sharp absorption and scattering peaks in the LSPR spectrum of the 

nanoparticle. 

        Equations (1) and (2) clearly suggest that the absorption is proportional to r3 and that the 

scattering is proportional to r6. As the sum of absorption and scattering, the extinction is 

dominated by the scattering effect for large nanoparticles and by the absorption effect for small 

nanoparticles.[39] In addition, LSPR is greatly influenced by the size and composition of the 

nanoparticles as well as the dielectric constant of the surrounding environment. 

2.2 Propagating surface plasmon polaritons (SPPs) 

SPPs are evanescent electromagnetic (EM) surface waves that propagate at an extended 

continuous metal-dielectric interface (Figure 1b). In accordance with Maxwell’s equations, the 

SPPs dispersion relation (Kspp) can be expressed as[57,61] 
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where εm denotes the dielectric function of the metal and εd indicates the dielectric constant of 

the surrounding environment. The nonlinear nature of SPPs results in a momentum mismatch 

between the incident light and SPPs, which can be overcome if[38] 

 0m d + =  (4) 

Generally, momentum mismatch is compensated through adopting prism coupling, grating 

coupling, and near-field coupling, which grant additional momentum to the light.[62–64] In 

particular, the penetration depth of an EM field in a dielectric is usually greater than that in a 

metal, which is more prominent at longer wavelengths.[65] 

2.3 Fabry–Pérot (F–P) cavity mode 

Generally, F–P cavity modes occur in thin films comprising two metallic mirrors separated by 

an optically transparent dielectric medium (refer to Figure 1c), in which constructive 

interference of EM waves may occur in the dielectric cavity.[40,66] When the propagation 

direction of the incident light is perpendicular to the resonator planes, the wavelength of the 

Nth mode (λN) can be calculated as [67] 
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where nd indicates the real part of the refractive index of the dielectric coating, d denotes the 

thickness of the dielectric between the two gold mirrors, and δ represents the increased cavity 

length owing to the reflection phase. Notably, the resonance wavelength of the F–P cavity is 

highly dependent on the cavity thickness. 

        Furthermore, the effective cavity mode volume (Vmode) is another critical parameter of 

optical resonators, representing the EM field trapped in the F–P cavity. This parameter is 

defined as the ratio of the total stored EM energy to the maximum EM energy density, as 

follows[68,69]: 
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where ε(𝑟) indicates the dielectric constant and E(𝑟) symbolizes the electric field strength. The 

F–P resonance can manipulate the electric field distribution and may generate a strong electric 

field inside the cavity. Therefore, when photoactive materials are placed inside the F–P cavity, 

their absorption is modulated via the F–P resonance effect.[70] 

2.4 Surface lattice resonance (SLR) mode 

SLR is the enhanced interaction in periodic nanoparticle arrays through near-field coupling and 

far-field coupling (refer to Figure 1d), which originates from LSPR coupling with diffractive 

waves of the array.[71,72] SLR, alternatively named the collective resonance, suppresses the 

radiative damping of plasmonic resonance. The quality and linewidth of the SLR can be tuned 

over the UV-vis-NIR spectrum by varying the array period, arrangement, particle size, material, 

position, size disorder, and the surrounding refractive environment.  

        The method of coupled-dipole approximation effectively illustrates the properties of SLR. 

Each metal nanoparticle is considered a dipole with 𝑃⃗⃗i  = α  𝐸⃗⃗i , where α  denotes the 
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polarizability of the  th particle and 𝐸⃗⃗  indicates the corresponding local field. Notably, the αiof 

each metal particle can be considered identical for infinite plasmonic arrays. The effective 

polarizability (αeff) and extinction cross-section (Cext) of each particle in the arrays are 

expressed as[72,73] 
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where αs indicates the polarizability of an isolated metal particle, S represents the sum of the 

dipoles retarded from other particles, Nidenotes the number of particles, and k symbolizes the 

wavenumber of the incident light. The intriguing phenomenon of redistribution of the EM field 

is associated with an incident wave through diffractive coupling from ordered plasmonic arrays, 

causing the field to concentrate near the plane of the array. Compared to the optical absorption 

attributed to the LSPR effect of a single nanoparticle, the SLR from nanoparticle arrays exhibits 

a narrower optical spectrum and a stronger local field. Considering SLR’s advantageousness, 

this mode is favorable for ultrasensitive sensing applications, new metamaterials, improved 

photovoltaic cells, and highly efficient photocatalysis. 

2.5 Gap plasmon mode 

Surface plasmons that confine a high EM energy within a nanogap between neighboring 

metallic nanostructures are defined as gap plasmons (refer to Figure 1e). In this structure, near-

field coupling is dominant, confining the EM field through the high localization of light energy 

into a compact space.[74–76] Compared with a single nanoparticle, the resonance wavelength of 

the nanoparticle in the gap mode exhibits a redshift in the presence of an adjacent metal 

nanostructure, thereby weakening the restoring force acting on the electrons of the 

structure.[74,77] If the space layer is extremely thin (typically < 8 nm), then the gap plasmon is 

considerably intense owing to strong light confinement.[38] Because the EM field strength of 

the gap plasmon decreases with an increase in the thickness of the spacer layer, fine control of 

the distance is crucial for manipulating the gap mode. Additionally, unlike the LSPR mode, in 

which the EM field decays exponentially with distance, the gap mode causes the EM energy to 

oscillate between the magnetic and electric counterparts inside the gap, rendering an 

approximately uniform EM field intensity over the entire gap.[38] Therefore, the high 

enhancement of the plasmon intensity in the gap mode is beneficial for energy transfer, sensing, 

and solar energy harvesting. 

2.6 Fano resonance mode 

The Fano resonance originates from quantum interference phenomena, which exhibit a narrow 

asymmetric spectral shape with resonant suppression and enhancement induced by the 

interaction between a narrow discrete state and a broad continuum (refer to Figure 1f). This 

phenomenon was observed in plasmonic nanostructures with symmetry breaking or clusters of 

plasmonic nanoparticles.[40,78–81] In this process, the suppression and enhancement of resonance 

are induced by the destructive or constructive interference of the two modes, respectively. The 
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absorption spectrum shape of the Fano resonance is given by[82] 
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indicates the resonance energy). Hence, the resulting shape of the absorption spectrum of the 

Fano resonance describes the superposition of the two modes. Owing to the narrow bandwidth 

and enhanced near-field of Fano resonance, light is efficiently confined at the desired frequency. 

In particular, this mode has been applied to plasmonic sensors, lasing, medicine, metamaterials, 

and optoelectronic devices.[82–85] 

3. Nanostructure designs and fabrication methods 

Generally, nanostructures are categorized into four groups: zero-dimensional (0D; such as 

nanodots, nanoparticles, and nanocubes), one-dimensional (1D; such as nanowires, nanorods, 

and nanoneedles), two-dimensional (2D; such as nanosheets and patterned surfaces), and three-

dimensional (3D; such as nanocones and nanopillars) nanostructures.[86,87] Accordingly, 

ordered nanostructure arrays are classified into four types (0D, 1D, 2D, and 3D nanostructure 

arrays) based on the morphology of the individual nanostructure, as illustrated in Figure 1. 

Herein, we present the design and fabrication method of each group separately, and 

subsequently, explore their applications in solar-to-chemical energy conversion. 

        Photolithography, implemented with photomasks, is the most widely used technique in 

the nanoscale fabrication industry to form exposure patterns. However, this technology is 

limited in terms of its low resolution resulting from its diffraction-limited resolution 

(approximately λ/2, where λ indicates the wavelength). Consequently, the fabrication of 

metallic plasmonic arrays with high-quality nanoscale features is a difficult task.[38] New 

nanofabrication techniques have been developed to overcome these challenges, including self-

assembly colloidal lithography, nanoimprint lithography, and anodic aluminum oxide (AAO) 

template-based lithography. Essentially, an ideal nanofabrication technique should grant 

adequate flexibility for tailoring the nanostructure size and shape at a low cost, high throughput, 

and high resolution. 

3.1 Nanosphere lithography 

The nanosphere lithographic method, based on self-assembled colloidal spheres, is an 

alternative strategy for generating periodic nanostructures without complex equipment. As 

presented in Figure 2 (a–c), spherical colloids are transferred to close-packed structure patterns 

through capillary forces during the process. By using etched self-assembled colloidal spheres 

as templates or masks, a wide range of 2D arrays of nano-objects (e.g., triangular particles, 

nanodots, nanoholes, nanodisks, nano bowls, hollow spheres/shells, nanorings) and 3D 

nanostructures (e.g., cones, pyramids, and pillars) can be fabricated onto substrates[44] via 

reactive ion etching (RIE), electron beam irradiation, thermal/e-beam deposition, sputtering 
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deposition, atomic layer deposition (ALD), and pulsed laser deposition (PLD). The 

morphology and arrangement of the nanostructure can be easily regulated by altering the bead 

size and etching process. However, this method generally produces nanostructures in 

hexagonal arrangements, which are inherited from hexagonal colloidal sphere arrays in 

accordance with the principle of minimum energy in the self-assembly process. 

 
Figure 2. Schemes of lithography techniques for the fabrication of metallic plasmonic arrays. (a) Self-assembly 

of colloidal particle structures to form a hexagonal close-packed array.[88] Fabrication of (b) Au nanodisk, 

nanohole, Reproduced with permission.[89] Copyright 2014, American Chemical Society. and (c) nanocone arrays. 

Reproduced with permission.[90] Copyright 2013, American Chemical Society. (d) Conventional nanoimprint 

lithography (NIL): thermal NIL, ultraviolet NIL, and replication performance. Reproduced with permission.[91] 

Copyright 2021, Springer Nature. Fabrication procedures for large-area (e) nanohole arrays, Reproduced with 

permission.[92] Copyright 2011, American Chemical Society. (f) nanopillar arrays, Reproduced with permission.[93] 

Copyright 2012, American Chemical Society. and (g) Au pillar/truncated pyramid arrays. Reproduced with 

permission.[94] Copyright 2017, American Chemical Society.AAO template is used to fabricate (h) nanodot arrays, 

Reproduced with permission.[95] Copyright 2019, Springer Nature. (i) nanohole arrays, Reproduced with 

permission.[96] Copyright 2013, Royal Society of Chemistry. (j) nanowire arrays,[97] and (k) nanotube arrays. 
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Reproduced with permission.[98] Copyright 2010, American Chemical Society. 

3.2 Nanoimprint lithography 

Nanoimprint lithography (NIL) is a promising approach for mechanically pressing a 

prefabricated stamp with a designed pattern onto various substrates, owing to its ease-of-use 

and accessible resolutions below 10 nm.[99,100] This technique, first proposed by Chou’s 

group[101,102], is considered the most promising fabrication technology for high-throughput 

patterning of nanostructures owing to its merits in terms of low cost, large-area fabrication, and 

high fidelity. As presented in Figure 2 (d), two subsequent nanoimprint processes are 

commonly employed: thermal NIL and UV NIL.[91,103] In this process, a stamp (or mold) with 

a specific pattern is mechanically pressed into the coated imprint fluid on a substrate, and the 

pattern is transferred into the imprint fluid. After thermal curing or UV light exposure 

hardening, the stamp is removed, rendering a nanostructure pattern on the substrate. As molds 

are utilized in NIL to form nanostructures, the minimum feature size of the nanostructure 

pattern primarily depends on the feature size of the mold pattern. As depicted in Figure 2 (e-g), 

arrays of nanoholes, nanopillars, and pillars/truncated pyramids can be fabricated using this 

method. 

3.3 Template-directed techniques 

AAO templates and ultrathin alumina membranes (UTAM) were fabricated by metal 

anodization in acidic solutions to form periodic metal oxide nanopores.[104,105] They are widely 

used as templates to assist in nanopatterning. Template-directed techniques are advantageous 

in terms of low cost, high resolution, a high aspect ratio, and optimal repeatability. However, 

the geometry and layout of the nanostructures are limited by the structural parameters of the 

AAO template and brittleness of the operating process.[38,106] Reportedly, the AAO template 

allows for easy manipulation of the pore diameter (Dpi= 20 – 400 nm), interpore distance (D nt 

= 60 – 500 nm), pore density (ρ = 108–1010 cm−2), and pore shape by simply controlling the 

electrochemical conditions, such as electrolytes and voltages, or by adopting a prepatterned 

aluminum substrate.[96,107,108] The detailed procedure is illustrated in Figure 2 (h). This 

technique has been applied to fabricate a wide range of nanostructure arrays, ranging from 0D 

to 3D configurations, such as nanodot arrays, nanohole arrays, nanopillar arrays, and nanotube 

arrays.[41,49,109,110] 

Table 1 summarizes and compares the different fabrication techniques presented in this 

section. Each technique has its advantages and challenges. As plasmon modes are highly 

dependent on the nanoarchitecture, selecting the proper fabrication technique is essential for 

generating and modulating the geometry and optical properties. 

 

Table 1. Summary and comparison of different fabrication techniques in terms of feature sizes, advantages, 

challenges, and nanostructure arrays. 

 

Fabrication 

method 

Minimum 

feature size 
Advantages Challenges Nanostructure arrays Dimension 

Nanosphere 

lithography 

Sub-100 nm 
[111] 

Flexible, low 

cost, and 

extremely high 

throughput 

Inevitable defects 

Nanoparticle,[112] triangular 

particle,[113] nanohole,[114–116] 

nanodisk,[89] nanobowl,[117,118] 

nanoring,[119] half-shell,[120] 

0D 

2D 

3D 
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nanocone,[35,90] and 

nanopyramids[121,122] 

Nanoimprint 

lithography 

Sub-10 nm 
[123–125] 

High throughput 
Morphology limited 

by stamp 

Nanodot,[126]  nanosphere,[127] 

nanohole,[92,128] nanoring,[129] and 

nanopillar[93]  

0D  

2D 

3D 

Template-

directed 

techniques 

5 nm 
[130,131] 

High throughput 

Difficult to generate 

long-range–ordered 

periodic nano-array 

patterns 

Nanodot,[95,132,133] nanoparticle,[134,135] 

nanowire,[97,136–138] nanomesh,[96,139] 

nanohole,[140]nanotube, [98] 

and 3D nanostructure[94,141] 

0D 

1D 

2D 

3D 

4. Applications of solar-to-chemical energy conversion  

4.1 Mechanisms of SPR-enhanced photocatalysis 

The plasmonic metal nanostructures feature resonant excitation of plasmons and an intensive 

local EM field near the surface, which are attributed to the SPR effect. By cooperating with 

semiconductor photocatalysts, plasmonic metal nanostructures exhibit enhanced light trapping 

and an EM field at the metal–semiconductor interface. Figure 3 plots the time evolution of the 

plasmon decay process and different mechanisms of plasmonic nanostructures coupled with 

semiconductors. During the plasmon decay process, intense local EM fields near the surface of 

metal nanostructures interact with semiconductors through either (a) local electromagnetic 

field enhancement (LEMF) or (b) plasmon-induced resonant energy transfer (PIRET).[26,52] 

Moreover, the excited surface plasmons decay either radiatively through the re-emission of 

photons or non-radiatively by transferring energy to hot electrons and holes. In the radiative 

process, the incident light can be partially scattered into the semiconductor via (c) the light-

scattering mechanism, thereby increasing the optical path length. In the non-radiative process, 

the hot carriers redistribute their energy through electron–electron scattering (100 fs–1 ps), 

electron–phonon scattering (1 ps–10 ps), and phonon–phonon scattering (100 ps–10 ns) 

processes.[23,142,143] During the aforementioned decay processes, the hot carriers are transferred 

to semiconductors via (d) HEI, competing with electron relaxation on time scales of hundreds 

of femtoseconds. Alternatively, the hot carriers may relax by locally heating the nanostructure 

via (e) the plasmonic heating effect. Table 2 summarizes the features of the five different 

mechanisms for plasmonic nanostructures coupled with semiconductors. 
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Figure 3. Plasmon decay process and the different mechanisms for plasmonic nanostructure coupled with 

semiconductors comprising (a) local electromagnetic field enhancement (LEMF), (b) plasmon-induced resonant 

energy transfer (PIRET), (c) light scattering, (d) hot-electron injection (HEI), and (e) photothermal heating effect. 

 

Table 2. Summary of plasmonic nanostructure coupled with semiconductors. 

Mechanisms Feature Role 

LEMF 

Near-field effect; larger SPR energy than 

the band gap or intraband gap of 

semiconductors. 

Enhances the charge-carrier formation rate of 

semiconductors. 

PIRET 

Non-radiative energy-transfer mechanism; 

absorption spectral overlap of SPR and 

semiconductor. 

Realizes the upward energy transfer.[26] 

Scattering 

Far-field effect; larger SPR energy than 

the band gap or intraband gap of 

semiconductor. 

Lengthens the light pathway within the 

semiconductor; enhances the charge-carrier 

formation rate of semiconductors. 

HEI 

Short lifetime of excited carriers, intimate 

contact between metal and semiconductor; 

higher hot-electron energy than the 

Schottky barrier.  

Extends the absorption range of 

semiconductors. 

Photothermal 

heating effects 

Increased temperature of the surrounding 

medium owing to the thermal equilibrium 

of lattice phonons; 

more efficient in small nanostructures. 

Utilized for thermal activation of chemical 

reactions. 

 

Owing to the strong correlation between the EM field and hot electron-based plasmonic 

enhancement, the localized EM field can be amplified to boost the hot electron-mediated 

catalytic efficiency. Plasmonic “hot spots” are areas with highly inhomogeneous and 
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significantly enhanced EM fields in sharp corners, tips, or gaps between nanostructures 

separated by a few nanometers.[144][145] Research has revealed that the local EM field near the 

hot-spot region can yield multiplied or exponential enhancement, which can drastically 

increase the probability of generation and collection of hot electrons.[146] Additionally, Govorov 

eti al. modeled the generation of plasmonic hot carriers based on quantum theory; they 

concluded that the scattering of electrons through nanocrystal surfaces and hot spots can impart 

more high-energy hot electrons.[145,147–151] In particular, the generation rate of high-energy hot 

electrons capable of crossing the Schottky barrier was theoretically formulated using different 

degrees of approximation. This rate is formulated as the following integral:[148] 
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where  denotes the photon frequency, Eb indicates the barrier height, EF represents the Fermi 

level of the metal, Enormal(⋅) symbolizes the normal component of the internal electric field 

near the metal nanocrystal surface, and the integral is calculated over the entire surface S. The 

increased generation rates of energetic electrons are attributed to the classical plasmon 

enhancement effect and quantum phenomenon corresponding to the non-conservative linear 

momentum of electrons in the confined system[152], which is favorable for photocatalytic 

applications. 

4.2 Applications of plasmonic nanostructure arrays in photocatalysis 

4.2.1 0D nanostructure arrays 

Metal nanoparticles facilitate LSPR excitation via coherent oscillations of free electrons. The 

tunable optical response can be tailored by changing the size, shape, and material of 

nanostructures.[153,154] LSPR can lead to large local EM-field enhancements in deep sub-

wavelength volumes, and their near fields can couple and further confine the field when the 

nanoparticles are in close proximity.[155–157] Compared to individual or disordered nanoparticles, 

metal nanoparticle arrays with spacings comparable to the wavelength of light can generate 

large field enhancements and high-quality resonances by leveraging short- and long-range 

interactions.[46,158] 

        Kim etial. prepared size-controllable Au nanodot arrays using a direct contact printing 

method to investigate the size effect of Au nanodots on water photoelectrolysis.[126] The 

schematic illustrations in Figure 4 (a–d) depict the entire fabrication process of the TiO2-coated 

Au nanodot arrays. As illustrated in Figure 4 (e), with a decrease in the size of the Au nanodot, 

the LSPR peak energy (ELSPR) increases, whereas the LSPR linewidth (Γ) decreases, leading 

to a larger local field enhancement and a higher quality factor Q (= ELSPR/Γ). Consequently, the 

photoelectrocatalytic (PEC) water-splitting reaction is more efficient because of the generation 

of a greater number of charge carriers. The Faradaic efficiencies of the TiO2-coated 50-nm Au 

nanodot and 50-nm Au nanodot arrays are 94.9% and 92.8%, respectively, indicating that most 

of the photo-induced charge carriers on the Au nanodots participated in the water splitting 

reaction. The hydrogen production rate of the TiO2-coated 50-nm Au nanodot array is 
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approximately five times higher than that of the uncoated ones, as demonstrated in Figure 4 (f). 

        With regard to the core/shell structure of metal/semiconductor contacts, metallic 

nanostructured cores or shells can introduce SPR effects into the relevant devices; thus, the 

collection of generated charge carriers can be enhanced based on this introduction.[109] Zhan eti

al. established an ideal model system to exclusively study the effect of nanoparticle height on 

the SPR property in ordered plasmonic metallic nanoparticle arrays (Ag and Au).[134] Scanning 

electron microscopic (SEM) images of uniform Au nanoparticle arrays coated with a TiO2 shell 

(thickness of ~ 22 nm) are shown in Figure 4 (g). As observed in the UV-vis-NIR extinction 

spectra in Figure 4 (h), the major SPR peaks (dipole mode) of the Ag nanoparticle arrays exhibit 

an obvious peak-narrowing effect and a continuous blue shift with increasing height. In 

comparison, three types of higher-order multipole SPR modes (quadrupole at ∼510 nm, 

octupole at ∼460 nm, and hexadecapole mode at ∼350 nm) exhibit a gradual increase from 

zero to strengthening. With a further increase in the height from 75 to 155 nm, the peak intensity 

of the multipole modes increases considerably, whereas the peak of the dipole SPR mode 

exhibits minor changes in its position, intensity, and width. As demonstrated by the 

photocurrent responses of Ag@TiO2 in Figure 4 (i), the photocurrents rise with the height of 

Ag nanoparticles, and the photoocurrent of Ag (155 nm) @TiO2 approaches approximately 90 

μA cm−2, which is approximately 40 times higher than that of pure TiO2 samples. Furthermore, 

systematic research revealed that multipole SPR modes significantly contribute to 

photocarriers, and in particular, the SPR parameters (position, intensity, mode, etc.) of metallic 

nanoparticle arrays can be tuned in broad UV-vis-NIR regions by changing the heights. 

        Moreover, Zhan etial. reported an approach to enhance the SPR performance of ordered 

plasmonic Ag nanoparticle arrays by accurately controlling the thickness of the coated TiO2 

shells, in which dipole and quadrupole SPR modes were manipulated to coincide with each 

other.[159] The fabricated highly ordered Ag nanoparticle arrays are illustrated in Figures 4 (j) 

and (k). Additionally, the variations in the dipole and quadrupole SPR modes of the Ag@TiO2 

nanocapsule structures are displayed in Figure 4 (l): the quadrupole SPR mode overlaps with 

the dipole mode. As presented in Figure 4 (m), the Ag@TiO2 nanocapsule structures exhibit a 

significantly higher photocurrent response than the bare TiO2 layers. Observably, the Ag@TiO2 

nanostructure with a shell thickness of 25 nm exhibits the best performance, and its 

photocurrent can reach 83 µA cm−2, which is ~38 times higher than that of the same TiO2 layer. 

This indicates that the degeneracy of the dipole and quadrupole SPR modes of ordered Ag 

nanoparticle arrays can be controlled by adjusting the thickness of TiO2, which induces 

enhanced plasmon-mediated LEMF and HEI effects and enhances the generation of photo-

induced charge carriers for solar energy conversion. Similarly, a self-assembled bilayer film 

fabricated by Sun etial. yielded optimal behavior using an Au@ZnO core–shell nanoparticle 

(NP) array with a 25-nm shell thickness. This fabrication demonstrated a synergistic effect 

when the plasmatic NPs core acted as the visible light absorber and the semiconductor shell as 

the photocatalyst.[160] 

        To characterize the lateral coupling effect between neighboring nanoparticles, Wu etial. 

fabricated hexagonal close-packed Au/TiO2 nanocrystal arrays (NCAs) with highly ordered 

periodicity and uniformity.[112] Figure 4 (n) depicts an SEM image of the ordered periodicity 

of the Au NCAs, with the Au particles located in the middle of the honeycomb SiO2 walls. The 

normalized measured scattering spectra of the NCAs obtained via far-field optical spectroscopy 
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are displayed in Figure 4 (o). TheiλLSPR of bare Au NCAs is approximately 575 nm, whereas 

the Au/TiO2 NCAs exhibit two λLSPR peaks because they are encircled partly by TiO2 and SiO2. 

As shown in Figure 4 (p), the hydrogen production of the Au/TiO2 NCAs is significantly higher 

than that of the randomly distributed Au/TiO2 nanocomposites. By increasing the Au core, as 

presented in Figure 4 (q), the H2 production efficiency of the Au core (110 nm)/TiO2 NCAs is 

higher than that of the Au core(100 nm)/TiO2 NCAs. Moreover, the corresponding mapping of 

the cross-section near-fields in Figures 3 (r) and (s) reveals that the electric field of the Au 

core/TiO2 NCAs is enhanced at interfaces along all directions, and the lateral coupling 

increases in strength when the Au core is enlarged with the spacing remains unchanged. Owing 

to the highly ordered periodicity, both the enhanced electric field and lateral coupling in 

Au/TiO2 NCAs contributed to the higher photocatalytic activity in this work. Furthermore, 

Lei’s group fabricated a library of Au NP superlattices comprising two or three subsets of NPs 

that exhibited multiple plasmonic resonances by systematically tuning the size and height of 

each subset of NPs. By embedding the Au NP superlattice in the photoanodes, a large 

improvement of approximately 260% was achieved compared to that of the bare film 

reference.[161] 

 

 
Figure 4 (a-d) Fabrication process of TiO2-coated Au nanodot arrays. (e) Dependences of the LSPR linewidth and 

quality factor (Q = ELSPR/Γ) on the LSPR peak energy as obtained from the UV-vis measurements. (f) Hydrogen 
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production rate and Faradaic efficiency after light irradiation for 1 h. Reproduced with permission.[126] Copyright 

2014, American Chemical Society. (g) Top-view SEM images of Au nanoparticle arrays after the coating of a thin 

shell of TiO2 with a thickness of ∼22 nm via ALD. (h) Experimental UV-vis-NIR extinction spectra of Ag 

nanoparticle arrays deposited onto ITO-coated glasses with heights of about 25, 35, 55, 75, and 155 nm. (i) 

Photocurrent responses of Ag samples to the repeated on/off cycles of AM 1.5 light illumination. Reproduced with 

permission.[134] Copyright 2015, American Chemical Society. (j) Perspective and (k) top-view SEM images of 

ordered and uniform Ag nanoparticle arrays fabricated using the ultrathin alumina membrane (UTAM) technique. 

(l) Variation of dipole and quadrupole SPR modes of Ag@TiO2 nanocapsule structures with different TiO2 shell 

thicknesses. (m) Photocurrent responses of Ag@TiO2 nanocapsule structures and the same TiO2 layers on ITO 

substrates under the illumination of a chopped AM 1.5 light. Reproduced with permission.[159] Copyright 2015, 

John Wiley & Sons, Inc. (n) Top-view SEM images of the hexagonal close-packed nanocrystal arrays (NCAs). (o) 

Measured scattering spectra of the Au NCSs with 100-nm Au and the Au/TiO2 NCAs with 10-nm TiO2. (p) 

Amounts of hydrogen produced by the Au/TiO2 NCAs and randomly distributed Au/TiO2 nanoparticles under 

visible light irradiation. Inset is the SEM image of randomly distributed Au/TiO2 nanoparticles. (q) Amounts of 

hydrogen produced by the Au/TiO2 NCAs with the same thickness (10 nm) of TiO2 but larger Au core (110 nm) 

under visible light irradiation. Inset is the SEM image of 110-nm Au core /TiO2 NCAs. The mapping of cross-

section near-fields for NCAs of (r) Au core (100 nm)/TiO2 and (s) Au core (110 nm)/TiO2 partially immersed in 

SiO2 simulated through finite-difference time-domain (FDTD). Reproduced with permission.[112] Copyright 2016, 

Elsevier. 

 

      In addition to the direct interaction with semiconductors, nanoparticle arrays have a 

diffraction mode that couples with the LSPR of individual nanoparticles to support SLRs. Deng 

etial. reported strongly coupled bimetallic core–shell nanoparticle arrays that showed excellent 

PEC activity for hydrogen evolution reactions (HER).[162] Cu−Pt nanoparticle lattices were 

fabricated by combining top-down lithography and solution-based chemistry, as shown in 

Figure 5 (a). The experimental transmission spectra of the Cu@Pt nanoparticle lattices and the 

spectral ranges of the different wavelengths are illustrated in Figure 5 (b). Blue, orange, and 

IR illumination lights were utilized to probe the contributions of Cu interband transition, 

localized surface plasmons (LSPs), and SLRs, respectively. As presented in Figure 5 (c), the 

Cu nanoparticle lattices under IR wavelengths exhibit a reaction rate higher than that under 

blue or orange light, and the corresponding slope of the catalytic activity is approximately twice 

that under orange light, indicating a stronger enhancement of activity from the SLRs. In 

comparison, the Cu@Pt nanoparticle lattices depicted in Figure 5 (e) exhibit an even higher 

catalytic activity enhancement, which is attributed to stronger light absorption and more intense 

EM fields, considering that the Pt nanoparticle lattices exhibit a weak dependence on light 

wavelengths, as presented in Figure 5 (d). In particular, the SLRs from the bimetallic core–

shell nanoparticle lattices generated higher near-field intensities and stronger light absorption 

than the LSPs, which further enhanced the plasmonic PEC activity. Notably, the scalable and 

tunable core–shell nanoparticle lattices would provide a promising platform for boosting PEC 

processes in cavities by controlling both resonant energy and chemical reactivity, thereby 

enabling exquisite manipulation of the coupling strength of light–matter interactions at the 

nanoscale.  

 



16 

 

 
Figure 5 (a) Fabrication scheme of Cu@Pt nanoparticle lattices based on Cu nanoparticle lattices. RT = room 

temperature. (b) Experimental transmission spectra of Cu@Pt nanoparticle lattices and spectral ranges of different 

illumination lights. Current density vs. light intensity of (c) Cu nanoparticles, (d) Pt nanoparticles, and (e) Cu@Pt 

nanoparticle lattices with a bias potential of −0.2 V vs. RHE. Reproduced with permission.[162] Copyright 2021, 

American Chemical Society. 

 

4.2.2 1D nanostructure arrays 

The large surface area and efficient charge conduction in 1D metallic nanostructure arrays 

greatly facilitate PEC reactions. In this regard, Lee etial. designed a plasmonic water-splitting 

cell in which the aligned gold nanorods were capped with TiO2 to form a Schottky metal–

semiconductor interface.[163] A schematic of the fabrication of the Au/TiO2 nanostructures and 

working cell is shown in Figures 6 (a) and (b). High-resolution transmission electron 

micrographs (TEM) of a typical Au nanorod after TiO2 deposition and Co-OEC 

electrodeposition are illustrated in Figure 6 (c). The photocurrent versus time plot in Figure 6 

(d) demonstrates that the photocurrents are significantly enhanced under visible light 

illumination compared to those under UV illumination. As depicted in Figure 6 (e), two 

pronounced LSPR peaks are observed at 508 and 610 nm under visible light, corresponding to 

the transverse and longitudinal modes of plasmonic excitations in the assembly, respectively. 

Furthermore, the photocurrent action spectra accurately tracked the two surface plasmon 

extinction bands, indicating that the visible-light response of the device arose from the surface 

plasmon excitations in the Au nanorods. Reportedly[164–167], the wavelength of the longitudinal 

mode resonance in the nanorod arrays was strongly dependent on the aspect ratio and 

interspacing distance of the nanorods. In particular, the interspacing distance in the nanorod 

arrays was sufficiently short for strong coupling between the nanorods, resulting in a blue shift 

of the higher-energy absorption peak compared to the isolated longitudinal mode.[168,169] Under 

illumination, 95% of the effective charge carriers derived from the surface plasmon decayed 

into hot electrons, and the Faradaic efficiency of the process approached ∼80% in ∼25 min 

(refer to Figure 6f).   
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        Considering to the large surface area and attractive surface plasmon decay of Au nanorods, 

Lee etial. designed an autonomous solar water-splitting device, as presented in Figure 6 (g–

i).[170] A cobalt-based oxygen evolution catalyst was deposited on the transverse surface of the 

nanorods, and Pt-decorated TiO2 was deposited at the end of the nanorods. In their device, TiO2 

acted as an electron filter as well as a support for the Pt nanoparticles, which acted as HER 

catalysts. The H2 production rate of the device is plotted in Figure 6 (j). Under UV-dominated 

illumination (310 < λ < 520 nm), the H2 production rate was only 0.2 mmol h-1 g-1. By 

comparison, the H2 production rate of the device was ~1.14 mmol h-1 g-1 under the visible light 

illumination, and this value more than doubled to 2.8 mmol h-1 g-1 under the full solar spectrum. 

The efficiency of this autonomous solar water-splitting device, which was based on the Au 

nanorod array, was attributed to the excited hot electrons from the surface plasmons in the 

nanostructured Au. 

 
Figure 6. (a) Schematic of the fabrication of Au/TiO2 nanostructures on an ITO-coated glass. (b) Schematic of 

the working cell in which only the plasmonic anode is exposed to light. (c) TEM images of a composite plasmonic 

photoanode (Co–OEC/AuNR/TiO2) structure (AuNR indicates the Au nanorod). Two distinct areas are observed 

with the E-beam-deposited TiO2 on the top of the nanorod (green arrow) and electrochemically deposited Co-

OEC layer residing directly on the Au surface (red arrow). Higher magnification images reveal that no Co–OEC 

was deposited onto the TiO2, and electrochemical deposition of Co-OEC occurred exclusively on the bare AuNR 

surfaces. (d) Photocurrent density of the AuNR/TiO2 with Co-OEC layer. (e) Photocurrent action spectrum (blue) 

of Co–OEC/AuNR/TiO2 shows a large responsivity, whose peaks coincide with the UV−vis absorption spectrum 

(red). (f) Measured hydrogen production, measured photocurrent, and calculated photocurrent of the HER as a 

function of time. Reproduced with permission.[163] Copyright 2012, American Chemical Society. (g) Schematic of 

the cross-section of an individual photosynthetic unit, presenting the inner Au nanorod and TiO2 cap decorated 

with platinum nanoparticles. (h) Corresponding TEM (left) and enlarged views of the platinum/TiO2 cap (top right) 
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and Co-–OEC (bottom right). (i) Energy level diagram superimposed on the schematic of an individual unit of the 

plasmonic solar water splitter, showing the proposed processes in various parts. (j) Hydrogen evolution under 

visible-light illumination (λ > 410 nm) as a function of time. Experiments were conducted in a 6-h cycle. 

Illuminated area: 0.28 cm2. Reproduced with permission. [170] Copyright 2013, Springer Nature. 

 

In addition, plasmonic 1D nanostructures with longitudinal heterojunctions featuring 

multiple segments in the longitudinal direction were investigated. Wang eti al. reported a 

programmable photocatalyst based on multi-segmented CdS–Au NRAs (nanorod arrays) with 

a sequential and highly tunable configuration, as shown in Figures 7 (a) and (b).[171] The 

absorption spectra in Figure 7 (c) indicate that the CdS–Au–CdS NRAs possess a relatively 

higher absorption in the entire visible region owing to the combined SPR effects of each Au 

nano-unit. Moreover, the SPR of the Au segments leads to enhanced EM fields, which can also 

increase the spatial separation distance of the photogenerated electron–hole pairs in the 

adjacent CdS segment, thereby effectively suppressing the recombination of the electron–hole 

pairs. Because the plasmonic resonance peak of the Au segment overlaps with the absorption 

of the CdS segment, the energy in localized plasmonic oscillations can be non-radiatively 

transferred from an Au segment to its adjacent CdS segment, leading to the generation of more 

electron–hole pairs in CdS. As presented in Figure 7 (d), the photocurrent is 3.94 mA/cm2 for 

the CdS–Au–CdS nanorod arrays (NRAs) at 0 V (vs. Ag/AgCl), which is more than twice that 

of pure CdS nanowire arrays (NWAs) with a similar length. Figure 6 (e) depicts another 

impressive example proposed by Wang eti al., in which the nanobamboo array (NBAs) 

architecture of ZnS–Ag–CdS–Au–CdSe was fabricated.[172] Figures 7 (f) and (g) portray a clear 

decrease in photoluminescence upon the introduction of Au and Ag segments into the ZnS–

CdS–CdSe NBAs. Further analysis reveals that the ZnS–Ag–CdS–Au–CdSe NBAs possess a 

shorter decay lifetime, indicating a faster interfacial electron transfer in the structure. The 

interfacial photo-induced charge transfer (PICT) processes in the ZnS–Ag–CdS–Au–CdSe 

nanobamboo are displayed in Figures 7 (h). These results demonstrate that the plasmonic metal 

segments interposed between semiconductor segments can acts as intermediate electron relays 

and channels, effectively prolonging the carrier lifetime while facilitating charge transport in 

the photoelectrode. 

      On a macroscopic level, longitudinal heterojunction 1D nanostructure arrays can be used 

as essential components in large-scale energy conversion devices. Owing to the devisable 

cooperation of the unique physical and chemical properties of each component, these smart 

architectures exhibit excellent synergistic performance in enhancing the solar-to-chemical 

energy conversion efficiency. 
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Figure 7. SEM images of (a) the side view of CdS–Au–CdS nanorod arrays (NRAs) and (b) pure CdS NRAs. (c) 

Absorption spectra of the pure CdS NRAs and the CdS–Au–CdS NRAs. (d) Linear sweep voltammogram curves 

of the pure CdS NRAs and CdS–Au–CdS NRAs in an aqueous solution of 0.2 M Na2S/1 M Na2SO3 and potentials 

from −0.6 to 0 V (vs. Ag/AgCl), under the simulated AM 1.5 G illumination of 100 mW/cm2. Reproduced with 

permission.[171] Copyright 2014, John Wiley & Sons, Inc. (e) SEM images of the side views of the ZnS–Ag–CdS–

Au–CdSe nanobamboo arrays (NBAs). Photoluminescence images of (f) ZnS–CdS–CdSe NBAs and (g) ZnS–

Ag–CdS–Au–CdSe NBAs obtained via a streak camera. The vertical axis is the wavelength (400–640 nm), and 

the horizontal axis denotes the time (≈90-ns window). (h) Schematic illustration of the interfacial photo-induced 

charge transfer (PICT) processes in the heterostructure of ZnS–Ag–CdS–Au–CdSe nanobamboo. Reproduced 

with permission.[172] Copyright 2015, John Wiley & Sons, Inc. 

 

4.2.3 2D nanostructure arrays 

In 2D nanostructure arrays, coupling properties are analyzed by varying the horizontal distance 

between adjacent individual nanostructures and combining them with semiconductors in 

different configurations. As presented in Figure 8 (a), an ordered plasmonic Au nanohole array 

was prepared through nanosphere lithography on an FTO substrate, followed by the growth of 

hematite nanorods inside the hole regions.[173] The absorption spectra in Figure 8 (b) indicates 

increased absorption over the entire spectral range for the hematite nanorods after combining 

with the Au nanohole array. By extracting the hematite background from the hematite/nanohole 

array sample, an absorption peak is manifested at approximately 650 nm. In particular, an 

intense local field gradient is crucial for enhancing the carrier lifetime in hematite. As revealed 

by the current density trends in Figure 8 (c), an enhancement factor as high as 10 is achieved 

by the hematite nanorod/gold nanohole array pattern with respect to that for bare hematite. The 

enhancement could be further quantified using mode-solver calculations for the hematite 

nanorods. Moreover, the waveguiding efficiency results in Figure 8 (d) reveal that the 

enhancement peak (425 nm) in the incident photon-to-electron efficiency (IPCE) spectrum is 

attributed to the SPPs, which launched a guided optical mode in the nanorod and increased 

light absorption at energies above the band edge of hematite. In contrast, the second 

enhancement peak in the IPCE is attributed to the PIRET effect at wavelengths below the band 
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edge of hematite. Consequently, photonic (13-time enhancement at 425 nm) and plasmonic 

energy-transfer enhancement (18-time enhancement at 650 nm) are achieved. Zhan eti al. 

described a strategy based on the construction of a bare plasmonic bowtie array to 

quantitatively determine coupled photoelectronic (excited carriers) and photothermal 

effects.[174] The plasmonic electrode exhibited two typical plasmon resonances attributed to the 

LSPR of the bowtie and SPPs effect of the periodic array. Notably, the photocurrent 

enhancement produced by the Au nanoelectrode array was ~40 times higher than that of a 

smooth Au film. 

        Considering the structural configurations, forming core–shell metal-semiconductor 

nanostructures is a promising strategy for achieving a desirable plasmonic coupling effect.[157] 

To investigate the coupling effect in a size-controllable Au nanohole array (AuNHA), Zhang’s 

group presented a nanocomposite Pt/TiO2/AuNHA (refer to Figure 8 (e)).[140] In this 

nanocomposite, the Pt nanoparticles deposited onto the TiO2 surface act as electron sinks, 

thereby enhancing the transfer efficiency of hot electrons. Figure 8 (f) displays the mechanisms 

of excitation and transfer of charge carriers in the Pt/TiO2/AuNHA structure under visible light 

irradiation. Further analysis reveals that AuNHA excites both SPPs and LSPR modes in a single 

thin film, and the coupling effects of the two modes are improved by increasing the hole 

diameter during the same period. As presented in Figure 8 (g), the Pt/TiO2/AuNHA samples 

show a notable enhancement within the wavelength range of 400−800 nm compared to that of 

the Pt/TiO2/Au film. Particularly, the Pt/TiO2/AuNHA(D90) sample exhibits a maximum 

efficiency of 0.5% at a peak of ~575 nm, which is 14.7 times that of the Pt/TiO2/Au film. 

Another core–shell structure, based on Cu2O/Cu half-shell (HS) arrays, exhibited excellent 

visible/NIR photocatalysis because of the efficient excitation of the LSPR effect of Cu and the 

combination of HEI, LEMF, and PIRET.[120] The reaction rates with Cu2O/CuHS(224) were 84 

times faster than those with the Cu2O/Cu plate. 
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Figure 8 (a) Growth of the hematite nanorod array on the Au nanohole array. (b) UV–visible absorption spectra 

of the hematite nanorods and the Au nanohole array pattern. The insets show the pictures of photoanodes. (c) J–

V curves under the illumination of AM 1.5 G full-spectrum solar light with a power density of 100 mW cm−2. (d) 

Experimental IPCE characterized by the waveguiding efficiency and local field enhancement. Reproduced with 

permission.[173] Copyright 2013, John Wiley & Sons, Inc. (e) Layer structure of the Pt/TiO2/AuNHA 

nanocomposite on the FTO glass. Considering a bottom-to-top configuration, this nanocomposite possesses an 

AuNHA layer (thickness: 60 nm), a TiO2 thin film (thickness: 15 nm), and randomly dispersed Pt nanoparticles. 

(f) Energy band diagram of the Pt/TiO2/AuNHA nanocomposite. (g) IPCE results as a function of wavelength for 

the Pt/TiO2/AuNHA nanocomposites and control sample Pt/TiO2/Au film. Reproduced with permission.[140] 

Copyright 2022, American Chemical Society. (h) Schematic of the AuNHA/TiO2/Au metal–dielectric–metal 

(MDM) absorber. (i) Photocurrent density of the absorbers as a function of the TiO2 thickness, in which 30, 40, 

50, 55, and 70 nm represent the thicknesses of the TiO2 film. T70 represents the structure of bare TiO2 film with 

a thickness of 70 nm. (j) The IPCE spectra and absorption spectra of the MDM structures with the optimized TiO2 

thickness (55 nm). All the photocurrents and IPCEs were measured under the bias voltage of 0.5 V vs. SCE. 

Reproduced with permission.[116] Copyright 2021, Royal Society of Chemistry. 

 

Another accessible approach involves adopting multi-interfacial plasmonic coupling 

using semiconductor photocatalysts as spacers to design a metal–dielectric–metal (MDM) 

structure.[175,176] Zhang’s group proposed the use of multiple plasmonic resonant modes and 

strong horizontal/vertical coupling using a nanohole-based MDM nanocavity, as presented in 

Figure 8 (h).[116] Unlike common MDM structures, in addition to the F–P cavity mode in the 

dielectric layer, the top layer of AuNHA is unique—it excites the LSPR mode in the Au 

nanoholes and launches the gap surface plasmon polariton (GSPP) mode on the Au reflector 



22 

 

surface. Under the strong coupling condition, the energies of the three resonant modes can be 

exchanged coherently. As illustrated in Figures 8 (i) and (j), the spatial field overlapping of the 

three resonance modes enables strong mode coupling by optimizing the TiO2 thickness to 55 

nm, thereby leading to a notably enhanced average IPCE (∼1.5%) and broadband photocurrent 

(170 μA·cm−2). Moreover, a similar structure was reported using the Au nanodisk 

array/hematite/Au film structure.[177] This approach yielded an approximately 2-fold increase 

over the hematite bandgap, resulting from the enhanced scattering and back reflection, and a 

6-fold increase in the water oxidation photocurrent below the hematite bandgap, resulting from 

the plasmon decay of the gap-plasmon resonances in Au nanostructures and subsequent 

generation of hot carriers. 

4.2.4 3D nanostructure arrays 

To broaden the optical region of the plasmonic effects and the light-trapping region, 3D 

nanostructure arrays were considered to maximize their complementary absorption range. 

Isotropic configuration, achieved by completely coating metals with semiconductors, is an 

effective method for achieving optimized coupling effects between plasmonic metals and 

semiconductors. In this regard, Yang eti al. reported an ultrathin hematite nanopillar array 

patterned on pre-synthesized Au nanopillars, as presented in Figure 9 (a).[93] As observed in the 

absorption spectra in Figure 9 (b), the Fe2O3 layer on the Au nanopillar arrays exhibits a large 

increase in the peaks at 624 and 681 nm with respect to those of the bare Fe2O3 film; this result 

is in good agreement matching with the measured IPCE enhancement spectrum. Additionally, 

the peaks at the same wavelengths coincide with the simulated absorption of Au nanopillars. 

Furthermore, the simulated electric-field maps, as displayed in Figure 9 (c), indicate that the 

plasmonic resonances at 624 and 681 nm exhibit characteristic evanescent field patterns near 

the Fe2O3–Au interfaces and light trapping at a non-resonant wavelength (451 nm), which 

synergistically yielded the enhancement in a broader spectral range. Similarly, Xu eti al. 

fabricated an assembled CdS/Au pillar/truncated pyramid (PTP) photoanode by adopting a 

tunable three-dimensional Au PTP array as a plasmonic coupler, which exhibited a superior 

optical absorption of ~95% over a wide wavelength range.[94] Figures 9 (d) and (e) present the 

SEM images of the Au PTP array and CdS/Au PTP array coated with a 90-nm CdS film. As 

revealed by the measured spectrally resolved IPCE in Figure 9 (f), the CdS/Au PTP array shows 

a substantial IPCE enhancement over the wavelength range of 300−600 nm, compared with 

that of the CdS/Au plane and CdS/Au pillars. Further analyses of the simulated absorption and 

electric field distributions conclusively demonstrated that the significant IPCE enhancement is 

attributed to the SPR effects and photonic resonance modes in the Au PTPs, in which the SPR 

modes are dominant in the longer wavelength range of >450 nm and photonic modes contribute 

primarily to the shorter wavelength range of <450 nm. Furthermore, research based on 

antenna/spacer/reflector, such as moth-eye patterned Au/TiO2 gap-plasmon structure[178] and 

Au/BiVO4/WO3/Au nanopatterned photoanodes[179], have reported extraordinary enhancement, 

which was attributed to the strong light–matter interaction from the photonic structure and the 

multiple resonance peaks from the randomly dispersed AuNPs. Furthermore, the strong EM 

field from the gap plasmon effect in the spacer, resulting from the coupling interaction between 

the reflector and antenna, facilitates charge separation and transport in the semiconductor. 
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Figure 9. (a) Schematical diagram of the Au nanopillars. Inset: photograph of a 1.5 × 1.5 cm2 sample uniformly 

patterned with Au nanopillars; a penny is also displayed to indicate the size. (b) Simulated optical absorption and 

(c) electric field-distribution maps of the Fe2O3 layer on the Au nanopillar arrays; these maps were obtained via 

the FDTD method. Reproduced with permission.[93] Copyright 2012, American Chemical Society. SEM images 

of (d) the Au PTP array and (e) CdS/Au PTP array coated with a 90-nm CdS film. (f) Simulated absorption spectra 

of the top (180 nm) and bottom (180 nm) sections of the Au PTPs and pillars. Reproduced with permission.[94] 

Copyright 2017, American Chemical Society. (g) Schematic diagram of Janus heteronanostructures (HNs). (h) 

SEM image of a typical TiO2−Au Janus HNs. FDTD-simulated electric field (|E/E0|) distributions for the TiO2−Au 

Janus HNs at (i) 370 nm and (j) 540 nm. (k) IPCE spectra of the TiO2–Au Janus HNs and TiO2 nanotubes (NTs) 

over the wavelength range of 300−800 nm with no external bias. Reproduced with permission.[141] Copyright 2018, 

American Chemical Society. 

 

Moreover, 3D nanostructure arrays with anisotropic configurations were investigated by 

partially integrating the metal and semiconductor structures at selected locations. The exposed 

domains of the metal and semiconductor facilitate charge-carrier transfer for redox reactions. 

Wen etial. developed an array of programmable Janus heteronanostructures (HNs) based on 

AAO binary pore templates.[141] A schematic diagram and SEM image of the TiO2–Au Janus 

HNs are depicted in Figures 9 (g) and (h), respectively. In combination with the upgraded two-

step anodization, the synthesis yielded high degrees of freedom for both nanocomponents of 

the Janus HNs, including morphologies, compositions, dimensions, and interfacial junctions. 

The finite-difference time-domain (FDTD) simulated electric-field distribution (|E/E0|) at 370 

nm in Figure 9 (i) reveals that an intensive electric field at the interface of the TiO2–Au Janus 

HNs reached a large portion of the adjacent TiO2-liquid interface, thereby inducing more hot 

carriers via the PIRET effect. In contrast, the strong |E/E0| distribution at 540 nm in Figure 9 

(j) caused by the LSPR effect is mainly focused along the interface of the TiO2 NTs–Au NRs 

below the top section of the Au NRs. To further elucidate the role of the Au NRs, the IPCE 

spectra in Figure 9 (k) is considered, revealing that the TiO2–Au Janus HNs exhibit a 
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considerably higher and broader spectrum than those of TiO2, and the observed 

photoconversion is dominated by the photoactivity of TiO2 in the UV region. Furthermore, an 

IPCE spectrum is present in the visible region, with a peak of 1.21% at approximately 540 nm 

(inset of Figure 9k). Zhang eti al. designed a novel photocathode based on a TiO2/Au 

nanoring/Si nanohole (SiNH) heteronanostructure (HN).[129] The Au nanorings clinging to the 

sidewalls of the SiNH arrays not only induced a prominent enhancement of the light-harvesting 

ability but also excited vast hot electrons under light illumination. Coupled with the hotspots 

contributing to the HEI process, the maximum photon-to-energy conversion efficiency peaked 

at 13.3%. 

        These results validate that metallic 3D nanostructure arrays with isotropic or anisotropic 

configurations can not only improve the charge injection efficiency and optical path length but 

also enhance light absorption over a broad wavelength range. These features facilitate a 

controllable and scalable platform to tailor plasmonic and photonic resonances for efficient 

photocatalysis. 

        The material structures, based on plasmonic nanostructure arrays categorized from 0D to 

3D, are summarized in Table 3. The relationships between the material structure and the 

corresponding photocatalytic performance, irradiation light, electrolyte, and reaction 

enhancement are examined herein. 

 

Table 3. Nanostructure arrays-based materials for plasmonics enhancement in various photocatalytic reactions. 

 

Category Material structure 
Photocatalytic  

reaction 
Irradiation Electrolyte 

Enhancement 

performance 

Ref. 

 

0D 

TiO2-coated Au nanodots 
Photocurrent 

density 

Visible light 

(122.5 mW/cm2) 
0.1 M KOH 

~ 25 times 

 (vs. TiO2) 
[126] 

Nanoparticle arrays 

Ag@TiO2 

Photocurrent 

density 
AM 1.5 light 1 M KOH 

~ 40 times  

(vs. TiO2) 
[134] 

Nanoparticle arrays 

Ag@TiO2
 

Photocurrent 

density 
AM 1.5 light 0.1M Na2SO4 

~ 38 times  

(vs. TiO2) 
[159] 

Au/TiO2 hybrid NCAs Hydrogen 

production 

Visible light 

(150-W Xe 

lamp) 

1:4 (v/v) methanol 

/aqueous solution 

Up to 60%  

(vs. randomly 

distributed 

structure) 

[112] 

Cu@Pt core–shell 

nanoparticle lattices 

HER catalytic 

activity 

White-light 

illumination 
0.5 M Na2SO4 

up to 60% (vs. 

dark condition) 
[162] 

Au nanoparticle 

superlattices/CdS 

Photocurrent 

density 
AM 1.5 light 

Na2S/Na2S2O3 (0.2 

M/1 M)  

~ 260% (vs. bare 

CdS film) 
[161] 

Au@ZnO nanoparticle 

arrays 

Photocurrent 

density 
AM 1.5 G 

0.35 M Na2SO3/0.25 

M Na2S  

~ 12 times  

(vs. ZnO film) 

~ 20 times (vs. 

Au nanoparticle 

array) 

[160] 

1D 

Co–OEC/AuNR/TiO2 
Photocurrent 

density 
Visible light 

1 M potassium 

borate electrolyte  

~ 20 times  

(vs. UV light) 

[163] 

 

AuNR with top 

platinum/TiO2 cap and side 

Co–OEC 

Autonomous solar 

water-splitting 
Visible light 

1 M potassium 

borate electrolyte  
- [170] 

multi-segmented CdS–Au 

NRAs 

Photocurrent 

density 
AM 1.5 light 

0.2 M Na2S/1M 

Na2SO3 

linearly 

increased by 

increasing the 

[171] 
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number of 

segments 

ZnS–Ag–CdS–Au–CdSe 

NBAs 

Photocurrent 

density 
AM 1.5 light 

0.2 M Na2S/1 M 

Na2SO3 

~ 2 times (vs. 

ZnS-CdS-CdSe 

NBAs)/ 

~ 4 times (vs. 

ZnS-Au-CdS-

Ag-CdSe NBAs) 

[172] 

2D 

hematite nanorods–Au 

nanohole array 

Photocurrent 

density 
AM 1.5 light 

1 M NaOH 

 

~ 10 times (vs. 

pure hematite 

nanorods) 

[173] 

AuNHA/TiO2/Au MDM 

structure 

Photocurrent 

density 

Visible light 

(>490 nm) 

2.5 mM 

Fe2(SO4)3/10 mM 

FeSO4/0.5 M 

Na2SO4 

~ 1.26 times (vs. 

AuNHA/TiO2 

MD structure) 

[116] 

Pt/TiO2/AuNHA 

nanocomposite 

Photocurrent 

density/ 

Degradation of 

MO 

 

Visible light 

(>420 nm) 

0.5 M Na2SO4/ 

0.5 M Na2SO4/40 

μM MO 

~ 88.2 times 

 (vs. Pt/TiO2)/ 

~ 9.4 times (vs. 

Pt/TiO2/ Au film) 

[140] 

Cu2O/Cu half-shell arrays 
Degradation of 

MO 

Visible light 

(420− 1000 nm) 
MO (1.2 × 10−2 mM)  

~ 84 times (vs. 

Cu2O/Cu plate) 
[180] 

Au nanoelectrode array 
Photocurrent 

density 

Visible light 

(300 mW/cm2) 

0.2 M sodium 

sulfate aqueous 

solution 

~ 40 times  

(vs. Au film) 
[174] 

Au nanodisk arrays–

hematite–Au film 

Photocurrent 

density 

Visible light 

(400− 600 nm/ 

> 600 nm) 

1 M NaOH 

~ 2 times / 

6 times (vs. 

hematite–Au 

film) 

[177] 

3D 

Fe2O3–Au nanopillars 

Photocurrent 

density 

 

AM 1.5 light 1 M NaOH 
~ 50% (vs. 

Fe2O3-Au planar) 
[93] 

CdS/Au PTP array 

Photocurrent 

density 

 

AM 1.5 light 
Na2S/ Na2S2O3 (0.2 

M/1 M) 

~ 400% (vs. 

CdS/Au plane) 
[94] 

TiO2−Au Janus HNs 

Photocurrent 

density/ 

Hydrogen 

production 

AM 1.5 light 

0.1 M NaOH 

or 

v/v 20% methanol 

mixed solution 

~ 2.2 times (vs. 

TiO2 NTs)/ 

~ 4.6 times (vs. 

Pt/TiO2 NTs) 

[141] 

AuNP/TiO2/Au moth-eye 

structure 

Photocurrent 

density 

Full-spectrum 

light/Visible light 
0.5 M Na2SO4  

~ 1.98 times/~ 15 

times (vs. 

AuNP/TiO2/Au 

film) 

[178] 

Au/BiVO4/Au 

nanostructure 

Photocurrent 

density 
AM 1.5 light 0.5 M Na2SO4 

~ 3.23  

(vs.bare BiVO4) 
[179] 

TiO2/Au nanoring/SiNH 
Photocurrent 

density 
AM 1.5 light 0.5 M H2SO4 

~ 2.4 times (vs. 

TiO2/SiNH) & 
[181] 

&iNotipubl shedi nitheic tedipaper.iCalculatedibyitheiauthorsiofitheipresentistudy. 

5. Conclusions and perspectives 

In this overview, we discussed the fundamental plasmonic resonance and solar photocatalysis 

applications of plasmonic nanostructure arrays over a broad range from 0D to 3D. Moreover, 

the corresponding structural features, multiple resonance behavior, and ultrahigh local field 
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enhancement were extensively examined. Compared to isolated or disordered metal 

nanostructures, plasmonic nanostructure arrays exhibit unique advantages, including 

remarkably tunable absorption, enhanced local EM field, and extended hot-spot area over a 

wide spectral range. By characterizing the fundamental and optical properties for a better 

understanding of these aspects, the engineering of plasmonic nanostructure arrays will be 

accelerated for catering to technical needs and overcoming challenges, thereby emerging as a 

promising approach for practical applications. 

        However, the rational design of plasmonic nanostructure arrays for photocatalytic 

reactions remains hindered by certain challenges. These challenges are associated with the high 

cost of plasmonic materials. Studies on plasmonic nanostructure arrays have mainly focused 

on traditional plasmonic noble metals such as Au and Ag, which are unfavorable because of 

the high cost of raw materials. Recently, the use of other metals such as Cu, Ni, In, Fe, and Al, 

have emerged as cost-effective alternatives for sensing applications. The plasmonic 

nanostructure arrays in the reported studies operated predominantly in the visible and infrared 

(IR) regimes. To further extend the plasmonic response to UV and deep-UV regions, the use of 

Al, Cu, and other metals has drawn research interest owing to their large plasma frequency and 

strong local-field enhancement.[182,183] Reportedly, metal nitrides (ZrN and TiN),[184,185] 

titanium carbide, MXenes,[186] graphene, and highly doped semiconductors (Ta-doped TiO2, 

Ga-doped ZnO, Al-doped ZnO, In-doped SnO2)[187] can be used as alternatives to noble metals 

for visible-NIR responsive photocatalysis. As the SPR effects are closely associated with the 

material properties, new plasmonic materials will yield more degrees of freedom for 

nanostructure design.  

        The second challenge is the limited choice of functional semiconductor material. Studies 

report that semiconductors featuring a large bandgap generate a large open-circuit potential, 

and thus, a strong redox capacity, which is beneficial to a broad range of PEC reactions. In 

contrast, semiconductors with a small bandgap absorb a wide region of solar energy but offer 

weak redox capability. Manipulation of plasmonic nanostructure arrays with proper bandgap 

alignments of semiconductors is beneficial for solar energy harvesting, charge generation, 

separation, and transportation. Moreover, the physical parameters of metal nanostructure arrays, 

such as, work function, plasmonic band, and surface facet, and semiconductors, such as the 

position of the valance and conductive band, play a significant role in the plasmon-enhanced 

performance. In the non-radiative decay of plasmonic nanostructures, heat generation is 

associated with Ohmic losses, causing a temperature rise of tens to hundreds of degrees, 

depending on the incident power and plasmonic excitation.[188] Alternatively, in the relaxation 

process, hot charge carriers extracted from the plasmonic material can be injected into the 

semiconductor photocatalyst within 1 ps of plasmon generation to compete against electron–

electron and electron–phonon scatterings. Thus, the integration and interface of 

semiconductors with plasmonic nanostructures are prerequisites for energy (or hot carrier) 

transfer between the two components. Tailoring the parameters of different materials, 

representing a highly systematic investigation, may trigger multiple plasmonic mechanisms 
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within the same device for broadband solar absorption, thereby yielding high performances. 

        Another notable challenge involves the analysis and simulation of plasmonic 

nanostructure arrays. Generally, numerical simulations of plasmonic nanostructure arrays 

feature an initial draft design of structures, and subsequently, the solution is derived in 

accordance with Maxwell’s equations (such as FDTD simulation). Typically, several iterations 

of the design and simulation are involved. This approach is protracted and may not yield 

optimal results as it is constrained by numerous specific assumptions. In recent years, 

pioneering research on the structural design and performance prediction of plasmonic 

nanostructures has been conducted using artificial intelligence (AI) with deep learning.[189–192] 

After training thousands of synthetic experiments, the deep neural network can retrieve sub-

wavelength dimensions solely based on far-field measurements, which can screen materials 

and structures and predict performance with acceptable accuracy. 

        Overall, the rational design of plasmonic nanostructure arrays is essential for yielding an 

optimal optical response, efficient charge transfer, and enhanced EM field. Considering their 

desirable advantages, plasmonic nanostructure hold promise for future applications, 

particularly in solar photocatalysis, biochemical sensing, and photodetection. We hope that this 

review of recent developments in plasmonic nanostructure arrays will propel the advancement 

of solar-energy conversion systems, which is essential for addressing global challenges such 

as energy crisis and environmental pollution and for facilitating sustainable practices. 
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