
Surface plasmons (SPs) are collective oscillating modes 
of the conduction-band electrons exhibited by certain 
metals (such as Au, Ag and Cu) and heavily doped semi-
conductor nanostructures. Because SPs interact effec-
tively with external radiation, they can have notable 
effects on the optical properties of these materials. 
For example, localized surface plasmons (LSPs) in nano-
materials can help overcome the optical diffraction limit by 
concentrating electromagnetic radiation into dimensions 
smaller than the wavelength of the incident radiation 
and enable large local field enhancements1,2. The field 
studying the fundamental properties and applications of 
nanostructure-based SPs is known as nanoplasmonics, 
which has expanded in the past decade or so from plas-
monic physics (including plasmon-enhanced molecu-
lar spectroscopy (PEMS), sensing, plasmon heating and 
wave guiding) to embrace plasmon-mediated chemi-
cal reactions (PMCRs) and general plasmon-induced 
chemical phenomena3–19.

The distinction between plasmonic physics and plas-
monic chemistry cannot be strictly defined. Plasmonic 
physics includes PEMS techniques such as plasmon- 
enhanced Raman, infrared and fluorescence spectros-
copies, which have been studied since the mid-1970s3,4.  
The idea of using SPs to enhance chemical reactions 
was first proposed in 1981 and experimentally realized 
2 years later20,21. At the time of writing, over 4,000 publi-
cations on PEMS appear annually, in contrast to several 

hundred publications on PMCRs, which is a reflection 
of the relative youth and greater complexity of the latter. 
The mechanisms of PEMS have been widely investi-
gated, especially in the context of plasmon-enhanced 
Raman spectroscopy (PERS). By contrast, our phys-
icochemical understanding of PMCRs is still far from 
complete. In this Review, we discuss to what extent the 
lessons learned on PEMS over the past four decades 
may enlighten our understanding and development 
of PMCRs. In the earliest examples, PMCRs were 
often studied using PERS. For example, enhanced or 
accelerated photochemical processes can be tracked 
using the time evolution of PERS of the reaction 
products when they are excited by the same wave-
length that induced the (enhanced) photochemistry22.  
In such experiments, the nanostructure-based plas-
monic enhancement was exploited in two ways: to 
enable a strong photochemical response and to meas-
ure over time the concentration of the products, often 
produced in meagre quantities23–26.

Although intimately related, PEMS and PMCRs also 
differ in crucial ways. Usually, there are more challenges 
in PMCRs than in PEMS because of the molecular 
transformation involved in the former. For example, 
better detection sensitivity is achieved in PEMS meas-
urements when the probed molecules are bound to the 
plasmonic metal surface. However, the strong bonding 
and/or adsorption of reactants, intermediates and/or 

Optical diffraction limit
The fundamental maximum of 
the spatial resolution of an 
optical system that is due to 
diffraction.
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Landau damping
The damping effect of 
longitudinal space charge 
waves in plasma or a similar 
environment. Landau damping 
occurs because of the energy 
exchange between an 
electromagnetic wave and 
particles (for example, 
electrons) in the plasma, which 
can interact strongly with the 
wave. In a surface plasmon 
system, the Landau damping 
process represents the direct 
absorption of a photon 
assisted by the surface 
plasmon momentum, creating 
a hot hole and a hot electron.

Fermi–Dirac distribution
The distribution of particles 
over energy states in systems 
consisting of many identical 
particles that obey the Pauli 
exclusion principle.

products to the plasmonic metal surfaces may block 
the active sites for PMCRs27,28. In addition, to verify 
which reactions SPs can mediate, it is important to fully 
understand the unique features of PMCRs and explore 
how to efficiently advance the plasmonic-powered  
chemical process.

The growth and future of PMCRs crucially depend 
on the fundamental understanding of the properties of 
SPs and how they enable chemical reactions. In the first 
section of this Review, we discuss the basics of SPs, PEMS 
and PMCRs and how these processes function under 
varying conditions, from the bare plasmonic nano-
structure to the plasmonic nanostructure interacting 
with molecules and other materials undergoing (or not 
undergoing) chemical reactions. As most of the current 
work on PMCRs was carried out on nanostructures, we 
focus here on LSPs. The discussion of PEMS is focussed 
on Raman spectroscopy (for example, PERS) because 
of its pivotal role in the history of PEMS development 
and its large contributions to the study of PMCRs.  
In addition, we discuss the scientific intent and advan-
tages of plasmonic chemistry over thermochemistry, 
photochemistry and photocatalysis. Next, we provide a 
description of various factors that greatly affect PMCRs, 
followed by the correlation of PEMS and PMCRs. In the 
final section, we discuss possible strategies for improv-
ing reaction efficiency and selectivity as well as other 
opportunities in plasmonic chemistry. Throughout this 
Review, we attempt to clarify the special characteristics 
of PMCRs by comparing them to PEMS and to other 
reaction systems, hopefully resulting in a relatively  
complete current description of PMCRs.

Nanostructure-based surface plasmons
The excitation of SPs
Most plasmonic substrates are based on coinage metals 
(Au, Ag or Cu) because such metallic nanostructures 
can support intense SPs with resonances in or near the 
visible portion of the spectrum, with important conse-
quences for the development of new technologies pow-
ered by sunlight. SPs are normally classified as LSPs 
(Box 1), in which electrons coherently oscillate locally 
within and in the vicinity of a nanostructure, and propa-
gating SPs, known as surface plasmon polaritons (SPPs), 
in which the coherent electron oscillation propagates as 
a longitudinal wave along the metal surface. When SPs 
are resonantly excited, they can concentrate the inci-
dent light into narrow areas around the nanostructure, 
which results in electromagnetic near-field enhance-
ment (Box 1; FIg. 1). The plasmonic structure collects 
photons over a region larger than its physical size (as an 
antenna does) and concentrates that energy in a much 
smaller volume29–32.

FIgure 1 shows the local field distribution and extinc-
tion spectra of some typical plasmonic Au nanostruc-
tures. The electromagnetic field near the metal surface 
(FIg. 1a) is redistributed at the nanoscale (FIg. 1b,c). 
Furthermore, when the nanoparticle is at a nanometric 
distance from a surface (for example, a silicon surface, 
which is a semiconductor and commonly used to con-
struct heterostructures for a number of technological 
applications; FIg. 1d,e) and/or another nanoparticle 

(FIg. 1e,f), the strength of the local electromagnetic field 
at thus-formed interfaces can be greatly and controllably 
enhanced. These characteristics are essential for the wide 
application of PEMS and PMCRs.

The relaxation of surface plasmons
To easily understand the excitation and relaxation of 
SPs in time, we consider the case of a single nanosphere 
(FIg. 2). Once excited, SPs in the nanostructure can be 
relaxed via the re-emission of photons or non-radiative 
paths33, depending on the radiance of the plasmon 
mode34. The relaxation process can be separated into 
several components occurring at different timescales35–40. 
In the first 1–100 fs, the SPs dephase, and excited elec-
tron–hole pairs are produced by Landau damping and 
other photon–electron interactions. The energies of the 
thus-formed excited electrons range from the Fermi 
energy EF to EF + ћω0 (where ћ = h/2π, h is Planck’s con-
stant and ω0 is the incident light frequency), and those 
of the corresponding holes range from EF – ћω0 to EF 
(reF.36). During this short period, the excited electron–
hole pairs described by a highly non-thermal distribution 
decay either through the re-emission of photons or the 
multiplication of carriers via electron–electron interac-
tions. That is, the photonic energy is converted into elec-
tronic energy in this process. Thereafter, on a timescale 
from 100 fs to several picoseconds, the excited carriers 
transfer their energy to lower-energy electrons through 
electron–electron interactions, so that the final electron 
energy assumes a quasi-Fermi–Dirac distribution, as shown 
in FIg. 2b. Finally, the electron–hole pairs relax, releasing 
thermal energy through electron–photon interactions on 
a relatively long timescale, up to hundreds of picoseconds 
to nanoseconds (FIg. 2c). Accordingly, the effects induced 
by the excitation and relaxation of SPs can be favour-
ably listed as electromagnetic near-field enhancement, 
charge-carrier excitation and local heating effects. These 
effects differ in time, space and energy scales; however, 
they are all closely related in both PEMS and PMCRs.

Plasmon-enhanced molecular spectroscopy
PEMS are spectroscopic techniques involving SPs 
excited by light, including linear and nonlinear pro-
cesses of molecular absorption, scattering and emission, 
which leads to a large family of techniques including 
plasmon-enhanced infrared spectroscopy (PEIRS)41–43, 
PERS11,44–48 and plasmon-enhanced fluorescence spec-
troscopy (PEF)12,49. The enhancement factors due to SPs 
can be expressed as (|ELoc|/|E0|)2 for PEIRS50, (|ELoc|/|E0|)4 
for PERS51 and (|ELoc|/|E0|)2η for PEF (where η ≤ 1 refers to 
the emission efficiency and |ELoc| and |E0| are the ampli-
tudes of the local and incident electromagnetic fields, 
respectively)52. As PERS has been the most studied and 
applied spectroscopic technique in the PEMS family, we 
use it to elucidate how plasmonic nanostructures interact 
with light and molecules in PEMS. For historical devel-
opment53, landmark methods47,48,54 and the applications 
of PERS22,48,55,56, we refer readers to the reviews and book 
chapters cited in this sentence. In this section, molecules 
adsorbed on plasmonic nanostructures do not undergo 
chemical reactions, as shown in the top left of FIg. 3, and 
we later elucidate any link between PEMS and PMCR.
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Box 1 | The basics of localized surface plasmons

localized surface plasmons are non-propagating excitations of conduction-band 
electrons of metallic nanostructures coupled to an electromagnetic field32. In a simple 
model, if a homogeneous metallic sphere of radius (r) is much smaller than the 
wavelength of the incident light (λ), the electrostatic approximation can be applied to 
evaluate the induced dipole (PM) of the metallic sphere under irradiation. pM is 
proportional to the incident electromagnetic field (E0) according to the following 
equation:

where ε0, εm and εM(ω) correspond to the permittivity of the vacuum, the permittivity  
of the surrounding environment and the dielectric function of the metal sphere, 
respectively. The induced dipole can also be expressed in terms of the polarizability  
of the metal sphere (αM), as pM = ε0εmαME0; therefore, αM can be defined as:
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Equation 2 tells us that the polarizability of the small metallic sphere with a 
sub-wavelength diameter experiences a resonant enhancement when εM(ω) + 2εm 
tends to 0. Based on the classic Drude model, εM(ω) is a complex term whose real 
(Re[εM(ω)]) and imaginary (Im[εM(ω)]) parts can be estimated as a function of the 
frequency of the excitation line, the plasma frequency of the bulky metal and the 
collision frequency of the free electron gas32. Therefore, localized surface plasmon 
resonance (lSPR) can be excited if Re[εM(ω)] is negative and close to −2εm and 
Im[εM(ω)] is positive but small. For the coinage metals, the resonance condition is 
satisfied under visible-light excitation, resulting in their wide application in 
plasmon-enhanced molecular spectroscopy (PEMS) and plasmon-mediated 
chemical reactions (PMCRs).

The distributions of the induced local electromagnetic fields inside (EIn) and outside 
(Eout, also known as Eloc) of the metallic sphere can then be evaluated as:

Here, n is the unit direction vector and D is the distance from the sphere centre. 
The enhanced local electric field of the plasmonic nanostructure is roughly 
proportional to 1/D3 and results in the surface specificity of PEMS and PMCRs. 
The resonance in αM implies an enhancement of the local electromagnetic field. It is 
this field enhancement at the plasmon resonance on which PEMS and PMCR rely.
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Electrostatic approximation
The assumption that the phase 
of the harmonically oscillating 
electromagnetic field is 
practically constant over the 
particle volume, so that one 
can calculate the spatial field 
distribution by assuming the 
simplified problem of a particle 
in an electrostatic field.

Drude model
A model used to explain the 
transport properties of 
electrons in materials in which 
the microscopic behaviour of 
electrons in a solid is treated 
classically. It is the basic model 
used in the study of optical 
properties of different materials 
and is commonly used to 
explain the dielectric function 
of plasmonic nanostructures.

Electromagnetic enhancement mechanism of PERS
Raman scattering provides information on molecular 
vibrational modes with high spectral resolution (about 
1 cm−1) over a wide spectral window (5–4,000 cm−1). 
However, the Raman scattering cross section is nor-
mally small, typically 106 and 1014 times smaller than 
that of infrared and fluorescence, respectively53. In the 
case of PERS, plasmonic nanostructures increase 
the effective Raman cross section, allowing even the 
Raman spectra of single molecules to be detected57–60 
(FIg. 3a). This is primarily due to the enhancement of the 
electromagnetic near-field in the vicinity of the nano-
structure as a consequence of SP excitation (FIg. 2a). 
This effect is often referred to as electromagnetic PERS  
enhancement (Box. 2)5,8,61–64.

This electromagnetic enhancement effect is charac-
terized by surface specificity and geometry inhomoge-
neity. Surface specificity results from the dependence 
of |ELoc| on surface distance, which is proportional to 
D−3 (where D is the distance of the probed molecule 

from the SP dipole centre) and results in the enhance-
ment factor for PERS being proportional to D−12 (reF.31). 
This means that the Raman spectra of molecules in 
close proximity to the plasmonic surface can be greatly 
enhanced compared with molecules residing in the 
surrounding media (FIg. 3a). The geometric inhomo-
geneity is a consequence of the spatial localization of 
the enhanced electromagnetic near-field52, determined 
by the structure and morphology of the plasmonic 
nanostructure as well as the polarization of the inci-
dent light. Usually, electromagnetic enhancement fac-
tors are higher at the sharp curvature edges, tips and 
nano-interspaces between coupled particles. Highly 
localized regions on a PERS-active surface with extraor-
dinarily large enhancement factors are the so-called hot 
spots, which contribute to most of the PERS signal52,56. 
However, the probability of hot spots is much lower 
than that of the medium-enhanced or non-enhanced 
regions (FIg. 1f).

Chemical enhancement mechanism of PERS
The total enhancement of the spectroscopic signal  
primarily results from SPs; however, other non- 
electromagnetic effects, including chemical enhance-
ment and charge transfer, can contribute to the total 
enhancement, and their contributions vary from mole-
cule to molecule6,51,65. In these cases, the probed molecule 
interacts strongly with the plasmonic nanostructure in 
processes that involve molecular rearrangement, sur-
face binding, chemical adsorption and/or formation 
of surface complexes. Because chemical enhancement 
is accompanied by charge transfer, it is also known as 
charge transfer enhancement.

Charge transfer can proceed either directly from the 
molecule towards the plasmonic nanostructure and vice 
versa or indirectly, mediated by other surface species 
such as co-adsorbates, solvent molecules or electrolyte 
ions. It is therefore necessary to consider three types 
of charge transfer processes66. The direct mechanism 
involves charge transfer between the probed molecule 
and the surface in either direction, which changes the 
electronic state population of the probed molecule and 
thus its polarizability, leading to an increase or decrease 
in the Raman scattering signal. A strong charge transfer 
mechanism can arise from the formation of surface com-
plexes including the partially charged metal surface atom, 
the probed molecule and/or the co-adsorbed surface 
species. Some surface complexes can also form as new 
molecules that have new electronic transitions in res-
onance with the incident light, resulting in a resonant 
Raman process. Charge transfer can also be photoin-
duced66,67, as observed in some electrochemical Raman 
spectroscopy experiments (FIg. 3b). The applied potential 
can continuously tune the Fermi level of the plasmonic 
nanostructure. When the energy of the incident photon 
matches the energy difference between the orbitals of  
the adsorbed molecules and the Fermi level of the metal 
or between the potential-independent charge transfer 
state and the potential-dependent ground state of the sur-
face complex (FIg. 3b, top right), a resonance-like Raman 
scattering process is promoted, in which the amplified 
Raman intensity reaches a maximum at specific potential 
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energies (for example, E2 shown in FIg. 3b, bottom). 
As the incident light frequency (ω0) varies, different 
applied potentials are needed to ensure resonance with 
the charge transfer states.

In general, enhancement through either the elec-
tromagnetic or charge transfer mechanism can be 
explained by the increased probability of the Raman 
scattering process, as illustrated in FIg. 3. The enhance-
ment of the electromagnetic field around the plasmonic 
nanostructure results in an increase in the electron 
transition between the electronic ground state and the 
virtual intermediate state. Whereas charge transfer 
enhancement (strong and photoinduced charge trans-
fer) increases the probability of resonance-like transi-
tions between the electronic real states. Accordingly, 
the spatial aspect is distinctively different for these two 
mechanisms: the electromagnetic mechanism occurs 

over long-range distances (about 10 nm), whereas the 
charge transfer mechanism occurs over short-range  
distances (approximately 1 nm or less).

It is necessary to emphasize that charge transfer 
enhancement is molecule-specific and dependent on a 
three-body (molecule, incident photon and plasmonic 
nanostructure) interaction. All charge transfer processes 
take place under SP conditions (FIg. 2); therefore, they 
depend on the strengths of the electromagnetic and ther-
mal fields and the density of the excited carriers. More 
precisely, charge transfer processes should be called 
SP-based charge transfer processes. Moreover, charge 
transfer and electromagnetic enhancement can interact 
and influence each other, such that especially strong and 
photoinduced charge transfer mechanisms are improved 
by electromagnetic enhancement, while charge transfer 
can change the properties of the SPs that determine the 
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Fig. 1 | Surface plasmon excitation, optical confinement and spectral features of some typical nanostructures.  
a | Collective oscillation of conduction-band electrons in a nanostructure induced by incident light. b–e | Electromagnetic 
field distributions (second and third rows) and extinction spectra (fourth row) of some typical Au nanostructures 
computed using finite-element simulations, where E is the electromagnetic field and k is the wave vector of incident light. 
b | An isolated Au nanosphere of 60 nm diameter in vacuum. c | A nanosphere dimer with a gap size of 2 nm in vacuum.  
d | A single Au nanosphere at 1 nm distance from a flat Si surface. e | The Au nanosphere dimer (gap of 2 nm) at 1 nm distance 
from a Si surface. The enhanced local electromagnetic field is expressed by |E|2/|E0

|2, where |E|2 and |E0
|2 are the amplitude of 

the local and the incident electromagnetic field, respectively. The white dashed lines drawn in the second row indicate the 
direction along which the local electromagnetic fields are enhanced, as depicted in the third row. The excitation lines from 
part b to part e are 550 nm, 640 nm, 550 nm and 600 nm, respectively , which locate around the resonance peak shown in 
each extinction spectrum in the bottom row. f | The local field enhancement at the mid-point of the nanogap and the 
extinction spectra of the Au nanosphere dimer with various gap sizes ranging from 2 nm to 10 nm. SP, surface plasmon.

Fermi level
The highest energy level that 
an electron can fill in the solid 
state at absolute zero 
temperature.
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electromagnetic strength68. For a comprehensive under-
standing of PEMS, PMCRs and their relationship, great 
attention needs to be paid to these important and cor-
related phenomena. It is clear that the SP-based charge 
transfer process overlaps PMCRs to some extent, for 
example, when probing a molecule or when a molecule 
is undergoing a chemical reaction.

Plasmon-mediated chemical reactions
According to the basic processes of SP excitation and 
relaxation (FIg. 2), our aim is to compare PMCRs with 
three types of relevant reaction systems and establish a 
new and integrated description for PMCRs that takes 
into account time, space, energy and probability (FIg. 4).  
It is important to note that different types of SP effects 
usually occur simultaneously, and the excitation and 
relaxation properties of SPs can be influenced by the 
molecules adsorbed on the surface. Based on a careful 
comparison, we elaborate the specific characteristics and 
physicochemical descriptions of PMCRs that differentiate 
them from other, better-understood reactions.

Electromagnetic field-mediated reactions
As in traditional photochemistry, electromagnetic 
near-field-mediated photochemistry is associated with 
electronic excitation of the reactant molecules69–74 (FIg. 4a). 
The enhanced electromagnetic near-field enables a dra-
matic increase in light absorption owing to increased light 

intensity and/or extended light paths, which results in an 
increased excitation probability of the reactant or sub-
strate, such as a semiconductor75 (FIg. 5Aa). For example, 
the enhanced electromagnetic near-field generated upon 
visible-light illumination of Au nanoparticles loaded on 
the surface of a N-doped TiO2 (as efficient absorber of vis-
ible light) electrode was demonstrated to lead to a 66-fold 
increase in the photocurrent of water splitting, whereas 
a 4-fold reduction in the photocurrent was observed 
under ultraviolet-light illumination76. In another similar 
system, in which Ag nanoparticles were incorporated 
into a N-doped TiO2 photoanode, the increase in the  
photocurrent was attributed to the enhancement of  
the electromagnetic field at the interface between the Ag 
nanoparticles and the N-doped TiO2 photoanode and cor-
roborated by the dependence of the photocurrent on the 
light intensity77. The enhanced electromagnetic near-field 
also enables the control of photochemical reactions in 
small volumes, even on the nanometric scale. For exam-
ple, the two-photon polymerization of the epoxy-based 
negative photoresist (SU8) was investigated on gold 
nanoblocks separated by 6 nm gaps (FIg. 5Ab). By changing 
the polarization of the light, the reaction proceeded at dif-
ferent positions on the nanoblocks (substrate), in agree-
ment with finite-difference time-domain predictions 
of the near-field stength78. Moreover, electromagnetic 
enhancement allowed nonlinear photoexcitation to be 
achieved in these experiments, even under low-intensity 
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illumination. However, overlap of the absorption spec-
tra of the plasmonic nanostructure and the reaction  
precursor is essential to complete a reaction efficiently.

Excited-carrier-mediated photocatalytic reaction
Similar to photocatalytic reactions79–83 (FIg. 4b), PMCRs 
are mediated by excited electrons (or holes) induced 
by SPs that are injected from the plasmonic metal to a 
neighbouring molecule or into a semiconductor exhibit-
ing suitable energy levels in contact with the plasmonic 
metal84. This reaction mechanism has been proposed to 
lead to photocurrent enhancement owing to water oxi-
dation observed upon visible-light irradiation of TiO2 
sol gel films incorporating Au or Ag nanoparticles85.  
A similar mechanism was proposed for catalytic oxidation 
reactions, such as ethylene epoxidation, CO oxidation and  

NH3 oxidation (typical exothermic reactions), the 
efficiencies of which were considerably improved by 
the irradiation of Ag plasmonic nanostructures with 
low-intensity visible light. The resulting improvements 
were attributed to the SP-excited electrons that were 
transferred to the oxygen molecules, which promoted 
oxygen activation by forming transient negative-ion 
states15,86 (FIg. 5Ba). Water splitting, however, is a typical 
example of an endothermic reaction and was carried out 
by SP-excited electrons and holes from Au nanorod arrays 
in contact with a TiO2 film upon visible-light irradiation14 
(FIg. 5Bb). These works represent a milestone in PMCR 
research and inspired many groups to enter this field.

An in situ PERS study revealed that p-aminothiophenol  
(PATP) can be selectively oxidized to p,pʹ-dimercapto-
azobenzene (DMAB) on Au or Ag nanoparticles at room 
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of plasmon-enhanced Raman scattering (PERS) bands is determined by the probability of the Raman scattering 
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unoccupied molecular orbital of the adsorbed molecule, respectively. The green arrows correspond to electronic 
excitations, and the red arrows correspond to electronic decays, while the thickness of the arrow represents the event 
probability. SP, surface plasmon.
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temperature by SP-excited carriers26,87 (FIg. 5Bc). It was also 
found that SP-excited electrons can induce the six-electron 
photocatalytic reduction of 4-nitrothiophenol to 4-ami-
nothiophenol on Ag nanostructures in the absence of 
conventional chemical reducing agents, such as hydride 
reagents88. So far, a number of other chemical reactions 
have been induced or enhanced under mild conditions, 
such as normal temperature and pressure, by SP-excited 
carriers, including H2 dissociation89, N2 dissociation90, 

CO2 reduction91 and NH3 synthesis92, among others16,93. 
It should be emphasized that SP-excited carriers are quite 
different from excited carries generated in semiconduc-
tors or dyes in terms of energy distribution, lifetimes and 
other features.

Thermochemical reaction
Temperature can greatly affect the reaction rates, as 
defined by the Arrhenius law (FIg. 4c). Therefore, one can 
exploit the heat produced by the decay of excited SPs to 
control a chemical reaction94,95. Plasmonic nanostruc-
tures can be employed as nanosources of heat to increase 
chemical reaction rates96. This would reduce the demand 
for other non-renewable energy sources. Specifically, 
plasmonic nanostructures can convert incident light 
into heat more efficiently than most other means13,95. 
Furthermore, the presence of SPs can improve the heat-
ing dynamics and efficiencies through the confinement 
of heat in nanometric volumes (confinement effect)97–99 
(FIg. 5c). Normally, it is difficult to localize thermal 
regions to the nanoscale using traditional means. This 
makes plasmon-mediated heating unique and promising.

Factors influencing PMCRs
To efficiently power chemical reactions using SPs, one 
needs to understand the entire system holistically. Three 
integral components are involved in PMCRs: the SPs, the 
chemical reaction and the surface or interface on which 
the reaction takes place. These three components influ-
ence PMCRs; however, the various types of PMCRs have 
unique requirements for these three components.

Factors influencing surface plasmons. All the effects due 
to SPs, such as electromagnetic near-field enhancement, 
charge-carrier excitation and the local heating effect, 
strongly depend on size, material properties, mor-
phology and state of aggregation95,100,101. For instance, 
the properties of SPs strongly depend on the geometry  
of the plasmonic system. By changing the geometry of 
the nanoparticle, one can control the light harvesting 
ability of absorbers over most of the solar spectrum102. 
The SP properties can also be greatly influenced by the 
aggregation state of the plasmonic structures (FIgs 1f, 

5Ca,Cb). For example, it was found that the photocurrent 
of semiconductors or dyes could be enhanced in the gap 
between Au nanoparticles and Au films. These gaps are 
called hot spots and are the locations at which intense 
enhancements of PEMS occur103. Accordingly, different 
types of PMCRs require the design of specific structures 
to adjust the SP properties to the specific application. 
For example, in PEMS, the nanoparticles usually range 
from 10 nm to 180 nm in diameter. In general, larger par-
ticles lead to a higher enhancement in the electromag-
netic field. However, in a certain size range, the energy 
distribution of the excited carriers follows the opposite 
trend. A theoretical study showed that the production 
rate and energy distribution of the excited carriers in 
Ag nanoparticles with diameters varying from 5 nm to 
25 nm change with the particle size and the lifetime of 
the excited carriers: larger nanoparticles and shorter life-
times result in higher carrier production rates but lower 
excited carrier energies and vice versa104.

Box 2 | The basics of the electromagnetic enhancement mechanism of PERS

From a quantum mechanical perspective, the Raman scattering process of a molecule 
can be divided into two simultaneous steps. one is the absorption of an incident 
photon (ћω0) to excite a transition from a low-energy level to an intermediate virtual 
state, which has no physical reality but is useful in theory modelling64. The other is the 
instantaneous re-emission of a photon with a different energy (ћωR) through a follow-up 
electron–hole recombination back to the low-energy level. The energy difference 
between the incident and scattered photon corresponds to that of a given vibrational 
mode of the molecule. Raman scattering is an inelastic scattering process. When the 
scattered photon has less energy than the incident photon, the process is called a 
Stokes process, which usually has a much higher probability than the anti-Stokes 
process, in which the scattered photon has a higher energy than the incident photon.

For a given Raman mode of a probed molecule, its dipole moment (p0) is correlated to 
both the Raman polarizability tensor (α) and the incident electric field (E0), p0 = αE0. When 
the probed molecule is in close proximity to a plasmonic nanostructure (FIg. 3a, top left), 
the resulting oscillating dipole should be rewritten as p = αEloc(ω0). If such a dipole 
radiates in free space, the corresponding dipolar power, which is proportional to |p|2, 
would greatly increase by a factor of:
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where Mloc(ω0) is typically defined as the local field enhancement factor and produced 
during excitation of the Raman dipole. Clearly, Mloc(ω0) dependents on wavelength and 
would be maximized when the incident light couples with the localized surface 
plasmon resonance (lSPR) of the plasmonic nanostructure. Nevertheless, in 
plasmon-enhanced Raman scattering (PERS), the Raman dipolar radiation is strongly 
modified by the presence of the plasmonic nanostructure. The total radiation power 
of the oscillating dipole close to the metal surface (PRad) can be enhanced by a factor of 
MRad = PRad/P0, where P0 refers to the power of radiation with the same dipole and the 
same amplitude in free space. owing to the difficulty in estimating MRad, it is often 
assumed that MRad(ωR) ≈ Mloc(ωR) (reF.51), resulting in:

MRad(ωR) is the so-called radiation enhancement factor, which is associated with 
the re-emission step of the Raman process. It depends on the substrate geometry 
and optical properties, the dipole position, orientation and its emission frequency 
ωR. When ωR couples to the radiative LSPR of the plasmonic nanostructure, the 
dipole would be forced to radiate more energy51. If we consider only the local 
field (excitation) enhancement and the radiation (re-emission) enhancement, the 
electromagnetic (EM) enhancement factor G can be approximated to:
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An additional approximation is often made for low-frequency vibrations when ωR is not 
very different from ω0, resulting in the more familiar expression shown above. This is the 
well-known |E|4 approximation for the PERS enhancement factor8,56. For example, when the 
enhanced field strength is 102|E0|, the EM enhancement factor G for PERS can reach ~108.
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Factors influencing chemical reactions. Chemical reac-
tions, especially catalytic processes, are closely related to 
surface activity. In PMCRs, three categories of mediators 
are usually used to improve the surface activity. To fully 
exploit the light harvesting effect, the plasmonic nano-
structures (such as Au, Ag or Cu) should be larger than 
5 nm, as opposed to standard catalysts for which larger 
sizes often limit their catalytic activity considerably105. 
Thus, in these cases, chemical reaction mediators, such 
as small-size Pt nanoparticles with high catalytic activity, 
are needed to construct composite structures to compen-
sate for the loss of catalytic active sites. The lifetime of the 
plasmon-induced excited carriers is too short to partici-
pate effectively in the chemical reaction (FIg. 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 (FIgs 4b,5ba). 
For instance, by using ultrafast time-resolved spectros-
copy, it has been shown that n-type TiO2 can considera-
bly promote efficient charge separation, thus inhibiting 
the recombination of non-equilibrated charge carriers106. 
However, to date, no consensus exists on what kind of 

mediator helps to achieve effective charge separation. 
SP-activated molecules (for example, O2 and H2) can 
also act as mediators. Some studies have found that O2 
activated by accepting an excited charge carrier from 
the plasmonic nanostructure can enhance catalytic  
oxidation reactions86,87 (FIg. 5Bb).

Furthermore, 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 the above species need also be 
taken into consideration in PMCRs, although few stud-
ies have fully explored these effects. It is preferential to 
carry out chemical reactions on structurally well-defined 
active sites where the reaction mechanism is straightfor-
ward and the SP effects for the chemical reaction can be 
easily understood.

Factors influencing the coupling between surface plas-
mons and adsorbed molecules. In order to efficiently 
coordinate SPs and reactants or mediators, attention 
should be paid to their coupling, which is strongly 
influenced by the surface or interface. Mediators, espe-
cially those for charge transfer, are coupled with the 

a  Electromagnetic field

SP nanostructure

b  Excited carriers c  Thermal field

CT CT

Reaction coordinate

En
er

gy

Reaction coordinate

En
er

gy

Reaction coordinate
En

er
gy

Reaction coordinate

En
er

gy

Reaction coordinate

En
er

gy

Incident light

Molecule

100 fs 1 ps 1
 
nsExcitation

Fig. 4 | A microscopic view of plasmon-mediated chemical reactions. a | The left panel shows a common 
photochemical reaction of a molecule initiated by an electronic excitation from the ground state to an excited state  
to overcome the activation energy. On the right, electromagnetic near-field enhancement resulting from surface 
plasmons (SPs) greatly increases the probability of molecular excitation for a molecule near the plasmonic nanostructure.  
This interaction will increase the rate and/or yield of the photochemical reaction but requires overlap of the absorption 
spectrum of the plasmonic nanostructure with that of the molecule. In addition, the precursors should be located in the 
enhanced electromagnetic field. b | The left panel shows how SP-excited carriers can transfer to the molecule near 
the surface through direct or indirect charge transfer (CT) process18,139 and then mediate the chemical reaction, similar 
to photocatalysis. In the direct process, SP decay occurs directly by interfacial electronic transitions (green arrows). In the 
indirect process, SP decay produces excited carriers in the metal before the CT process (red arrows). In this mechanism, 
the spectra of the plasmonic nanostructure and the molecule do not need to overlap, but the energy of the excited 
carriers and the electronic band structure of the molecule need to match appropriately. Bearing the ultra-short lifetime 
of those SP-excited carriers in mind, the probability of such a photocatalysis-like process is usually low. Accordingly , 
for more efficient CT, the precursor should adsorb on the surface of the plasmonic structure. Combined with mediators 
such as semiconductors, the efficiency of plasmon-mediated chemical reactions (PMCRs) based on SP-excited carriers 
could greatly improve, as shown on the right. Such heterogeneous structures can increase the probability of CT and 
extend the lifetimes of the carriers transferred to the mediator, increasing the reaction probability. c | Increased 
temperature is commonly used to accelerate chemical reactions. The local temperature increase due to SP 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, which is a more efficient process than heating 
the whole reaction chamber. The thickness of the arrow represents the probability.
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plasmonic nanostructures to induce reactions and help 
increase the reaction rates107–109. In CdSe nanorods fea-
turing a Au nanoparticle at each end, strong interdomain 
coupling and mixing of the metal and semiconductor 
energy levels lead to plasmon-induced interfacial charge 

transfer transition (PICTT). This enables the decay of a 
plasmon by directly exciting an electron from the metal 
to a strongly coupled acceptor107 (FIg. 6a). In the case of 
metal–semiconductor contact, one can have two types 
of contacts: a Schottky contact and an Ohmic contact 
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Fig. 5 | The three key components of plasmon-mediated chemical 
reactions. A | Electromagnetic near-field photochemical enhancement.  
Aa | Excitation probabilities induced by electromagnetic near-field 
enhancement increase with light intensity and light-path length. Ab | The 
electromagnetic near-field enhancement attained by controlling the 
direction of the polarized incident light can induce the two-photon 
polymerization of the photoresist SU8 along precise directions.  
B | Photocatalysis mediated by surface plasmon (SP)-excited carriers. Ba | The 
excited electrons transferred from Ag plasmonic nanostructures to an 
absorbed (ads) O2 produce the transient negative-ion state of O2

−, and its 
subsequent relaxation leads to vibrationally excited O2 molecules. These 
activated oxygen molecules can act as the reaction mediator. τ depicts the 
transient negative-ion state of O2

–. Bb | Schematic of a water splitting device 
in which the SP-induced excited carriers separate at the metal–mediator 
interface and participate in the redox process. Here, TiO2 acts as the charge 
transfer mediator ; Pt and Co-oxygen-evolving catalyst (OEC) nanoparticles 
act as mediators for the hydrogen evolution reaction and oxygen evolution 
reaction, respectively ; CB, VB and EF denote the conduction band, valence 
band and Fermi level, respectively. Bc | Scheme for the transformation from 
p-aminothiophenol (PATP) to p,p′-dimercaptoazobenzene (DMAB) induced 
by SP-excited electrons, which can be detected in situ by plasmon-enhanced 

Raman scattering. C | Local thermal effects promoted by SPs. Ca | Calculated 
spectra of the heat generated in nanostructures deposited on a planar glass 
surface immersed in water, where E is the electromagnetic field and k is the 
wave vector of incident light. The three insets represent the heat power 
density computed at the main plasmon resonance of the particle. The local 
heating is related to the morphology and incident light. The colour gradient 
indicates the heat power density (nW/nm3). Cb | Schematic of photoheating 
in a solution of nanoparticles illuminated with 808 nm laser light. Multiparticle 
optical interactions by which incident photons that are scattered and/or 
absorbed play an important role. Cc | Thermal response of illuminated 
nanoshell solutions with different concentrations (colour gradient shows the 
concentration denoted in units of 1010 per ml). The temperatures measured 
at the top (Ttop) and bottom (Tbot) of the solutions are shown as solid and 
dashed lines. hν, energy of a photon; PES, potential energy surface; PMCRs, 
plasmon-mediated chemical reactions. Part Aa is adapted from reF.75, 
Springer Nature Limited. Part Ab is adapted with permission from reF.78, 
American Chemical Society. Part Ba is adapted from reF.86, Springer Nature 
Limited. Part Bb is adapted from reF.14, Springer Nature Limited. Part Bc is 
adapted with permission from reF.26, American Chemical Society. Part Ca  
is adapted with permission from reF.94, AIP Publishing. Parts Cb and Cc are 
adapted with permission from reF.99, American Chemical Society.
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(FIg. 6b). The nature of the contact between two materials 
forming a heterojunction (interface) can greatly influ-
ence the charge transfer process of the excited carriers. 
For example, the energy barrier formed upon Schottky 
contact can be used to filter the excited electrons, inhib-
iting their recombination with holes. 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 semiconductor108. Alternatively, a SiO2 layer 
with a thickness of about 5 nm can be used to isolate the 
plasmonic nanostructure from the semiconductor (for 
example, Cu2O), so that the plasmon-induced resonance 
energy transfer (PIRET), which is strongly dependent on 
the dephasing rate and dipole moment of the plasmon, 
can be tuned109 (FIg. 6c).

Surfactants are also used to stabilize the surface of 
the plasmonic nanostructure and to avoid aggregation 
and can affect the plasmonic properties and surface 
reactions. Additionally, SP effects, such as the enhanced 
electromagnetic near-field, are strongly dependent on 
the distance of the SPs from the surface. Close proximity 
to the surface is usually more beneficial for PMCRs.

Comparison of PEMS and PMCRs
As two important branches of plasmonics, PEMS 
and PMCRs are closely related, and both result from 
three-body interactions between photons, molecules 
and nanostructures (FIg. 7a,b). However, the study of 
PMCRs (plasmon chemistry) is more complex than 
PEMS (plasmon physics) because it involves molecular 
changes, for which many factors, such as reaction inter-
mediates, products and yields as well as charge trans-
fer rates, must be taken into account (TABLe 1). This is 
likely the reason why the development of PMCRs has 
lagged behind that of PEMS. It is therefore desirable to 
systematically analyse the similarities and major dif-
ferences between these two branches of plasmonics in  
order to identify challenges and future directions 
in plasmonic chemistry.

PERS is the most established technique among PEMS 
and has been applied for over four decades5–8,11. Here, we 
use PERS as a representative to compare and contrast 
PEMS and PMCR.

The electromagnetic near-field enhancement
In PERS, electromagnetic enhancement promotes both 
excitation and emission. Emission, however, is absent in 
the case of PMCRs based on electromagnetic near-field 
owing to the non-radiative decay of excited states via 
chemical reactions. Moreover, the excitation of the 
reacting molecules or mediators in PMCRs includes an 
electron transition from the electronic ground state to 
the real excited state76,77. In PERS, the electrons in the 
ground state are usually excited to a virtual state, except 
in cases of resonance or stimulated Raman scattering11,56.

The surface-plasmon-excited charge carriers
Charge transfer between the plasmonic nanostructure 
and the reactant molecule plays a key role in PMCRs16,107. 
Such processes can also be important in PERS when the 
plasmonic nanostructure forms a strong bond with 

the probed molecule67. The main difference between 
charge transfer in PMCRs and in PERS is the final 
destination of the excited carriers. In PMCRs, carri-
ers are excited and separated in order to participate in 
the chemical reaction, which takes place at the inter-
face between the metal and the surrounding medium 
(FIg. 4b). It should be noted that to increase the proba-
bility of participating in chemical reactions, the excited 
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Fig. 6 | A graphical summary of novel mechanisms of 
SP-mediated energy and/or charge transfer processes. 
a | The plasmon-induced interfacial charge transfer taking 
place at a metal–semiconductor interface (Au–CdSe) with 
strong coupling. b | Ohmic devices (in this case, Au–Ti–TiO2)  
enable surface plasmon (SP)-excited electrons with high 
energy (Iplasmon) and excited electrons created by interband 
transitions (Iinterband) to be collected, thus enhancing the 
photocurrent Iphoto. c | Plasmon-induced resonance energy 
transfer (PIRET). PIRET is different from Förster resonance  
energy transfer (FRET) because of the lack of a Stokes shift 
and a strong dependence on the dephasing rate and dipole 
moment of the plasmon. EC, conduction-band energy ; EF, 
Fermi level; EV, valence-band energy ; hν, energy of a 
photon; λ, wavelength. Part a is adapted with permission 
from reF.107, AAAS. Part b is adapted from reF.108, Springer 
Nature Limited. Part c is adapted from reF.109, Springer 
Nature Limited.

Förster resonance energy 
transfer
(FreT). A mechanism 
describing the energy transfer 
between two light-sensitive 
dipoles, in which energy 
non-radiatively transfers from a 
blueshifted emitter to a 
redshifted absorber through 
dipole–dipole coupling.
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carriers in PMCRs should occupy the orbitals of reac-
tants for a long time. 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 (FIg. 3b).

The heating effect
Local heating is common but often ignored in plasmonic 
systems. There have been only a few systematic stud-
ies on the local heating effect in PMCRs96. Increased 
temperature can lead to increased reaction rate by 
providing energy to overcome the energy barrier of 
the reaction and by promoting mass transport and 
surface desorption. In contrast, increased temperature 
can hamper PERS measurements that are easier for 
strongly adsorbed molecules. Additionally, the local 
heating of SPs leads to a confined thermal field with 
steep gradients. The reactions that proceed in the con-
fined high-temperature region can, in turn, influence 
the distribution of the thermal field. For example, if the 
reaction is exothermic, the heat of reaction may further 
increase the temperature gradients.

Determining the local temperature in the presence of 
gradients is challenging but essential for understanding 
reaction mechanisms and designing PMCRs. Local heat-
ing may also affect PEMS measurements. For example, 
it was observed in some PERS measurements that the 
Stokes and anti-Stokes Raman scattering processes are 
asymmetrically enhanced with a preferential increase 
in the anti-Stokes Raman bands110. This was first pro-
posed to be due to the laser-induced thermal heating 
(‘pumping’) of the ground-state molecule that promotes 
the population of the vibrationally excited states111. 
Accordingly, the Boltzmann equation was used to calcu-
late the local temperature rise due to the non-radiative, 
thermal decay of the plasmon based on the PERS 
chara cteristics112,113. Many disagreements remain sur-
rounding such calculation and the other factors involved  
in the enhancement of the anti-Stokes Raman bands in 
PERS114–116. For example, it has been found that other 
effects, such as a broad and intense plasmon resonance, 
can affect the ratio of the anti-Stokes and Stokes inten-
sity117,118. Thus, in order to use this intensity ratio to cal-
culate the local temperature, one should first normalize 

the PERS spectra against the plasmon resonance spec-
tra (which reflects the SP enhancement difference in 
different frequency regions) over the whole frequency 
region117. Furthermore, PERS measurements are usually 
averaged over multiple hot spots, medium-enhanced 
regions and non-enhanced regions. The geometric 
inhomogeneity of these regions represents an additional 
problem when PERS is used to determine the local tem-
perature. The system becomes even more complex when 
chemical enhancement and/or charge transfer need to be 
taken into consideration.

Future challenges and directions
Despite the fact that PMCR mechanisms can be 
explained by thermochemistry, photochemistry and/or  
photocatalysis, PMCRs are more complex than tradi-
tional reactions. The probable combination of all three 
mechanisms, especially in a nano-confined space, leads 
to some of the unique characteristics of PMCRs. The local 
confinement of the electromagnetic field and thermal 
field causes the heterogeneous distribution of the reac-
tive area on a substrate. In order to fully take advantage of 
PMCRs, one needs to carefully analyse the challenges and 
future directions according to the following five aspects.

New plasmonic structures and materials
The structure and composition of the plasmonic nano-
structures are two crucial factors that control the spa-
tial (position), energetic (strength and wavelength) and 
temporal (lifetime) properties of SPs48. Nanostructures 
with tuneable plasmonic properties would be useful 
in PMCRs, as it would be possible to design tuneable 
SPs with either a narrowband or broadband response, 
to control the energy distribution and lifetime of the 
excited carriers and to increase the charge transfer prob-
ability. For example, a narrowband response can be used 
to finely regulate the energy of the incident light, which 
can then be used to control the energy flow that medi-
ates the reaction or to regulate the reaction selectivity 
of certain molecules. The broadband response, instead, 
is mainly exploited to increase the efficiency of solar 
energy utilization, especially for reactions with various 
reactants but without selectivity requirements, such as 
pollutant degradation.
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Nanophotonics
(plasmonics)

Molecule Nano-
structure

Photon

PEMS

Nano-surface science

Photochemical
reaction

Nanophotonics
(plasmonics)

Molecule Nano-
structure

Photon

PMCR

Nano-(electro)catalysis

Fig. 7 | Comparison of plasmon-enhanced molecular spectroscopy and plasmon-mediated chemical reactions. 
 a | The three-body interaction in plasmon-enhanced molecular spectroscopy (PEMS), which includes a photon, 
nanostructure and molecule (that does not undergo chemical reactions). When only two of the three elements interact, three 
separate fields arise: nanophotonics, nano-surface science and molecular spectroscopy. b | The three-body interactions in 
plasmon-mediated chemical reactions (PMCRs), which also includes a photon, nanostructure and molecule (that undergoes 
chemical reactions). The interaction of only two of the three elements gives rise to different kinds of reactions and processes.
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Notably, a compromise between the catalytic acti-
vity and the strong optical effect is widely observed in 
PMCRs when coinage metals are used. Methods that 
use, for example, antenna-reactors, satellite or core–shell 
composite structures have been adopted16,119–121. Most of 
these consist of two typical components: a highly active 
plasmonic nanostructure and a highly active catalyst. 
In addition, expanding the range of plasmonic materi-
als to better accommodate PMCRs is highly desirable. 
Some novel materials, such as graphene, have also been 
shown to have SP properties122. It is important to choose 
suitable materials for specific applications or chemical 
reactions123–125. Some of these plasmonic materials are 
usually used as catalysts. However, for these materi-
als, the plasmon resonance frequencies usually are not 
in the visible or near-infrared region. Developing plas-
monic materials responsive to sunlight with high cata-
lytic activity represents an important goal in the field 
of PMCRs.

Multiscale processes
Electromagnetic near-field, charge-carrier excitation and 
local heating effects are usually concurrent in PMCRs, 
but it would be useful to determine which is crucial for a 
specific reaction. However, the systematic study of these 
effects is hindered by the extended timescales (spanning 
from several femtoseconds to nanoseconds) and highly 
confined space over which the reactions evolve29,36–38. 
Several strategies have been exploited to solve this 
problem, such as using insulating materials like silica 
to prevent charge transfer. However, the silica coating 
also changes the surface and thermal properties of the 
plasmonic nanostructure and influences the resonant 
energy transfer from the plasmonic nanostructure to 
the mediator or molecule109,126. Therefore, new methods 
that are less invasive to the sample and the reaction need 
to be developed.

Plasmon-induced excited carriers
Although plasmon-induced excited carriers have 
proved effective in many important reactions14,86,90,91, 
the efficiencies of plasmon-mediated photocataly-
sis remain low, and mediators must be used. For 
example, a well-designed system containing a charge  
separation mediator and a reaction mediator has 
been used to catalyse water splitting upon irradia-
tion with visible light, leading to the highest reported 
external quantum efficiency of approximately 0.1%14. 
Obviously, excited carriers in metals are different from 
those in semiconductors owing to the lack of band-
gap82,83, which gives rise to extremely short lifetimes 
of the plasmon-induced excited carriers and hinders 
charge transfer even in the presence of mediators33,35–40.  
In some special cases, such as strong coupling, the 
charge transfer efficiency may be enhanced consider-
ably (although no breakthrough has yet been reported 
for the overall reaction efficiency), and some new 
charge transfer mechanisms, such as SP-induced inter-
facial charge transfer, have been proposed107 (FIgs 4b,6a). 
However, some key questions remain even with 
respect to the charge transfer mechanism, for example, 
about  the strong coupling between SPs and mole-
cules127,128. The energy distribution of plasmon-induced 
excited carriers is different from that in a semiconduc-
tor and the interband transition process of the plas-
monic 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 energy 
(using the Fermi level as a reference), which prob-
ably lead to a flat distribution of excited carriers18,40, 
although little experimental evidence for this can be 
cited. Finally, the properties of excited holes are still 
poorly understood, with only a few direct experiments 
describing their characteristics, such as their energy 
distribution and lifetimes129.

Table 1 | Comparison of PEMS and PMCRs

Effect PEMS (PERS 1970s–today) PMCRs (1980s–today)

EM field enhancement Primary effect; it enhances the probability 
of electronic excitation to virtual and/or real 
states

Favourable effect; it enhances the 
probability of electronic excitations to real 
states

Excited carriers Secondary effect; excited carriers are 
transferred back and forth from the 
nanoplasmonic structure to the adsorbed 
molecule

Favourable effect; excited carriers are 
transferred from the nanoplasmonic 
structure to the adsorbed molecule to 
mediate a reaction

Heating Unfavourable effect; causes desorption or 
damage to the adsorbed molecule

Favourable effect; helps to overcome the 
activation energy barrier

Local effects Creates hot spots, which contribute most of 
the spectral signal (<10 nm)

Confines the chemical reaction to 
proceeding over small spatial scales (nm–μm)

Components

Light source A focused laser is most commonly used  
(<0.1 bandwidth, 106–108 mW/cm2)

Solar simulator, Xe lamp, Hg lamp, LED or 
lasers, among others (102–108 mW/cm2)

Molecule Strong adsorption of the probed molecule 
on the plasmonic surface is favourable

Strong adsorption of reactants, mediators 
and products may impede reactions

Nanostructures Simple structures made of plasmonic-active 
materials

Complex structures made of plasmonic 
materials coupled with mediators for surface 
activation and charge transfer

EM, electromagnetic; LED, light-emitting diode; PEMS, plasmon-enhanced molecular spectroscopy ; PERS, plasmon-enhanced 
Raman spectroscopy ; PMCRs, plasmon-mediated chemical reactions.
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chemical bonds for bond-selective chemistry, if the band 
response of SPs is narrow enough.

Conclusion
We have reviewed the progress in using nanostructure- 
based SPs as mediators to redistribute and convert the 
photon energy in time, in space and at various energy 
scales, thereby driving chemical reactions by localiz-
ing photon, electronic and/or thermal energies. PMCRs 
exhibit unique characteristics distinct from existing 
photoenhanced and thermally enhanced reactions. 
For instance, the electromagnetic field and/or ther-
mal field in PMCRs are confined at the nanoscale with 
sharp gradients (sub-nanometre to nanometre for 
electromagnetic fields and nanometre to micrometre 
for thermal fields), which can drive chemical reactions 
at an extreme level of spatial selectivity. In such cases, 
both the nano-optics and nano-thermodynamics are 
unique and offer opportunities through, for example, 
the nano-confinement of mass or facile heat transfer, 
for novel reaction pathways with increased efficien-
cies or product branching possibilities. Additionally, 
the lifetime (less than picoseconds) and the flat energy 
distribution of the excited carriers in PMCRs differ  
from what is encountered in traditional photocatalysis 
(the excited carriers distribute in definite bands with 
picosecond to microsecond lifetimes). As a conse-
quence, SPs can create new possibilities for powering 
chemical reactions.

The field of PMCRs is still in an early stage, and 
two main challenges hinder its rapid development: the 
complex operating mechanism and the limited reaction 
efficiencies, especially when based on the excited car-
riers. PEMS has been developed over 40 years and can 
serve as a reference for guiding the progress of PMCRs. 
PEMS and PMCRs are both molecule-specific and 
dependent on three-body (molecule, incident photon 
and plasmonic nanostructure) interactions. To clearly 
describe the mechanism of PMCRs, we systematically 
introduced various effects over time, space and energy 
scales. However, to improve the efficiency, one needs to 
coordinate these effects synergistically. Great advance-
ments will be made, for example, by rationally design-
ing and fabricating plasmonic nanostructures, selecting 
suitable surface or interface mediators and teaming 
them together.
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The confinement effect
Many materials, including semiconductors and dyes, can 
provide excited carriers but are unable to confine the 
corresponding electric and thermal fields at the nano-
scale. SP effects can not only result in a spatial redistri-
bution of the optical, electronic and/or thermal energy 
at the nanoscale but can also endow the local field with 
steep gradients1,2,17,75. In PMCRs, the spatial distribution 
of the electromagnetic field, thermal field and excited 
carriers is non-uniform130. Therefore, the localized effect 
of SPs should directly lead to a localized chemical reac-
tion131, as was demonstrated in metal–polymer–metal 
systems132. Scanning tunnelling microscopy (STM) with 
a Ag tip was used to achieve the real-space and real-time 
observation of a PMCR, which indicated the spatial 
inhomogeneity of the PMCR133. Additionally, the local-
ized effect can influence many physical processes related 
to chemical reactions, including heat transfer and mass 
transport98. More advanced applications, especially scal-
able ones, based on the localized effect will require more 
than a few hot spots and large active surfaces. Expanding 
the ratio of highly active sites is crucial for PMCRs but 
also would ensure higher sensitivity in PERS.

Bond-selective reactions
Tip-enhanced Raman spectroscopy can access the 
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both chemical accuracy and sub-nanometre resolu-
tion59,134. The ultra-high spatial resolution is thought 
to result from the highly confined field and broadband 
nature of the nanocavity plasmons in the tunnelling 
gap between the tip and substrate135. This crucial break-
through offers a new way to simultaneously gain struc-
tural and chemical information of single molecules by 
means of PERS. More interestingly, the ultra-high spatial 
resolution enables the manipulation of specific parts of a 
single molecule (for example, a methyl group or a double 
bond) within a single molecule under plasmonic excita-
tion. This may result in a new, submicroscopic level of 
molecular processing.
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have excellent plasmonic properties in the mid-infrared 
or far-infrared region136,137, and selective infrared femto-
second laser pulse excitation has been reported to accel-
erate ground-state reactions138. Accordingly, SPs in the 
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