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Conspectus 

In recent years, the possibility to induce 

chemical transformations by using tunable 

plasmonic modes has opened the question 

of whether we can control or create chemical 

hot spots in these systems. This can be 

rationalized as the reactive analogue of the 

well-established concept of optical hot spots, 

which have drawn a great deal of attention to 

plasmonic nanostructures for their ability to 

circumvent the far-field diffraction limit of 

conventional optical elements.  

The parameters that determine the reactivity of plasmonic systems are deeply influenced by the 

dynamics and interplay of photons, plasmon-polaritons, carriers, phonons and molecular states. 

Although optical hot spots can be mainly defined by the geometry and permittivity of the nanostructures, 

the degrees of freedom influencing their photocatalytic properties appear to be much more numerous. 

These degrees of freedom can affect the reaction rates, the product selectivity or the spatial localization 

of a chemical reaction. In this Account, we show how the control of chemical hot spots can be achieved 

by carefully tuning the parameters that influence the cascade of events following the optical excitation 

of plasmonic modes in nanostructures. 

We discuss here a series of single photocatalyst techniques and ideas of how plasmonic nanoscale 

reactivity can be spatially mapped and imaged, and how the lifetime of hot and thermalized carriers can 

be altered by trap states on semiconductors and by metal-semiconductor interfaces. In addition, the 

tailored generation of non-thermal phonons in metallic nanostructures and their dissipation is shown as 

a promise to understand and exploit thermal photocatalysis at the nanoscale. Surpassing or enhancing 

each of these energy channels should enable to engineer solar nanometric photocatalysts.  

Nevertheless, the ultimate capability of a plasmonic photocatalyst to trigger a chemical reaction is 

correlated to its ability to navigate through, or even modify, the potential energy surface of a given 

chemical reaction. Here we reunite both worlds, the plasmonic photocatalysts and the molecular ones, 

identifying different energy transfer pathways and their influence on selectivity and efficiency of 

chemical reactions. We foresee that the migration from optical to chemical hot spots will greatly assist 

the understanding of ongoing plasmonic chemistry. 

Introduction 

Plasmon assisted catalysis is the field that aims to exploit the properties of localized surface 

plasmon resonances (LSPRs) for chemical reactions. LSPRs are the light-induced coherent 

motion of electrons that produce large scattering and absorption cross-sections as well as 

dramatic enhancements of the electromagnetic field in regions close to the surface of metallic 

nanostructures. The energy of far-field light can be compressed into sub-wavelength scale via 

storing part of it as kinetic energy of the free electrons. As such, LSPRs have mixed 

electromagnetic and free carrier nature. Squeezing of visible light using LSPRs leads to 



extreme localization of the electric field (|𝐸|) on the nanoscale, transforming them into 

efficient optical nano-antennas. Optical hot spots are usually characterized by the field 

enhancement 𝑓𝐸 = |𝐸|/|𝐸0| , being |𝐸0|  the amplitude of the incident electric field. The 

frequency and spatial distribution of optical hot spots can be tuned by changing the size, 

shape, material and structure of the nanoparticle (NP) as well as the refractive index of the 

medium. The small mode volume of LSPRs also increases the photonic local density of states 

(LDOS). As such, optical hot spots have been instrumental for enhancing or modifying the 

properties of molecules that depend on the intensity of the electric field and/or it is nanoscale 

confinement. Enhanced Raman scattering (SERS) and fluorescence emission (SEF) of 

molecules next to plasmonic NPs are two of the most remarkable examples.1,2 

During the previous decades, nanofocusing into optical hot spots has been one of the driving 

forces behind the tremendous advances in nanoscale fabrication methods as well as in the 

design and discovering of new materials for nano-optics. Recently, the perspective of 

employing the energy absorbed by LSPRs and guide it towards a nearby molecule to produce 

a chemical transformation has emerged.3–7 Taking profit of the established concept of optical 

hot spots in plasmonic nano-antennas, we try here to make a link and discuss the role of 

plasmonic nanostructures as nano-reactors confining energy into chemical hot spots.  

Chemical Hot Spots 
Moving from optical to chemical hot spots in plasmonics implies a completely new 

optimization problem.8 While optical hot spots depend only on the properties of the antenna 

and the incident light, the reactivity of a plasmonic antenna is strongly reaction-dependent 

(i.e. the reaction pathway is set by the molecules, the antenna and the light). Figure 1 

schematically depicts several phenomena that may affect plasmonic reactivity on the 

nanoscale, each one presenting a distinctive spatial distribution. These include plasmon-

derived phenomena such as electromagnetic field enhancement, temperature, absorption 

(hot-electron generation), and mechanical vibrations (phonons). Furthermore, it is a well-

known fact in heterogeneous catalysis that metal NPs in the dark (no illumination) show sub-

particle inhomogeneous chemical activity given by surface facets and defect-sites, such as low 

coordinated-atoms.9 To illustrate this point, the inset catalytic activity in dark of Figure 1 

reproduces the activity map measured by Chen et.al. of a fluorogenic reduction on Au nano-

triangles.9 The convolution of all the phenomena shown in Figure 1 build up the plasmon-

assisted chemical map. However, further mechanistic details of the molecules and the 

plasmonic photocatalysts are needed in order to control and predict reactivity. In the 

following sections, we will first describe a (photo)chemical reaction from the molecule 

perspective. Then, we describe how processes triggered after plasmon decay can contribute 

to catalyze such a reaction. 



Figure 1: Spatial distribution of different phenomena influencing chemical activity in plasmon-assisted 

chemistry. Inset “Catalytic activity in dark” adapted with permission from American Chemical Society.10 

Navigating the potential energy surface 
The mechanism and energetic aspects of a chemical reaction can be described in terms of the 

potential energy surface (PES) which describes the potential energy of the system as a 

function of reaction coordinates, as schematized in Figure 2. Temperature or pressure have 

served for a long time as a vehicle to travel along the PES from an initial state A to a local or 

global minimum B (i.e. the formation of products). Crossing the highest hill or activation 

barrier of the PES is usually referred as the rate-limiting step (RLS) of the overall journey, thus 

being responsible for governing the kinetics of the reaction.  

In heterogeneous catalysis, the presence of a catalyst alters the PES by reducing the activation 

barriers – in particular the RLS one –therefore speeding up the reaction rate and enhancing 

efficiency. This requires adsorption of the reactant on the catalyst surface, an input of energy 

to overcome the activation barrier and desorption of the product, releasing the catalytic site 

for a new cycle to start. Pressure (or reactants concentration), temperature and reaction 

conditions can influence the adsorption-desorption dynamics (i.e. coverage), thus impacting 

in the reaction evolution.11  

Another way of modifying the reaction pathway in heterogeneous catalysis would be 

accessing to excited electronic states of the reactant-catalyst system, where a new potential 

energy surface can be explored.12,13 This would require an electron (or hole) transfer process 

in order to form a transient ionic species (A*). Note that here an electron (hole) is added to 



(removed from) the adsorbed molecule and as such the new PES corresponds to a charged 

state. This short-living state can then undergo a chemical reaction along its new potential 

energy surface leading to desorption, dissociation, or even redox reactions (in this last case 

the charge is permanently transferred and a counter reaction must take place). Interestingly, 

the activation barriers of the electronically excited PES could be different from the ones in 

the ground PES. This is shown in Figure 2, where the system is now going to a different minima 

C. Lowering the activation barrier of the RLS is linked to the efficiency and the overall energy 

consumption of the reaction, while the appearance of new minima states could lead to 

selectivity or the formation of new products for the same molecule-catalyst system.  

 

 

Figure 2: Left: Ground (green, GS) and excited (orange, ES) potential energy surfaces of a chemical reaction (i.e. 

the dissociation of a triatomic molecule). The excited electronic state may possess a lower activation barrier for 

the generation of products (linked to efficiency) as well as new valleys (linked to selectivity). Cascade of 

processes triggered by plasmon decay: electrons, phonons and temperature can be transferred to the molecule 

opening new pathways to manipulate chemical reactivity with light. 

Access to the excited electronic states of the metal-molecule system can be achieved by the 
absorption of a photon that consequently excites an electron from the metal into the 
molecule, leading to charged species on the surface of the (photo)catalyst. More than 20 
years ago, Ertl and co-workers already identified this process as an important side pathway 
to conventional (photo)thermal catalysis.12 These reaction mechanisms have been known for 
many years and can be grouped under the formalism known as desorption induced by 
electronic transitions (DIET).14,15 In these type of processes, the charge carrier transfer 



process to form the transient ion occurs in a non-thermal regime - far from equilibrium - 
within femtosecond timescales after light absorption at the catalyst-molecule interface.16 This 
is shown in Figure 2 with the red arrow that connects the GS and ES. The probability of this 
electronic transition depends on many factors such as: the energy of the incoming photon, 
the absorption cross-section of the metal-molecule system, the energy of the generated 
carrier once at the surface, the energy and density of available electronic states in the system, 
among others.17 In recent years, the possibility of performing this type of reactions by 
absorbing a plasmon - more than a photon - has impacted our understanding of the 
photochemical reactivity of molecules adsorbed onto metal (plasmonic) surfaces.3–5 
Unexplored reaction pathways have been revealed using plasmons excited at continuous 
visible wavelengths, also revitalizing the idea of sunlight into chemical energy conversion.13,18–

21 However, there are many different ways in which a plasmonic photocatalyst can help 
surfing the PES of a chemical reaction. 

How can a plasmonic catalyst help? 
When light interacts with metallic NP, part of its energy is transferred to the kinetic motion 

of free electrons. The quasi-particle associated to the electron oscillation coupled to 

electromagnetic radiation is called plasmon-polariton (PP) and carries the energy of the 

incoming photon. A PP can either decay radiatively or be absorbed. Absorption generates a 

cascade of phenomena that can ultimately be beneficial for chemical transformation of 

nearby molecules, as schematized in Figure 3. A PP can decay through chemical interface 

damping directly exciting a carrier from the metal to the molecule.22,23 Alternatively, it can 

decay exciting an electron-hole pair in the NP through different mechanisms,24 namely: 

phonon-assisted absorption, interband absorption, electron-electron scattering-assisted 

absorption or surface collision-assisted absorption (Landau damping). Each mechanism 

generates carriers with different energy, spatial and angular distribution and can be assigned 

with an absorption cross section  𝜎𝑝ℎ ,𝜎𝑖𝑏 ,  𝜎𝑒𝑒  and 𝜎𝑠𝑐  respectively. The generated energetic 

carriers scatter with other carriers in the material at a collision rates 𝛾𝑒−𝑒 and 𝛾ℎ−ℎ spreading 

the energy into a Fermi−Dirac distribution. Carrier-phonon collisions at a rates 𝛾𝑒−𝑝ℎ  and 

𝛾ℎ−𝑝ℎtransfer the energy to energetic phonons that will in turn establish a Bose-Einstein 

distribution through phonon-phonon scattering  𝛾𝑝ℎ−𝑝ℎ . The phonons interact with the 

environment releasing heat and increasing the temperature according to different coupling 

constants such as the thermal conductivity of the metal 𝜅𝑁𝑃, the medium 𝜅𝑚 or the Kapitza 

Resistance 𝑅𝐾 of the interface. It is important to remark that in the case of pulsed illumination 

all these processes occur sequentially in the described order. However, for continuous wave 

(CW) illumination, the processes occur simultaneously and all these physical phenomena 

coexist. A NP under CW illumination reaches a stationary out-of-equilibrium state holding 

non-thermal carriers as well as a thermal Fermi-Dirac distribution of carriers and a Bose-

Einstein distribution of phonons.25 As such, the temperatures associated to the electrons, the 

lattice and the environment (nearby molecules) can be different.26 



 

Figure 3: The plasmonic equalizer. Manipulating the coupling constants between photons, electrons and 

phonons allows to tune the relative weight and energy distribution of each plasmon-derived phenomenon. This 

can alter the reaction pathway by selecting different channels to travel along the A-PES. This is highlighted in 

the inset as a new coordinate system of the A-PES for a plasmonic photocatalytic reaction. 

Interestingly, the stationary state can be engineered to favour the preponderance of one 

phenomenon over the others, as illustrated in Figure 3. By manipulating the coupling 

constants between the processes named in the previous paragraph (depicted with knobs in 

Figure 3), the relative weight of each phenomena can be tuned. For example, Illuminating 

with wavelengths matching the interband transition of the material will favor carriers 

generated from interband direct absorption, while illuminating at the plasmon resonance will 

increase the relative weight of surface damping processes and its corresponding carriers. 

Materials with reduced electron mean free path will reduce the number of non-thermal 

carriers and a medium with high thermal conductivity will equalize lattice and medium 

temperatures. 

Let’s now reunite the molecule and the photocatalyst worlds. When a molecule is adsorbed 

to a surface, new hybridized metal-(adsorbed) molecule states are formed, i.e. a new PES for 

the adsorbed molecule arises (A-PES), different than the free molecule one. It is on this 

specific A-PES that the PP operates as a versatile supplier of energy quanta ranging from a 

thermal phonon (≅ 𝐾𝐵𝑇 ≅ 0.025 𝑒𝑉, with T the temperature and 𝐾𝐵 Boltzmann factor) to a 

hot electron with the energy of the absorbed photon (≅ 2 − 3 𝑒𝑉, for the optical regime). 

Furthermore, the momentum, charge and spin (boson or fermion) of the quanta can be 

different. This can affect reactivity of molecules in several ways. It can help the molecule to 

overcome the activation barrier of the A-PES, drive the molecule into a new excited state of 

the A-PES modifying the reaction pathway, displace the reaction along a given reaction 

coordinate of the A-PES or do a combination of processes. 

It is now clear that the overall reactivity and its spatial localization in plasmon-assisted 

catalysis – i.e. the chemical hot spot – is a convolution of the light, the reactor, the adsorbed 

molecule and the reaction pathway. Contrary to optical hot spots, there are several energy 

channels that can be exploited to boost a chemical reaction19,27,28 or to modify reaction 



pathways.20 In the following, we review our efforts to understand, map and control chemical 

reactivity at the single plasmonic particle level.29 

Discussion 

Spatially-resolved chemistry on hot-electron-driven reactions 
The spatial distribution of reactivity in a catalyst under thermal-driven conditions (i.e. in dark 

conditions) depends on the magnitude of the RLS activation barrier at each particular point 

of space. However, in this section, we will focus on reactions driven by non-thermal hot-

carriers, as they are appealing for nanoscale localization of reactivity. Given the rapid loss of 

energy of carriers in systems with high collision rates, their reactivity decreases with 

increasing distance from where they are generated. Exploiting this idea allows to manipulate 

the sub-particle spatial distribution of reactivity by determining spots where hot-carriers are 

preferentially generated.  

We began by studying the hot-electron-driven reduction from 4-nitrothiophenol (4-NTP) to 

4-aminothiophenol (4-ATP)30 on Ag Bow-tie (AgBT) antennas, as schematized in Figure 4a. The 

surface of AgBT was initially covered with a self-assembled monolayer (SAM) of 4-NTP. After 

irradiation, 15 nm Au NPs functionalized with 11-mercaptoundecanoic acid were used as 

reporters of the reaction. Specific binding between 4-ATP and Au NPs reveals the regions 

where the plasmon-assisted reaction occurred, as shown in Figure 4b. This constitutes an 

experimental realization of nano-localized chemistry exploiting plasmonic chemical hot spots. 

Another appealing approach to identify chemical hot spots is to image the chemical activity 

of plasmonic interfaces using super-resolution fluorescence nanoscopy techniques.31,32 2,9,33–

36 Employing a metallic-DNA PAINT (Point Accumulation for Imaging in Nanoscale 

Topography) technique (m-PAINT) it has been possible to map the hot-electron induced 

displacement and re-functionalization of capping molecules from metallic nanostructures.31 

DNA-PAINT employs transient binding of short fluorescently labeled oligonucleotides 

(“imager strands”) to complementary single stranded DNA oligonucleotides (“docking 

strands”), which chemically anchored to the NPs through a thiol bond. Figure 4c (i) shows a 

super-resolution image of the Au nanorods using m-PAINT.  

Plasmon-induced selective desorption of the thiolated molecules was achieved by 

illumination with a horizontally polarized femtosecond laser. Hot-electrons were produced 

only in the resonant rod as shown in Figure 4c (ii). The uncapped Au surface was then re-

functionalized with a different thiolated-DNA SAM, complementary to a second fluorophore, 

as shown in Figure 4c (iii). Alternatively, the illumination wavelength can also manipulate the 

spatial distribution of hot electrons. This is exemplified in Figure 4d for a Fano resonance 

system where changing the wavelength (𝜆1 ,𝜆2 ) leads to selective excitation of different 

regions.32 Furthermore, the reactivity of the photocatalyst can be tuned within a single NP, as 

shown in Figure 4e.31 The hot-electron-induced reaction presents a clear spatial selectivity 

according to the incident polarization of light, following the distribution of the absorbed 

power.19,37 



 

Figure 4: Localizing, imaging and controlling hot-electron-induced processes. Spatial-resolved chemistry can be 

achieved with hot-electrons. This concept can be further extended to sub-particle local reactivity. Figures 

adapted with permission from Nature Publishing Group and American Chemical Society: (a-b)8 (c,e)31 (d)32 

Further examples of sub-particle control of reactivity are shown in Figure 5, where we follow 

the hot-electrons reactions for different irradiation powers (a) or times (b). The possibility to 

tune spatially the chemical composition within plasmonic NPs could open new routes for 

colloidal synthesis, where the spatial distribution and density of ligands play a critical role.38,39 

It could also aid in the fabrication of a new generation of plasmonic photocatalysts by 

selectively positioning molecules/catalyst in highly reactive areas. 

 

Figure 5: Snapshots of chemical transformations at different illumination powers (a) and times (b) for the hot-

electron driven processes described in figure 4. Figures adapted with permission from American Chemical 

Society and Nature Publishing Group: (a)31 (b)8 



Tuning absorption to modify properties of hot carriers 
One of the key questions in plasmon-assisted catalysis is to determine the effective energy 

contribution from a plasmon-generated carrier to a chemical transformation. Halas et. al 19 

and Jain et al 40 have studied activation energies in plasmonic catalysis finding that they 

depend on the incident laser power and the excitation wavelength. These results point 

towards the idea that reaction pathways can be altered by changing the illumination 

wavelength. Each wavelength will have a distinctive mechanism of PP decay leading to 

generated hot carriers with different properties that will in turn produce a different plasmon 

relaxation cascade. Wavelength is therefore a degree of freedom to manipulate mechanistic 

details of the reactions.18 

We have recently presented a method to measure the effective energy contribution from 

plasmons to a chemical reaction.41 We combined dark-field microscopy with an 

electrochemical set-up to study a plasmonic hot-hole-driven reaction under in operando 

conditions at the single particle level. The electro-photo-polymerization of aniline on 80 nm 

Au nanospheres (AuNS) was followed under CW illumination. To decouple wavelength and 

intensity effects, the role of the excitation wavelength was studied keeping the absorbed 

photon flux constant. 

 

Figure 6: Hot holes energy versus wavelength (red squares, left axis). Energy of the incident photons versus 

wavelength (blue solid curve, left axis). Note that the data has been divided by a factor of 10 for proper 

comparison. Normalized integral of the square of the electric field |𝐸|2 inside the AuNS (green curve, right axis). 

Vertical dashed line indicates the threshold wavelength for interband excitations. Red arrows points toward the 

presumably predominant absorption mechanism at each wavelength. Experimental data adapted with the 

permission from American Chemical Society.41 Absorption mechanisms adapted with permission from Nature 

Publishing Group.42 

Figure 6 shows the hot holes energy contribution to the reaction and the energy of the 

incident photons. Comparison with the normalized integral of the square of the electric field 

|𝐸|2 inside the NP indicates that the maximum effective energy is achieved at the LSPR. These 

results indicate that the absorption mechanisms determine the cascade of plasmon relaxation 



that ultimately determines the effective energy of the transferred to the molecule. At 405 

nm, where interband absorption dominates, the effective energy transferred by d-holes is 

less than half of the maximum at 561 nm where Landau damping dominates.41 Even if the 

energy of d-holes is high, they have a small mobility, rendering them difficult to be accessed 

by the molecules.43 On the other hand, holes generated by Landau damping are closer to the 

surface and therefore can lead to more reactive carriers. 

A similar approach was implemented by Willets et al, who quantified the thermalized hot 

carrier energy distribution generated at Au/TiO2 nanostructures using wavelength-dependent 

scanning electrochemical microscopy and a series of molecular probes with different redox 

potentials.44 These experiments provide examples of how the properties of the generated 

carriers can be tuned by favoring different plasmon decay mechanisms, influencing the 

ultimate reactivity of plasmonic reactors. 

Manipulating hot-carrier relaxation 
The typical timescale for electron-electron (e-e) interaction and electron-phonon (e-ph) 

interaction are in the tens of femtoseconds and a few picoseconds range, respectively, leading 

to a fast energy redistribution from a single hot electron-hole pair to other carriers in the 

material. This can be detrimental for the overall reactivity of the system, as carriers with 

higher energy can have access to more energetic molecular states. It is therefore appealing 

to study, control and manipulate the coupling between carriers and phonons. An interesting 

example was demonstrated by Ortolani et al45 in nanoporous gold films. They showed that 

the relaxation times between electrons and the lattice scales with the metal filling factor, 

indicating that the energy of hot electrons in porous gold films takes longer times to dissipate, 

increasing their probability to be transferred to molecular states. 

Interfacing the metal with a different material can also dramatically alter hot-carrier 

relaxation.46,47 New electronic states are created that can capture the carriers before their 

decay, keeping carriers ‘warm’ for longer times. In particular, metal-semiconductor interfaces 

produce Schottky barriers with an energy determined by the difference between the Fermi 

level in the metal and the conduction band of the semiconductor.35–48–50 This barrier sets an 

energy threshold for the transfer of carriers. However, different from metals, the conduction 

band of semiconductors is empty, thus highly suppressing e-e scattering once the hot-carrier 

has been transferred. For example, using X-ray absorption spectroscopy (XAS), Cushing et al 

investigated Au@TiO2 particles, finding that the electrons transferred from the metal remain 

non-thermal in the ~10 nm TiO2 shell.51 Moreover, altering the semiconductor composition 

can influence even further the trapping and recombination capabilities of the generated 

carriers. Variation of oxygen content in TiO2-x films allows tunability of free carrier densities 

at the surface of the material by an order of magnitude. This leads to the presence of out-of-

equilibrium hot-carriers at the external surface of the material, readily available to participate 

in surface chemical reactions.52 We have indeed recently sensed an enhanced charge transfer 

pathway in Au/TiO2 composites due to the presence of oxygen vacancies in the 

semiconductor (Figure 7a). This produces an extra enhancement in the Raman scattering 

signal of a wide range of molecules, as exemplified for Rhodamine 6G in Figure 7b. 



An interesting method to study the dynamics of hot carriers are ultrafast pump-probe 

reflectivity measurements.53 Photo-generated carriers introduce refractive index changes 

that result in a reflectance variation. Figure 7c shows the estimated electron occupancy 

generated on an illuminated 30 nm gold film. Changing the angle of incidence of the light on 

the film modifies the properties of the excited plasmon, influencing the energy distribution 

of the generated carriers. This could provide an extra degree of freedom for controlling the 

properties of the generated carriers in plasmonic systems. Figure 7d illustrates our pump-

probe study of the Schottky junction on single Au-Clad Si nanodisk, where we observed 

extended lifetimes of tens of picoseconds attributed to the band filling by free carriers.54 

Further ultrafast studies including molecules as receptors of the hot-carriers could open new 

doors for the timescale management of these processes.  

 

Figure 7. (a) Photo-induced enhanced Raman spectroscopy (PIERS), where occupied vacancy states in TiO2 favor 

charge transfer and Raman vibrational modes. (b) Experimental spectra of Rhodamine 6G molecules with trap-

assistance. (c) Differential reflectivity and derived electron occupancy changes for the 30 nm gold film at normal 

incidence. (d) Experimental differential reflectance of a gold-clad silicon disk. Figures adapted with permission 

from American Chemical Society and Nature Publishing Group: (a-b)55 (c)53 (d)54  

Phonons and nanoscale heating 
Highly non-thermal and thermalized carriers efficiently excite phonons in the host lattice. This 

dynamics is particularly rich in small structures when illuminated by ultrashort laser pulses, 

whose physical boundaries define additional confining conditions for the launched 

mechanical modes, affecting mainly those of long wavelength compared to the dimensions 

of the new imposed boundaries.56 From a highly non-equilibrium condition of carriers, this 

quantization of strongly-dispersive acoustic phonons close to the center of the Brillouin zone 

leads to another highly non-equilibrium situation per se, where the phonon energy 

distribution now deviates significantly from the characteristic Bose-Einstein distribution at a 



given temperature, leading to further relaxation via phonon-phonon scattering processes.57 

The final thermal distribution results in a heated particle, which has been demonstrated 

useful for thermal catalysis58 and whose equilibrium temperature is dependent on the 

system’s parameters such as the substrate material.59  

Control of the generation of coherent acoustic phonons following the cascade of events of 

plasmon relaxation was achieved by changing the boundary conditions of the resonators, 

such as, for instance, adding mechanical constraints to metallic nanostructures.60 A high 

degree of control and tunability of mechanical modes was obtained, as shown in Figure 8a, 

where the extensional mode of the Au rod could be tuned by more than 100% by changing 

the height of dielectric constraints attached to its ends. These coherent vibrations have well-

defined displacement profiles depending on the NP geometry, and such localized 

displacements, when properly engineered, could play a role in catalysis by enhancing the 

desorption of reaction products, releasing active sites for reactants.  

Also interesting is the investigation of the decay of coherent vibrations from single metallic 

nanostructures to the underlying substrate through the emission of acoustic waves.61 A 

significant emission of SAWs has been obtained by observing how they modulate the LSPR of 

a second NP positioned at large distances when compared to the average sub-nanometric 

displacements of source modes (Figure 8b). Besides, this modulation has been shown to occur 

at the frequency of the main extensional mode of the Au rod source. Apart from the exquisite 

sensitivity of plasmonic structures to mechanical vibrations, these sub-diffraction sources of 

SAWs of well-defined frequency could prove to be an invaluable tool in the study of non-

equilibrium phonon relaxation and nonlinear phononics.62,63 

 



Figure 8: (a) Tuning of plasmonic rod coherent phonon mode by dielectric constraints of different height.60 (b): 

Acoustic far-field detection of SAWs generated from coherent phonon mode decay.61 (c): Ballistic phonons 

focusing using thin-membrane phononic crystals.64 (d): Chemical reaction control at the nanoscale from selective 

joule heating of nanowires.65 (e) Increase in chemical reaction rate by ultrafast IR pumping of vibrations 

participating in the reaction coordinate.66 Figures adapted with permission from Nature Publishing Group, 

American Physical Society and American Chemical Society: (a) 60 (b) 61 (c) 64 (d) 65 (e) 66 

Another degree of control of the relaxation of optically pumped metallic structures regards 

the far-field directionality in the propagation of mechanical vibrations, as shown for ballistic 

phonons in silicon membranes with arrays of holes,64 enabling heat guiding and focusing at 

the nanoscale (Figure 8c). These could allow temporal and spatial control of chemical 

reactions, as demonstrated for the localized hydrothermal synthesis of ZnO over electrically-

biased Cr nanowires subject to Joule heating (Figure 8d).65 By positioning a nanostructure at 

the focus of the incoming vibrations, the coupling to its mechanical modes and subsequent 

energy dissipation could provide selective and controlled heating of the nanostructure. This 

may enables, for example, the study of photothermal effects in nanocatalysts, excluding the 

contributions from optically pumped non-thermal carriers. 

An exciting prospect in controlling chemical reactions involves the direct coupling between 

the generated phonons and vibrational modes of molecules that participate in the reaction 

coordinate, analogous as proposed by using hot-carriers and mid-infrared surface 

plasmons.5,19,26 As recently demonstrated,66 IR pumping at the vibrational frequency of a 

given chemical bond - involved in the reaction pathway - has shown an increased rate of 

product formation (Figure 8e). An enhanced excitation of desired molecular vibrations could 

be also provided by the coupling of optic phonons with light in hybrid light-matter excitations 

termed surface phonon polaritons (SPhP),67 where now the coupling and pumping of specific 

molecular vibrational modes can be mediated by the polariton moiety of the SPhP. High-Q 

factor modes of polar dielectric resonators in the mid-IR have shown great potential for 

chemical sensing.68,69 In this scenario, chemical reaction rates can be further enhanced, 

similarly as obtained by Stensitzki et al using far-field illumination for a homogeneous 

photocatalytic process.66 This could open new pathways for controlling the selectivity of 

chemical reactions with nano-optics, analogously to what has been recently shown for 

strongly coupled systems of molecules into optical cavities.70–72  

 

Outlook and Perspectives 

Plasmon excitation and decay in metal NPs possess many useful energy channels to explore 

the ground and excited PESs of a chemical reaction.13 The dominant plasmon-derived 

mechanism contributing most to the reaction might strongly depend on the RLS of the 

molecule-catalyst system under study. Our single particle experiments29 have shown that in 

some cases the hot-carriers effect31,41 or the near-field contribution73 can dominate over the 

thermal pathway. However, one of our current bottlenecks to make wiser use of these 

phenomena is the lack of computational methods able to predict the energy landscape of 

adsorbed molecules, especially in the excited state.74 For this reason, the real opportunities 

for non-thermal mediated reactions – where the excited state of the system needs to be 



accessed – are still mostly unknown.23,74,75 As such, it might be possible that new materials – 

not considered catalytic up to now for the ground PES of a chemical reaction – may present 

an interesting excited state energy landscape for the adsorbed molecules The combination of 

these excited-state photocatalytic materials with plasmonic NPs may open new routes for the 

field. Indeed, plasmonic hybrid nanostructures are an appealing route for combining material 

properties to enhance chemical reactivity. The combination of traditional (ground PES) 

catalytic and plasmonic materials has already shown promising ways of merging 

heterogeneous catalysis and plasmonics.76,77 In the same line, hybrid plasmonic-

semiconductor photocatalysts could help extending the lifetime of hot-carriers,47,48 

diminishing electron and phonon scattering effects.78,79 

The possibility to navigate a reaction pathway different than the thermal one may also be 

achieved in the ground PES by using plasmons derived phenomena. Phonons or acoustic 

waves could be employed for vibrational excitation of a given chemical bond leading to 

selective formation of products. However, independently of the PES that we are navigating, 

we still need temperature to overcome the activation barriers of the reaction. For this reason, 

there is a necessity to develop new thermometry and heat managing techniques that allow 

the control and characterization of temperature fields at the single catalyst level. Advances in 

this area could help to better rationalize and enhance the desired effect of temperature. 

Photons, electrons and phonons can be channeled and manipulated to create plasmonic 

chemical hotspots. Independent on the exact mechanism operating at plasmonic interfaces, 

great contributions to the field photocatalysis have been made in recent years. Plasmons have 

opened access to enhance and control chemical reactivity with CW illumination in the visible 

range, a fundamental requisite for sunlight photocatalysis. Further understanding and control 

of these processes could hopefully impact in potential industrial applications of 

photocatalysis, which so far have remain elusive. 
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