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Abstract 

The excitation of surface plasmons (SPs), collective oscillation of conduction 

electrons in nanostructures, can redistribute photon, electron and heat energy in time 

and space. Making use of this ability, plasmon-enhanced molecular spectroscopies 

(PEMS) with ultra-high sensitivity and surface selectivity have attracted much 

attention and developed significantly in the past four decades. Recently, SPs have 

impacted the discipline of chemistry, through plasmon-mediated chemical reactions 

(PMCR). PMCR exhibit some obvious differences from, and potential advantages over 

traditional thermal-chemistry, photo-chemistry and photo-catalysis. Our 

physicochemical understanding of PMCR is still far from complete. In this review, we 

analyze the common ground and distinctive features of PEMS and PMCR; comparing 

as well, PMCR and traditional photo-chemical and thermal-chemical reactions. We 

then discuss how to advance PMCR by rationally designing and fabricating plasmonic 

nanostructures, selecting suitable surface/interface mediators and teaming them 

synergistically. 

 

Introduction 

Surface plasmons (SPs) play a critical role in the optical properties of 
nanostructured metals (Au, Ag, Cu, etc.) and heavily-doped semiconductors. They can 
even be used to reduce the commonly-encountered optical diffraction limit by 
concentrating electromagnetic radiation into spaces with subwavelength dimensions, 
enabling large local field enhancements in the vicinity of nanostructures sustaining 
localized surface plasmons (LSPs).1,2 The field studying the fundamentals and 
applications of nanostructure-based SPs is known as nanoplasmonics, which has 
expanded in the past decade or so from plasmon physics (including plasmon-enhanced 
molecular spectroscopy, sensing, plasmon heating, wave guiding, etc.) to embrace 
plasmon-mediated chemical reactions (PMCR) as well as plasmon induced chemical 
phenomena generally. 3-19  

The interface between these two applications of plasmons is not sharp, plasmon 

physics, includes PEMS (plasmon-enhanced Raman, IR and fluorescence 

spectroscopies, etc.) that have been studied since the mid-1970s.3,4 In 1981 the idea 

of using SPs to enhance chemical reactions was first proposed then experimentally 

realized two years later.20,21 At present, over four thousand publications appear 
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annually on PEMS; while several hundred papers are published annually on PMCR, as 

a reflection of the relative youth and greater complexity of the latter. The mechanisms 

of PEMS have been widely investigated, especially in the context of plasmon-enhanced 

Raman spectroscopy (PERS). By contrast our physicochemical understanding of PMCR 

is still far from complete. One of the themes we will review in this article is the extent 

to which what has been learned regarding PEMS over the past four decades may 

enlighten our understanding and development of PMCR. In its earliest incarnations 

PMCR was often studied using PERS; for example, an enhanced or accelerated 

photochemical process might have been tracked using the time evolution of the SERS 

spectra of the reaction products, excited by the same laser that induced the (enhanced) 

photochemistry.22 In such experiments the nanostructure-based plasmonic 

enhancement was exploited in two ways: enabling a strong photochemical response, 

and allowing the time-dependent concentration of the products, often produced in 

meager quantities, to be reliably measured.23-26  

Nevertheless, intimately related PEMS and PMCR also differ in crucial ways.  

Usually, there are more challenges in PMCR compared with PEMS because of the 

molecular transformation involved. For example, PEMS measurements obtain the 

better detection sensitivity when probed molecules bond to the plasmonic metal 

surface, while the over-strong bonding/adsorption causes problems for PMCR, like the 

blocking of actives sites for chemical reactions.27,28 Verifying which reaction SPs can 

mediate is not enough, the more important tasks are to fully understand the 

uniqueness of PMCR and to explore how efficiently advance the plasmonic powered 

chemical process. 

The growth and future of PMCR critically depend on the fundamental 

understanding of SPs properties and how they enable chemical reactions. In the first 

section, we discuss the basics of SPs, PEMS and PMCR, and how these processes 

function under varying conditions from the plasmonic nanostructure only to the 

plasmonic nanostructure interacting with the molecule/material with and without 

chemical reactions. Here, because most of the current work on PMCR was carried out 

on nanostructures, we pay more attention to LSPs. For the basics of PEMS, primary 

contents are focused on PERS considering its pivotal role in the PEMS history and the 

significant contributions to the PMCR study. Also, we try to describe the scientific 

intent and advantage of PMCR when compared to thermal chemistry, photochemistry 

and photocatalysis. Next, we discuss various factors which significantly affect PMCR, 

followed by the correlation of PEMS and PMCR. In the last section we discuss possible 

strategies for improving reaction efficiency, selectivity and other opportunities with 

PMCR. Throughout, we attempt to clarify the special characteristics of PMCR by 

comparing and contrasting it to PEMS and to other reaction systems, hopefully 

resulting in a relatively complete current description of PMCR. 

 

Nanostructure-based surface plasmons (SPs) 

The excitation of SPs 

Most plasmonic substrates are based on the coinage metals (Au, Ag or Cu) 

because such metallic nanostructures can support intense SPs, collective oscillating 
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modes of the conduction electrons at metal/dielectric interfaces, with resonances in 

or near the visible portion of the spectrum. The emphasis on that wavelength range 

arises from two priorities, the first is the availability of laser and lamp-based light 

sources in that wavelength range; the second is the tacit goal of being ultimately able 

to develop photochemical techniques that might be powered by sunlight. SPs are 

normally divided into two categories: (i) localized surface plasmons (LSPs, as shown in 

Figure 2), in which electrons coherently oscillate locally within and in the vicinity of a 

nanostructure and (ii) propagating SPs, surface plasmon polaritons (SPPs), in which the 

coherent electron oscillation propagates as a longitudinal wave along the metal 

surface. When SPs are resonantly excited, the plasmonic structures can concentrate 

the incident light into a spatially narrow region around the nanostructure, which 

results in electromagnetic near-field enhancement (Figure 1). The plasmonic structure 

collects photons over a region larger than its physical size (as an antenna does) 

concentrating that energy in a much smaller volume.29,30  

To understand the near-field enhancement qualitatively, a Drude model of a 

homogeneous metal nanosphere with radius (r) much smaller than the incident light 

wavelength is considered within the electrostatic approximation.31 As a consequence 

of the collective oscillation of the conduction electrons, the SPs excitation induces a 

periodic dipole in the metallic nanostructure, as follows pdip = εmαME0. Here, the 

induced dipolar pdip simultaneously depends on the relative dielectric constant of the 

surrounding medium (εm), the polarizability of the metal sphere (αM), and the 

amplitude of the uniformly incident electromagnetic field (E0). The pdip approaches 

resonance whenαM, being proportional to [εM(ω) − εm]/[εM(ω) + 2εm], maximizes at 

εM(ω) + 2εm tending to 0, where εM(ω) is a frequency-dependent complex dielectric 

function of the metal sphere. The resonant frequency ωLSPR can be obtained directly 

from the foregoing as ωLSPR = ωp/(1 + 2εm)1/2, in which ωp is the plasma frequency of 

the bulk metal.31 Likewise, the strength of the near-/local electromagnetic field Eloc 

which is in proportion with pdip can be resonantly enhanced at ωLSPR. For the coinage 

metals, the resonance condition is satisfied under visible light excitation, and the 

Im[εM(ω)] is small at the resonance frequency, resulting in their wide application in 

PEMS and PMCR. Figure 1 shows a picture of plasmon physics, in which the local field 

distribution and the extinction spectra of some typical Au nanostructures in the 

absence of molecule are presented. The electromagnetic field near the metal surface 

is redistributed at the nanoscale (Figure 1b & c), while at some locations, especially in 

the nanogap of a dimeric structure (Figure 1f), the local electromagnetic field strength 

can be significantly and controllably enhanced. Furthermore, when the plasmonic 

nanostructures touch or are close to other materials (Figure 1d & e), the 

electromagnetic field at the thus-formed interface can also be greatly enhanced, an 

essential characteristic for the wide application of PEMS and PMCR. 
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Figure 1. The classical description of SPs excitation, the optical confinement and 

spectral feature for some typical nanostructures. a, Collective oscillation of conduction 

electrons in a nanostructure induced by incident light. b-e, Electromagnetic field 

distributions (E2), and extinction spectra of some typical Au nanostructures computed 

using finite-element simulations. b, an isolated Au nanosphere with a diameter of 60 

nm in vacuum. c, a nanosphere dimer with a gap size of 2 nm in vacuum. d, a single Au 

nanosphere on a flat Si surface. e, the Au nanosphere dimer with a gap size of 2 nm on 

Si surface. The particle-substrate gap in (d) and (e) is 1 nm, E is the electromagnetic 

field, k is the wave vector of incident light. f, The local field enhancement at the mid-

point of the nanogap of Au nanosphere dimer with varied gap sizes from 2 nm to 10 

nm. 

 

The relaxation of SPs 

To easily understand the excitation and relaxation of SPs in time sequence, we 

use a single nanosphere as the model for the following discussion (Figure 2). 

Thereafter the excitation, the excited SPs in the nanostructure can be relaxed via the 

re-emission of a photon or the non-radiative paths.32 The branching ratio between 

these two decay mechanisms is determined by the radiance of the plasmon mode.33 

The main relaxation process can be separated into several components occurring on 

different time scales.34-39 In the first 1‒100 fs, the SPs dephase and excited electron‒

hole pairs are produced by Landau damping and other photon-electron interactions. 

The thus-formed excited electrons are endowed with energies ranging from the Fermi 

level Ef to Ef + ћω0, and the corresponding holes have energies from Ef − ћω0 to Ef (ω0 

refers to the incident light frequency).35 During this very short period, the electron-

hole pairs with highly non-thermal distribution decay either through the re-emission 

of photons or the multiplication of carriers via electron-electron interactions. That is, 

the photonic energy is converted into electronic energy in this process. Thereafter on 



5 
 

a timescale from 100 fs to several ps, the excited carriers interact through electron-

electron interactions with lower-energy electrons redistributing their energy into a 

quasi Fermi-Dirac distribution, as shown in Figure 2b. Finally, the electron-hole pairs 

relax to thermal energy through electron-phonon, phonon-phonon interactions on a 

relatively long timescale up to hundreds of picoseconds (Figure 2c). Accordingly, during 

the excitation and relaxation process of SPs, the energy and spatial redistribution of 

the photons, electrons and phonons are achieved on different time-scales. The effects 

induced by SPs can be profitably separated under the following three topics: the 

electromagnetic near-field, the excited carriers, and the local heating. These effects 

differ in time, space and energy scales, however, they are all closely related to PEMS 

and PMCR. 

 

 

Figure 2. Three main effects induced by the excitation and relaxation of SPs including 

electromagnetic field enhancement, excited carriers and thermal effect. The 

schematic diagrams show their characteristics in space, energy and time. a, The 

redirection of incident light by the excitation of SPs leads to the electromagnetic near-

field enhancement, characterized by a specific resonance wavelength for a specific 

nanostructure. b, The formation and relaxation of the excited carriers. The population 

of the electronic states is accompanied with the energy conversion from photon to 

electron, following by the energy redistribution of excited carriers in different time 

scales. c, Finally the electronic energy converts into thermal energy which leads to the 

local heating. 

 

Basics of plasmon-enhanced molecular spectroscopy (PEMS) 

We will now consider molecules coupled to plasmonic nanostructures but 

without chemical reactions, as shown in the top left of Figure 3. PEMS refers to all 

spectroscopic techniques involving SPs excited by light, including linear and nonlinear 

processes of molecular absorption, scattering and emission, which leads to a large 
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family of techniques including plasmon-enhanced infrared spectroscopy (PEIRS),40-42 

plasmon-enhanced Raman spectroscopy (PERS),11,43-47 plasmon-enhanced 

fluorescence spectroscopy (PEF),12,13,48 etc. The enhancement factors of the above 

spectroscopies are approximately ca. |Eloc|2,49 |Eloc|4,50 and |Eloc|2η (where η ≤ 1 refers 

to the emission efficiency),51 respectively. Because PERS has been the most in-depth 

studied and applied spectroscopic technique in the PEMS family, we use it to elucidate 

how plasmonic nanostructures interact with light and molecules for a fundamental 

understanding of PEMS and to seek the connection with PMCR. For historical 

development,52 landmark methods,46,47,53 and the applications of PERS,22,47,54,55 we 

refer readers to the reviews and book chapters cited in this sentence. 

Electromagnetic Enhancement 

Raman scattering provides fingerprint vibrational information with high spectral 

resolution (ca. 1 cm-1) over a wide spectral window (5-4000 cm-1). However, the Raman 

scattering (Figure 3a) cross-section is normally small, typically 106 and 1014 times 

smaller than that of infrared and fluorescence, respectively.52 By using plasmonic 

nanostructures, PERS increases the effective Raman cross-section allowing even the 

Raman spectra of single molecules to be detected.56-59 This is primarily due to the 

enhancement of the electromagnetic near-field in the vicinity of the nanostructure as 

a consequence of SP excitation (Figure 2a). This process is often referred to as the 

electromagnetic (EM) SERS enhancement mechanism.5,8,60-62 

When a probe molecule is in close proximity to the plasmonic nanostructure (top 

left in Figure 3a), the induced Raman dipole at a given Raman scattered frequency is 

proportional to the local field strength |Eloc|. In comparison with the normal Raman, 

the dipolar energy of PERS is enhanced by a factor |Eloc|2/|E0|2. Noting that Raman 

scattering is a continuous two-step process, i.e. the incident photon (ω0) interacting 

with the molecule from the far-field to the near-field and the scattered photon (ωR) 

instantaneously emitting from the near-field to the far-field, the EM enhancement 

factor can be approximately expressed as G ≈ (|Eloc(ω0)|2 / |E0(ω0)|2)(|Eloc(ωR)|2 / 

|E0(ωR)|2). An additional approximation is often made for low frequency vibrations 

when ωR is not very different from ω0, resulting in the familiar G ≈ |Eloc(ω0)|4 / 

|E0(ω0)|4 SERS enhancement expression, the so-called |E|4 – approximation.55  

There are two remarkable features of the EM enhancement factor, one is the 

surface-specificity and the other is the geometry-inhomogeneity. The surface- 

specificity results from the distance-dependence of |Eloc| which is proportional to D−3 

(here, D is the distance of the probe molecule from the SPs dipole center).31 

Accordingly, from the |E|4 approximation one can infer that G is proportional to D−12, 

and can thus probe molecules in close proximity to the plasmonic surface whose 

Raman cross-sections can be greatly enhanced, while molecules residing in the 

surrounding media are not greatly enhanced (top right in Figure 3a). The geometry-

inhomogeneity is a consequence of the spatial localization of the enhanced 

electromagnetic near-field,51 determined by the structure and morphology of the 

plasmonic nanostructure as well as the polarization of the incident light. Usually, EM 

enhancement factors are higher at the sharp curvature edges, tips and nano-

interspaces between coupled particles. The highly localized regions on PERS-active 
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surface with extraordinarily large enhancement factors are the so-called "hotspots", 

which contributes most of PERS signals.51,55 However, the probability of hotspots is 

much lower than that of the medium- or non-enhanced regions. 

 

 

 

Figure 3. Mechanistic illustration of the plasmon-enhanced Raman scattering (PERS) 

process and the charge transfer (CT) process. a, The enhancement predominantly 

derives from the enhancement of electromagnetic local field experienced by the probe 

molecule near the plasmonic nanostructure, i.e. the EM enhancement. The plasmonic 

nanostructure serves as the receiving optical antenna that transfers the far field to the 

near field at ω0 and as the transmitting optical antenna that transfers the near field to 

the far field at ωR (top). The intensity of vibrational bands is proportional to the forth 

power of the local field strength (|Eloc|4) which is inversely proportional to the third 

power of the distance from the plasmonic nanostructure (D-3). In total, the intensity of 

PERS bands is determined by the probability of the Raman scattering transition, the 

larger the local field strength and the closer the probe molecule to the plasmonic 

nanostructure, the higher the probability of Raman scattering (bottom). b, CT could be 

present if the probe molecule interacts strongly with the plasmonic substrate and its 

energy level and the Fermi level of the metal are appropriate in resonance with the 

exciting light. A resonant-like Raman scattering process through photon-induced CT is 

illustrated at the electrode-solution interface where the Fermi level of plasmonic 

substrate can be easily tuned by the electrode potential to bring about resonance with 

the incident photon energy ћω0 (left). The corresponding probability of the energy 

state transition and PERS intensity-potential profile maximize when applying at the 

resonant potential E2, and decrease at the off-resonant potentials E1 and E3 (right). ψEx, 

ψVir, and ψG in a denote the energy state of the first excited state, the virtual state, and 

the ground state of the probe molecule, respectively, where ψG,Ei and ψCT in b denote 

the potential-dependent ground state and the potential-independent CT state of the 

surface complex, respectively, where the surface complex is the combination of the 

electrode outmost layer and the adsorbed probe molecule. HOMO and LUMO are the 

highest occupied molecular orbital and the lowest unoccupied molecular orbital of the 
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adsorbed molecule, respectively. The thickness of the arrow represents the probability. 

 

Chemical Enhancement 

When the probed molecule interacts strongly with the plasmonic nanostructure, 

the subject to be studied may cross the border from surface physics to surface 

chemistry. The latter is more complicated which involves surface binding, 

chemisorption and/or surface complexes of molecules. As a consequence, the 

enhancement mechanism is generally called as the chemical enhancement (CE) or 

charge-transfer (CT).6,50,63 It is well known that the total enhancement of the 

spectroscopic signal primarily results from SPs, though other non-EM effects including 

CE/CT contribute to the total enhancement, and their contributions vary from 

molecule to molecule, accounting for many interesting phenomena.  

CT can occur either directly from the molecule to the plasmonic nanostructure or 

vice versa, or indirectly through surface species such as co-adsorbates, solvent 

molecules or electrolyte ions. It is therefore necessary to consider three types of 

charge transfer processes.64 Type I is a result of a charge transfer between the probe 

molecule and the surface. It changes the electronic state population and thus the 

polarizability of the probe molecule, leading to increase or decrease of the Raman 

scattering signal. Type II involves strong charge-transfer mainly related to the 

formation of surface complex of the partially charged metal surface atom, the probed 

molecule and/or the co-adsorbed surface species. Moreover, some surface complexes 

can be considered as the new molecules that have new electronic transitions in 

resonance with the incident light, resulting in a resonant Raman process. Type III is 

photon-induced charge transfer process,64,65 as observed in some electrochemical 

Raman spectroscopic experiments (Figure 3b). The change of the applied potential can 

continuously tune the Fermi level of the plasmonic nanostructure by an external 

potential. When the incident photon energy matches the energy difference between 

the adsorbed molecules’ orbitals and the metal Fermi level, or between the charge 

transfer state which was assumed to be potential-independent and the potential-

dependent ground state of the surface complex (top right in Figure 3b), they can lead 

to a resonance-like Raman scattering process in which the amplified Raman intensity 

reaches a maximum at E2 (bottom in Figure 3b). As the incident light frequency (ω0) 

varies, different applied potentials are needed to ensure resonance with the charge 

transfer states. 

In general, the enhancement either through the EM or CT mechanism can be 

explained by the increased probability of the Raman scattering process as illustrated 

in Figure 3. For the former, the probability of electron transition between the 

electronic ground state and the virtual state increases as a result of the enhanced EM 

field around the plasmonic nanostructure. While for the latter (types II and III), the 

probability increases due to the different resonance-like transitions between the 

electronic real states. Accordingly, the spatial aspect is distinctively different for these 

two mechanisms, i.e., the EM mechanism is a long-range (about 10 nm) effect while 

the CT mechanism is a short-range (about 1 nm or less) effect. 

It is necessary to emphasize that the CT enhancement is molecule-specific and 
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dependent on the three entities (molecule, incident photon and plasmonic 

nanostructure) interaction. The unique characteristic of SPs leads to the unique 

feature of CT. Because all the CT processes take place under SPs condition (Figure 2), 

they depend on the strength of the electromagnetic and thermal fields and the density 

of the excited carriers. More precisely, they should be called SPs-based CT processes. 

Moreover, the CT and EM can interact with, and influence each other, so that CT 

especially for the types II and III is improved by EM enhancement, while the CT can 

change the SPs properties that determine the EM strength.66 For a comprehensive 

understanding of PEMS and PMCR and their relationship, great attention needs to be 

paid to these important and correlated phenomena. It is clear that the SPs-based CT 

process overlaps PMCR to some extent, in the former case, when probing a molecule, 

or, in the latter case, when a molecule is undergoing a chemical reaction.  

 

Basics of plasmon-mediated chemical reactions (PMCR) 

According to the basic process of SPs excitation and relaxation (Figure 2), we try 

to compare the PMCR with three types of relevant reaction systems and establish a 

new and integrated description for PMCR from the perspective of time, space, energy 

and probability (Figure 4). It is important to note that these types of SPs effects usually 

occur together to various extents, and the excitation and relaxation properties of SPs 

can be influenced by contact with molecules. Based on the careful comparison, we will 

elaborate the specific characteristics and scientific intension of PMCR which 

differentiate itself from those well-known reaction systems in the following contents. 

 

 

Figure 4. A microscopic view of the plasmon-mediated chemical reactions (PMCR) as 

it proceeds via various mechanisms. a, A normal photochemical reaction of a molecule 

initiated by an electronic excitation from the ground state to an excited state to 

overcome the activation energy. b, Electromagnetic near-field enhancement resulting 

from SPs greatly increases the probability of molecular excitation for a molecule near 

the plasmonic nanostructure. This will increase the rate and/or the yield of the 

photochemical reaction but requires overlap of the absorption spectrum of the 

plasmonic nanostructure with that of the molecule. In addition, the precursor should 

be located in the enhanced electromagnetic field. c, SPs excited carriers can transfer 
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to the molecular near the surface through direct or indirect charge transfer 

process,18,67 then mediate the chemical reaction similar as photocatalysis. In this 

mechanism, the spectrum of plasmonic nanostructure and molecule need not overlap, 

but the energy of the excited carriers and the electronic band structure of molecules 

need to match appropriately. Bearing the ultra-short lifetime of those SP-excited 

carriers in mind, the probability of such photocatalysis-like process is usually low. 

(However, noting that the lifetimes of SPs excited carriers are very short, the 

probability of such photocatalysis-like process could be low.) Accordingly, for more 

efficient charge transfer, the precursor should adsorb on the surface of the plasmonic 

structure. d, Combined with some mediators such as the semiconductors, the 

efficiency of PMCR based on SPs excited carriers could be significantly improved. Such 

heterogeneous structures can increase the probability of charge transfer, and the 

lifetimes of the carriers transferred to the mediator will be extended which increasing 

the reaction probability. e, Increased temperature is commonly used to accelerate 

chemical reactions. Local temperature increases following SPs decay can increase the 

population of reactants in vibrationally excited states. SP decay also produces 

temperature increases that are highly localized at the surface where the chemical 

reaction occurs, a more efficient process than heating the whole reaction chamber. 

The width of the arrow represents the probability. 

 

Electromagnetic near-field mediated photochemical reaction 

As in traditional photochemistry, electromagnetic near-field mediated 

photochemistry is associated with electronic excitation of the reactant molecules 

(Figure 4a, 4b).68-73 The enhanced electromagnetic near-field enables three effects. (1) 

A dramatic increase in light absorption due to increased light intensity, and/or the 

extension of the light path thereby increasing the excitation probability of the reactant 

or material (Figure 5a1).74 For example, a 66-fold increase in photocurrent was 

observed during water splitting under visible light illumination, whereas a 4-fold 

reduction was seen under ultraviolet light when N-doped TiO2 (which absorbs visible 

light) was combined with Au nanoparticles.75 The enhanced electromagnetic near-field 

accounted for the photocurrent increase. In a similar system in which an Ag 

nanostructure was incorporated into a N-TiO2 photoanode, the increase of the 

photocurrent was attributed to the enhancement of the electromagnetic field at the 

interface, and corroborated by the dependence of the photocurrent on light-

intensity.76 (2) Control of photochemical reactions in very small volumes, even on the 

scale of nanometers. For example, the two-photon polymerization of SU8 was 

investigated on a nanoblock pattern with 6 nm wide nanogaps (Figure 5a2). By 

changing the polarization of the light, the reaction proceeded at different positions of 

the nanoblock substrate which were in agreement with the predictions of a FDTD 

simulation of the near-field stength.77 Moreover, non-linear photo-excitation was 

achieved in this experiment even under low-intensity illumination, another important 

effect of the enhanced electromagnetic near-field (3). However, overlap of the 

absorption spectra both of the plasmonic nanostructure and the reaction precursor is 

essential in order to carry out such a reaction efficiently. 
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Excited carrier mediated photocatalytic reaction 

PMCR carried out by excited carriers, with results comparable to those of 

photocatalytic reactions in which excited carriers are used to induce chemical 

reactions (Figure 4c, 4d),78-82 has been discussed in several excellent reviews,16,18,39 

which conclude that excited electrons (or holes) induced by SPs can be injected from 

the plasmonic metal either to a neighboring molecule or into a semiconductor 

possessing suitable energy levels (ranging from Ef to Ef + ћω0 for excited electrons and 

from Ef − ћω0 to Ef for excited holes) in contact with the plamonic metal.83 For example, 

the photocurrent of water oxidation was reported to be enhanced under visible light 

upon loading Au or Ag nanoparticles in TiO2 sol gel films (Figure 4d).84 In another study, 

overall water splitting was carried out by the SPs excited electron-hole pairs from 

nanorod arrays which were in contact with a TiO2 film under visible light (Figure 5b1).14 

Additionally, a number of other chemical reactions have been induced or enhanced 

under mild conditions by SP-excited carriers, including catalytic oxidation reactions,15 

H2 dissociation,85 N2 dissociation,86 CO2 reduction,87 NH3 synthesis,88 among 

others.16,89 But it should be emphasized that the SPs excited carriers are quite different 

from those of semiconductors or dyes, with regards to their energy distribution and 

the lifetimes, among other features (Figure 2). 

Heat mediated thermal-chemical reaction 

Temperature can greatly change the rate of chemical reactions, often following 

the Arrhenius law (Figure 4e), thus one can control the yield of a chemical reaction by 

exploiting the heat produced following the decay of SPs.90,91 Plasmonic nanostructures 

were first employed in 2007 as nanosources of heat to improve the chemical reaction 

rate.92 As solar energy is one of the most promising renewable energy sources to 

replace fossil-based energy sources, such a reaction would have the following 

advantages. (1) Reducing demand for other energy sources through the heating effect 

of SPs. Specifically, plasmonic nanostructures can convert incident light into heat more 

efficiently than most other means. (2) Improving the heating dynamics through the 

confinement effect of SPs (Figure 5c1). Recent studies report that plasmonic 

nanostructures can confine the hot region to improve the heating efficiency.93-95 

Normally, it is difficult to localize thermal regions to the nanoscale using traditional 

means. This makes the plasmon-mediated heating unique and promising. 

Factors influencing PMCR 

To efficiently power chemical reactions using SPs, one needs to understand the 

entire system holistically. Basically, three integral components are involved in PMCR: 

the SPs, the chemical reaction, and surface/interface where the reaction takes place. 

These three components influence PMCR; however, the various types of PMCR 

described above each have unique requirements relating to these three components.  

1) Factors influencing SPs. SPs effects comprising the electromagnetic near-field, 

excited carriers, and local heating all strongly depend on size, material properties, 

morphology, and state of aggregation.91,96,97 For instance, the SPs properties strongly 

depend on the geometry of the plasmonic system, by judiciously changing the 

geometry of the nanoparticle one can control the light harvesting ability of the 
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absorber to create panchromatic absorbers absorbing strongly over most of the solar 

spectrum.98 Also the SPs properties can be greatly influenced by the space between, 

and the aggregation state of the plasmonic structures (Figure 1f and Figure 5c1, 5c2). 

For example, it was found that the photocurrent of semiconductors or dyes could be 

enhanced in the gap between gold nanoparticles and gold film which are also the 

locations of intense enhancements, so-called “hotspots”, of PEMS.99 Accordingly, 

different types of PMCR require specific structure-designs to adjust the SPs properties 

to the specific applications. For example, in PEMS, the nanoparticles used range from 

10 nm to 180 nm in diameter. In general, the larger size particles produce a higher 

enhancement of the electromagnetic field. However, the energy distribution of the 

excited carriers is quite different. A theoretical study teaches us that for silver 

nanoparticles with diameters varying from 5 nm to 25 nm, the particle size and the 

lifetime of the excited carriers play pivotal roles in the production rate and energy 

distribution. Larger nanoparticles and shorter lifetimes result in higher production 

rates but lower excited carrier energies.100 

2) Factors influencing chemical reactions. Chemical reactions especially catalytic 

reactions are closely related to surface activity. In PMCR systems, three categories of 

mediators are usually used to improve the surface activity. (1) To fully utilize the light 

harvesting effect, the size of the plasmonic nanostructures, e.g. Au, Ag or Cu, should 

larger than 5 nm, by contrast, in catalytic systems the larger particles often limit the 

catalytic activity significantly.101 Thus chemical reaction mediators like Pt nanoparticles 

with small size are needed to compensate for the loss of catalytic-active sites (Figure 

5b1). (2) The lifetime of the plasmon-induced excited carriers is too short to participate 

effectively in the chemical reaction (Figure 2b), leading to a low efficiency of charge 

transfer from the plasmonic nanostructure to the reaction precursor. Therefore, 

charge transfer mediators such as semiconductors are used to efficiently collect the 

excited carriers (Figure 4d and Figure 5b1). For instance, by using ultrafast time-

resolved spectroscopy it has been shown that n-type TiO2 can significantly promote 

the efficiency of charge separation, thus inhibiting the recombination of non-

equilibrated charge carriers.102 Nevertheless, this efficiency is just one aspect of the 

PMCR system; to date, no consensus exists on mediator selection to achieve effective 

charge separation. (3) The SPs-activated molecules, e.g. O2 and H2, also can act as 

mediators. Some studies found that O2 activated by accepting an excited charge carrier 

from the plasmonic nanostructure can enhance the catalytic oxidation reactions 

(Figure 5b2).103,104 
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Figure 5. The three key components of PMCR: electromagnetic near-field 

enhancement of the photochemistry (a1-a2); SPs excited carriers to mediate the 

photocatalysis (b1-b3), local thermal effects promoted by SPs (c1-c3); and a graphic 

summary of novel mechanisms of SPs mediated energy and/or charge transfer 

processes (d1-d3). a1, Two basic effects of the SPs induced electromagnetic near-field 

enhancement: to increase the light intensity and to extend the light path, so as to 

increase excitation probabilities. a2, Controlling the polarized direction of the incident 

light, the electromagnetic near-field can induce the two-photon polymerization of SU8 

in appropriate regions. b1, Schematic of a water spitting device in which the SPs 

induced excited carriers separate at the metal-mediator interface and participate in 

the redox process. Here, TiO2 acts as the charge transfer mediator; Pt NPs and Co-OEC 

NPs act as the mediators for hydrogen evolution reaction and oxygen evolution 

reaction mediators, respectively; CB, VB, and EF stands for the conduction band, 

valence band and Fermi level, respectively. b2, Schematic depicting the O2 activation, 

the excited electrons transfer to the absorbed oxygen to produce the transient 

negative ion state of O2
- and its subsequent relaxation can lead to vibrational energy 

deposition. The activated oxygen can act as the reaction mediator. b3, Scheme for the 

transformation from PATP to DMAB molecule induced by SPs excited electrons which 

can be detected, in situ, by PERS. c1, Calculated spectra of the heat generated in 
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nanostructures deposited on a planar glass surface immersed in water. The three 

insets represent the heat power density computed at the main plasmons resonance 

of the particle. Obviously, the local heating is related to the morphology and incident 

light. The color gradient indicates the heat power density (nW/nm3). c2, Schematic of 

the photo-heating in a solution of nanoparticles illuminated with 808 nm laser light. 

Multiparticle optical interactions by which incident photons (IP) are scattered (SP) 

and/or absorbed (AP) play an important role. c3, Thermal response of illuminated 

nanoshell solutions with different concentrations (color gradient shows the 

concentration as denoted, the unit is 1010 per ml). The temperatures measured at the 

top and bottom of the solutions are shown as solid and dashed lines. d1, The plasmon-

induced interfacial charge transfer which takes place at a metal-semiconductor 

interface (Au-CdSe) with strong coupling. d2, The Ohmic device (Au-Ti-TiO2) allows the 

carriers created by interband transition to be collected, which also contributes to the 

photocurrent. d3, plasmon induced resonance energy transfer (PIRET) which is 

different from Förster resonance energy transfer (FRET). a1, ref. 74, © 2010 NPG; a2, 

ref. 77, © 2008 ACS; b1, ref. 14, © 2013 NPG; b2, ref. 103, © 2011 NPG; b3, ref. 26, © 

2010 ACS; c1, ref. 90, © 2009 AIP; c2, c3, ref. 95, © 2014 ACS; d1, ref. 107, © 2015 

AAAS; d2, ref. 106, © 2015 NPG; d3, ref. 105, © 2015 NPG; 

 

Furthermore, reaction processes including the adsorption and activation of the 

reactant, formation and retention of the intermediate, desorption of the resulting 

product, and the mass transport of all of the above species need also be taken into 

consideration in PMCR, although few studies have focused on these as yet. It is 

preferential to carry out chemical reactions on structurally well-defined active sites 

where the reaction mechanism is straightforward, and the SPs effects for the chemical 

reaction can be easily understood. 

3) Factors influencing the contact or the surface/interface. In order to coordinate 

the SPs and the chemical reaction, attention should be paid to the contact or the 

surface/interface keeping two typical aspects in mind. (1) Mediators, especially those 

for the charge transfer, used to construct the heterogeneous junction for PMCR, can 

improve the catalytic property only when there is synergy with the plasmonic 

nanostructure.105 One should, therefore, pay attention to the contact between the 

mediator and the plasmonic structure. Using the metal-semiconductor contact as an 

example, one can have two types of contacts: A Schottky contact and an Ohmic contact 

(Figure 5d2). The nature of the contact forming a heterogeneous junction (interface) 

can greatly influence the charge transfer process. For example, the energy barrier at 

the Schottky contact can be used to filter excited electrons inhibiting their 

recombination with the holes. The Ohmic contact, on the other hand, can permit the 

transfer of low-energy excited electrons, such as electrons induced by interband 

transitions, through the interface from the plasmonic metal to the semiconductor.106 

(2) Surfactants commonly used to stabilize the surface and avoid aggregation can have 

several impacts, including changing the plasmonic properties, and affecting the 

surface reaction. Additionally, SPs effects, like an enhanced electromagnetic near-field 

are strongly dependent on the distance from the surface. Close proximity to the 
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surface is usually more beneficial for catalytic reactions. 

 

The common ground and the differences of PEMS and PMCR 

As two important branches of plasmonics, PEMS and PMCR are closely related 

and both are involved with three body interactions, i.e., photons, molecules and 

nanostructures (Figure 6a, 6b). However, PMCR (plasmon chemistry) is more complex 

than PEMS (plasmon physics) because in the former molecules experience 

transformation. Many factors such as reaction intermediates, products and yields as 

well as the charge transfer rates must be taken into account comprehensively (Figure 

6c). This is likely the reason that the development of PMCR has lagged PEMS. It is, 

therefore, desirable to systematically analyze the common ground and major 

differences between these two branches, which is essential to meet the challenges 

and find the future directions of PMCR. 

 

 

Figure 6. The comparison between PEMS and PMCR. a, The three body interaction of 

PEMS, including the photon, nanostructure, and molecule without chemical reaction. 

When only two of the three elements interact, the three separate field: nanophotonics, 

nano-surface science, and molecular spectroscopy arise. b, The three body 

interactions of PMCR, which also includes the photon, nanostructure, and molecule 

but with chemical reactions. c, Table comparing PEMS and PMCR with the first four 

rows dealing with the mechanism (electromagnetic field, excited carriers, heating 

effect and local effect) and the last three rows with experiment (light source, molecule 

and nanostructure). 

 

PERS is the oldest member in PEMS and has been studied and applied for over 

four decades.5-8,11 Here we use PERS as a representative to compare and differentiate 

PEMS and PMCR.  
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(1) The near-field EM enhancement. The EM mechanism is the main contribution 

to PERS for the enhancement of both excitation and emission. In the case of PMCR 

based on electromagnetic near-field, however, the emission process is absent due to 

the participation of excited states in chemical reactions. Moreover, the excitation of 

the reacting molecules or mediators in PMCR includes an electron transition from the 

electronic ground state to the real excited state.75,76 While for PERS the electrons in 

the ground state are usually excited to a virtual state except in the cases of resonance 

or stimulated Raman scattering.11,55  

(2) The SPs excited charge carriers. Charge-transfer between the plasmonic 

nanostructure and the reactant molecule plays a key role in PMCR.16,107 Such processes 

may also be important in PERS when the plasmonic nanostructure forms a strong bond 

to the probed molecule.65 They differ, however, in the final destiny of the excited 

carriers. In PMCR, carriers are excited and separated in order to participate in the redox 

chemistry which takes place at the interface of the metal and the environmental 

medium. In addition, the excited carriers in PMCR should have longer retention times 

for the reactants to take part in the reaction. Nevertheless, the excited carriers in the 

charge transfer process of PERS quickly decay back to the metal or the “surface 

complex” on a femtosecond timescale. 

(3) The heating effect. Local heating is common but often ignored in plasmonic 

systems. For PMCR, there have been only a few systematic studies on the local heating 

effect, which however must clearly make a contribution to the chemical reaction, such 

as promoting surface desorption and mass transport. However, it is unfavorable for 

the detection by PERS because of the requirement of high surface-sensitivity. In 

addition, the Stokes and anti-Stokes Raman scattering processes are asymmetrically 

enhanced with a preferential increase of the anti-Stokes Raman bands in PERS.108 This 

was first proposed to be due to the laser-induced thermal heating ("pumping") of the 

ground-state molecule to the vibration-excited state.109 Accordingly, the Boltzmann 

equation was used to calculate the local temperature rise due to the plasmon’s non-

radiative decay into heat based on the PERS characteristics.110,111 Many disagreements 

remain surrounding such calculation and what other factors are involved in the 

enhancement of the anti-Stokes Raman in PERS.112-114 In addition, the detected PERS 

signals by microscope objective are usually averaged over multiple “hotspots”, the 

medium-enhanced and non-enhanced regions, so geometry-inhomogeneity is also a 

problem when using PERS to characterize the temperature. Moreover, the system 

becomes complex when CE and/or CT are taken into consideration. Summarizing, care 

must be taken when using PERS to evaluate plasmon-driven heating effects. 

 

Future challenges and directions 

Despite the fact that elementary reaction mechanisms of PMCR can be explained 

by thermal chemistry, photo-chemistry and/or photo-catalysis, PMCR is more complex 

than those traditional reaction systems suggest. The probable combination of all three 

mechanisms especially in a nano-confined space leads to some of the unique 

characteristics of PMCR. The local confinement of the electromagnetic field and 

thermal field cause the heterogeneous distribution of the reaction area. In order to 
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fully take advantage of PMCR, one needs to carefully analyze the challenges and future 

directions according to the following five aspects. 

(1) New plasmonic structures and materials. Nanostructure and composition are 

two critical factors controlling the spatial (position), energy (strength, wavelength), 

and temporal (lifetime) properties of SPs.47 Nanostructures with tunable plasmonic 

properties would be useful in PMCR, e.g., for confining the incoming light to more 

localized spaces, for constructing tunable SPs with a narrow band response, for 

controlling the energy distribution of the excited carriers, increasing the probability of 

the charge transfer, and extending the lifetime of the excited carriers. Notably, a 

compromise between the catalytic activity and the strong optical effect is widely 

observed for PMCR when coinage metals are used. Some methods such as using 

hierarchical structures like the antenna-reactor, satellite or core-shell which are similar 

to the “borrowing” strategy in PEMS have been adopted.16,115-117 Also, expanding the 

range of plasmonic materials to better accommodate PMCR is highly desirable. Some 

novel materials like graphene have also been shown to have SPs properties. It is 

important to choose suitable materials for specific applications or chemical 

reactions.118-120 Some of these materials are usually used for catalysis. However, for 

these materials the plasmon resonance frequencies usually are not in the visible or 

near-infrared light region. Developing plasmonic materials responding at sunlight 

region with catalytic activity and overcoming the size gap are important goals for PMCR. 

(2) Multi-scales of space, time and energy. As the electromagnetic near-field, 

excited carriers, and local heating are usually comingled in PMCR, to study them 

separately so as to determine which part is crucial for specific reactions is a useful 

approach. However, two barriers restrict systematic study, one is the extended time 

involved, spanning several femtoseconds to nanoseconds, the other is the highly 

localized spatial scale in nanometers.29,35-37 Several strategies have been exploited to 

solve this problem, e.g. using insulating materials such as silica to prevent charge 

transfer; however, the silica coating also changes the surface, the thermal properties, 

etc. Silica coating even can influences the resonant energy transfer from plasmonic 

nanostructure to mediator or molecule.105,121 Therefore, new methods, less invasive 

to the sample and the reaction need to be developed. 

(3) Plasmon-induced excited carriers. Although plasmon-induced excited carriers 

have proved effective in many important reactions, the efficiencies of plasmon-

mediated photocatalysis remain very low so that mediators must be applied. For 

example, in the case of water splitting, with the well-designed system containing 

charge separation mediator and reaction mediator, the highest reported external 

quantum efficiency is approximately 0.1% averaged over the visible portion of the 

solar spectrum.14 Obviously, excited carriers in metals are different from those in 

semiconductors due to the lack of a band gap,81,82 giving rise to extremely short 

lifetimes of the plasmon-induced excited carriers which hinder charge transfer even in 

the presence of mediators.32,34-39 In some special cases like strong coupling, although 

no breakthrough has yet been reported for the overall reaction efficiency, the charge 

transfer efficiency can be enhanced considerably and some new charge transfer 

mechanisms, such as SPs induced interface charge transfer have been proposed 
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(Figure 4d, 5d1),107 However, even for charge transfer, some key questions remain, 

such as how to establish the strong coupling system especially with molecules.122,123 

Besides, the energy distribution of the plasmon-induced excited carriers is different 

from that in the semiconductor and the interband transition process of the plasmonic 

material. More precisely, in the former case the sp-bands are supposed to be diffuse 

and have relatively constant density of states in the range of visible photons, which 

probably lead to a flat excited carrier distribution,18,39 although little experimental 

evidence for this can be cited. Finally, the properties of hot holes are still poorly 

understood, with only few direct experiments reported describing their characteristics, 

such as their energy distribution, and lifetimes.124 

(4) The localized (confinement) effect. Many materials such as semiconductors 

and dyes can provide excited carriers, but they are unable to confine the 

corresponding electric and thermal field at the nanoscale. SPs effects can not only 

redistribute the optical, electronic and/or thermal energy spatially at the nanoscale, 

but can also endow the local field with steep gradients.1,2,17,74 In PMCR, the spatial 

distribution of the electromagnetic field, thermal field and excited carriers is non-

uniform.125 Logically, the localized effect of SPs should directly be able to lead to 

localized chemical reaction.126 And it was demonstrated that SPs could controlling the 

chemical reactions in metal-polymer-metal gaps.127 Additionally, the localized effect 

can influence many physical processes related to chemical reactions, such as heat 

transfer, mass transport, etc.94 By affecting these physical processes, the SPs may 

influence chemical reactions in other ways. More advanced applications especially 

scalable ones based on the localized effect will require more than a few “hotspots” but 

large tracts of active surface. As with the eternal pursuit of PERS with higher sensitivity 

and homogeneity, expanding the ratio of the highly active sites is also crucial for PMCR. 

(5) Bond-selective chemistry based on ultra-confined field of SPs. It has been 

proved that the tip-enhanced Raman spectroscopy is able to access the structure and 

conformation of a single molecule with both chemical recognition and sub-nanometer 

resolution.58,128 The ultra-high spatial resolution is thought to result from the highly 

confined field and broadband nature of the nano-cavity plasmons in the tunneling 

gap.129 This crucial breakthrough not only offers a new way to study the structural and 

chemical information simultaneously at the single molecule scale in PERS applications; 

more interestingly, it also provides a possibility to induce and manipulate chemical 

reactions in particular areas or groups within a single molecule under excitation of SPs, 

based on the fact that the local field confined by SPs can be reduced to a spot small 

enough to image individual groups within a single molecule, such as a methyl group or 

a double bond. This may result in a new, submicroscopic level of molecular processing. 

 

Conclusion 

We have reviewed the progress in using nanostructure-based surface plasmons 

acting as mediators to redistribute and convert the photon energy in time, space and 

at various energy scales, thereby driving chemical reactions by localizing photon, 

electronic, and/or thermal energies. PMCR has its own scientific goals and unique 

characteristics distinct from existing photo- and thermal-reaction systems. For 
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instance, the EM field and/or the thermal field in the PMCR system are confined at the 

nanoscale with sharp gradients (sub-nm~nm for EM fields, and nm~μm for thermal 

fields) which can drive chemical reactions at an extreme level of spatial selectivity. In 

such systems, both the nano-optics and nano-thermodynamics are unique, providing 

opportunities through, for example, nano-confinement of mass or facile heat transfer, 

for novel reaction pathways with increased efficiencies or product branching 

possibilities. Additionally, the lifetime (< ps) and the flat energy distribution of the 

excited carriers in PMCR differ from what is encountered in traditional photo-catalysis 

(the excited carriers distribute in definite bands with ps-µs lifetime). As a consequence, 

SPs can create new possibilities for powering chemical reactions. 

The field of PMCR is still in an embryonic stage with two main challenges 

hindering its rapid development: its complex operating mechanism and its limited 

efficiency, especially when based on the excited carriers. PEMS has been developed 

over forty years and can serve as a reference for guiding the progress of PMCR. They 

both are molecule-specific and dependent on the three-body (molecule, incident 

photon and plasmonic nanostructure) interactions. To describe the mechanism of 

PMCR clearly, we systematically introduced various effects in time, space and energy 

scales. However, to improve efficiency, one needs to coordinate these effects 

synergistically. Significant advancements will be made, e.g., by rationally designing and 

fabricating plasmonic nanostructures, selecting suitable surface/interface mediators 

and teaming them together.  
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