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Abstract:The light absorbing property and the availability of catalytically active sites make plasmonic nanostructures ideal candidate for the enhancement in photocatalysis rate. Plasmonic nanostructures can concentrate otherwise diffused visible illumination of photons to drive chemical transformations. This also results into introduction of different pathways to control the selectivity of the reactions. Here, fundamental photophysics in chemical reactions driven by localized surface plasmon resonance (LSPR) have been discussed. Some of the selected notable works on plasmon mediated direct plasmon catalysis achieved so far have been reviewed. Variation in the rate of photocatalysis due to the variation in illumination intensity and photon energy has been discussed in terms of the mechanisms of photocatalysis. Though there are a lot more work needed to confirm the selectivity in plasmonic photocatalysis, the evidence of the role of plasmon nanostructures in enhancing the rate of photocatalytic reactions can be obtained from both intensity and wavelength dependent rate of catalysis, thereby giving an alternative to the conventional thermally mediated heterogeneous catalysis.
1. Introduction:

Harvesting of solar energy to carry out catalytic chemical transformations has been viewed as a sustainable potential alternative to thermally driven heterogeneous catalysis.1,2Originally diffuse in nature, sunlight, when concentrated are capable to drive chemical transformations that are not easily attainable via thermo-mediated catalytic processes.3Splitting of H2O and reduction of CO2 are some of the commonly studied catalytic systems, where conversion of solar energy to chemical energy takes place to get stored in the form of chemical bonds.4,5 The desired task of selectivity in chemical transformation can also be achieved with the efficient utilization of photocatalysts which is otherwise not possible via thermal catalysis.6One of the major drawbacks of thermal catalytic processes is that the product selectivity lies on manipulation of activation energy barriers and adsorption energies of the intermediates. This limits catalytic selectivity as manipulation of energetics of an elementary step will affect the energetics of other steps.7On the contrary, careful and specific design of the photocatalyst will allow us to potentially control the energetics of single elementary step via the involvement of its surface to deposit photon energy selectively into targeted orbitals of the adsorbate that are responsible for desired chemical bond activation.8 This chapter includes some of the recent examples of photocatalysis mediated by noble metal (Ag, Au and Cu) nanoparticles by virtue of localized surface plasmon resonance (LSPR).Role of LSPR in photocatalysis can be either indirect or direct. In indirect plasmonic photocatalysis, transfer of photon energy takes place fromexcited plasmons to nearby moieties like semiconductors, molecular reactants, other metals etc. to drive the reaction remotely. But in direct photocatalysis, plasmonic nanoparticles first absorb the incoming light to drive chemical transformation on its surface under the influence of LSPR post photoexcitation. This proves the role of the nanoparticle as a catalytically active site.9,10 Here, the emphasis has been given on direct plasmonic photocatalysis in presence of low-intensity visible photons.11Initially, direct plasmonic photocatalysis has been considered to be improbable because of the high quenching rate of excited adsorbates on plasmonic surface and short lifetimes of the charge carriers produced.12 However, the requirements of long-lived excited states or charge carriers are found to be not necessary for photocatalytic activity in the course of time with numerous demonstrations of plasmon driven direct photocatalysis. This book chapter is organized in a way to first focus on the fundamental concepts of LSPR excitation followed by a brief review of the necessary photophysics required to understandthe role of LSPR excitation on direct plasmonic photocatalysis. A brief overview of some of the recent demonstrations of direct plasmonic photocatalysis via LSPR has been included. Further, mechanisms responsible for LSPR mediated direct photocatalysis have been critically analyzed to understand the experimental observations. The crucial role plasmon excitation has been discussed by taking examples of different model reactions. It is concluded by giving an outlook of the future directions of this field along with some of the unanswered questions.8
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Figure 1. Schematic of plasmonic nanoparticle induced photocatalysis. It is reproduced with permission from ref. 2. Copyright 2019American Chemical Society.
2. Localized Surface Plasmon Resonance
Understanding the effect of plasmonic nanostructure on photocatalysis requires a discussion on LSPR excitation.The origin of LSPR is based on the matching of the frequency of incoming radiation with that of the plasmonsoriginated due to the restoring force exerted bythe positively chargednuclei. For noble metal nanoparticles, the frequency of plasmon resonance lies in the visible region of the spectrum. Coherent oscillation of electrons in space and energy as a result of interaction of resonant photons and surface electrons makes the photon energy to be confinedfor a longer period of time to the surface of nanostructure as compared to the time spent by photons travelling at the speed of light in the same control volume. The outcome is that the absorption coefficient of photons has a very high value resulting large buildup of photon intensity (strong electric fields) and a high concentration of hot electrons at nanostructured surfaces.13,14Under the influence of plasmon excitation, electrons undergo a coherent oscillation with a lifetime of ∼5−100 fs.15Dephasing of this oscillation takes place through three different mechanisms. (i) elastic reemission of photons which is radiative in nature, (ii) non-radiative Landau damping, resulting in the excitation of hot electrons and holes in the metal nanoparticle, and (iii) direct injection of electron into the acceptor states of the adsorbate through the interaction of excited surface plasmons with unpopulated adsorbate acceptor states, called chemical interface damping (CID)(Figure 2).8,16The geometry, composition and local environment of the nanostructure determine the magnitude of enhancement in local electric field, resonant wavelength and fraction of plasmon excitations decaying through mechanisms (i)-(iii). All of these dephasing mechanisms result into deposition of energy into the adsorbates resulting photocatalytic reactions. Various mechanisms have been proposed for the energy transferfrom excited surface plasmons to adsorbates: In the radiative decay of plasmons, (i), energy is obtained by the adsorbate molecules from intense photon fluxes due to plasmonic nanostructure. For this mechanism to be operative, the energy of allowed electronic transition in the adsorbate to besimilar to that of the reradiated photonsresulting vibronic energy exchange involving the adsorbate molecule. This way, the plasmonic nanostructure is responsible for the alteration of internal molecular electronic transition energy of a chemisorbed molecule(Figure 2). Exchange of energy to the adsorbates by plasmon decay process (ii) can occur through transient transfer of hot electrons and holes from surface of plasmonic nanostructure to the orbitals of the adsorbed species.In this process (ii), Landau damping (~ 10 fs)leadsto dissipation of plasmon acquired energy which is eventually used for generation of electron/hole pairs.17The generated charge carriers create a constant probability distribution between energies Ef and Ef+ hν, where Efis the energy of the metal Fermi level. Variation in the probability distribution is very less because of the intraband nature of Landau damping where transition occurs between two states of sp character having density of a few eV above and below Ef in coinage metals.8The energy of the primary electrons spreads across many electrons via inelastic scattering with other electrons. Unlike semiconductors, the correlation between electrons and holesin metal nanoparticles are not intrinsic, which makes electron-hole recombination a non-efficient pathway for relaxation of plasmons. For the first few hundred fs, there is an “athermal” distribution of electron energies not following thermal Fermi−Dirac distribution.18,19The cascading exchange of electron energy results into its temporal evolution in the nanostructure. Experimental measurement of the temporal evolution of electron distribution can be done with the help of time-resolved two-photon photoemission spectroscopy (2PPE) where evolution of electron energies is monitored as a function of time delays between the pump and the probe pulse of the femtosecond laser (Figure 2).8This providesthe required time for the transient charge transfer from plasmonic nanostructures to the adsorbate molecules.Spreading of electron energy through cascading effect is followed by electron-phonon coupling of low energy electrons with lattice phonons results into heating up of the metal lattice in a time scale of ∼1 ps. The remaining heat is dissipated to the surrounding environmentin a time scale of 10-100 ps.19Such heating of nanostructure as a result of the plasmon decay could result in transfer of energy to the adsorbates to drive chemical transformations. Theoretical and experimental studies reveal that for an illumination intensity of 100 mW/cm2, the maximum extent of increase in transient temperature is ~ 10-20 K.20If it is assumed that there is a double increase in the rate of a thermal reaction with a 10 K increase in operating temperature (apparent activation barrier of ∼100 kJ/mol), then 106mW/cm2illumination intensity would be required to increase the rate of the reaction by 2-fold through plasmon heating. This makes consideration of plasmonic heating redundant in isothermal environments with low intensity of illumination. The above discussed both plasmon decay mechanisms are found to be independent of the environmental conditions and addition of adsorbates to plasmonic nanostructures’ surface opens up an ultrafast pathway for dephasing in the scale of few femtoseconds, through CID, (iii).8,21Here, the interaction between the oscillating plasmons and the unpopulated electronic states of the adsorbates results into dephasing of plasmonsvia transfer of hot charge carriers to unpopulated adsorbate states directly (Figure 2). Though there is some similarity between CID and Landau damping for plasmon dephasing, the major differences are the time scales of the processes, coherent transfer of energyand potentially resonant wavelength dependent energy transfer efficiency.Mechanisms (ii) and (iii) discussed above for electronic energy transfer to adsorbate mainly differs by whether there is an initial generation of hot electrons in the metal because of Landau damping and subsequently scattering into adsorbate states, (ii), or there is instantaneous direct hot electron injection into the states of adsorbate during plasmon dephasing, (iii). The distinction between the two mechanisms is physically manifested as a large difference in electron energy distribution experienced by the adsorbates depending on whether there is direct energy transfer or it occurs sometime after dephasing. This difference in electron energy distribution through various mechanisms may results into different efficiencies of photocatalysis and mechanistic characteristics.8
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Figure 2. Schematic of different pathways for plasmon dephasing. Reproduced with permission from ref. 8. Copyright 2014 American Chemical Society.
3. Examples of Plasmonic Photocatalysison Metallic Nanoparticles
On the perspective of efficiency, there are two broad heads into which these different mechanistic insights can be provided. 
(i) Effect of Illumination Intensity:
Earlier studies of surface mediated heterogeneous photocatalysis reveal that microscopic mechanistic information can be obtained from macroscopically observed illumination intensity dependent photocatalytic rate.22The illumination intensity (I) dependent photocatalytic rate can be divided into 4 categories: sublinear (Rate ∝In, n < 1), linear (Rate ∝ I), superlinear (Rate ∝ In, n > 1), andexponential (Rate ∝ ef(I)). These dependencies can be derived mathematically from the rate equations of the elementary steps of the photocatalytic cycle thereby giving information about the photon utilization mechanism in the photocatalytic process. Except for the sublinear dependency, the other dependencies have been found to occur in direct plasmon driven photocatalysis under different operating conditions. However, the sublinear dependency is only observed in semiconductor photocatalysis in presence of bulk electron-hole recombination.An occurrence ofthermally driven chemical reaction can be predicted by observing exponential change of photocatalytic rate with respect to the change in illumination intensity.20Both theoretical and experimental studies reveal that during plasmon excitation,the heating of the nanoparticle results in a change in its surface temperature which varies linearly with the change in illumination intensity.23Combination of this linearity with Arrhenius expression for thermally controlled chemical reactions reveals that rate of plasmon mediated reactions changes exponentially with the change in illumination intensity. In a recent study, for example, the rate of production of CO from CO2 and H2 in presence of Au/ZnO shows exponential dependency on laser intensity, quantitatively matching the expected results in a thermally driven process.24Besides, the high band gap of ZnO (∼3.3 eV) is an evidencethat visible light absorption in these experiments occurred only through Au nanostructures. For conversion of CO2 to CO, the intensity required is 250 W/cm2, which is 3 orders of magnitude higher intensity than that of average solar irradiance. However, because of the high absorption coefficient of the plasmonic nanostructures, it will be difficult to observe the exponential dependence of rate on intensity at low illumination intensity of photons in temperature regulated reactors. In addition to that there is always the problem of selectivity in such thermally driven reactions. 


Generally, the linear dependence of catalytic rate on intensity of illumination,(Rate ∝ I) is the most commonly observed intensity dependent plasmon mediated photocatalytic rate. Some of the linear relationship, for example, are Ag nanocube mediated ethylene epoxidation,20desorption of NO from Ag nanoparticles,25 dissociation of H2 and D2 to form H-D on Au nanoparticles etc.26These observations have been found to be relevant for photon intensities and catalyst geometries over a wide range making it difficult to optimize the best condition for direct plasmonic photocatalysis. Isotopic labeling experiments give additional evidence of the linear-dependence of rate on illumination intensity in an electron driven process.The rate limiting step in a thermally driven catalytic process has been measured through the kinetic isotope effect (KIE) via isotopic labeling of the reactants. The measurement of the change in rate of catalysis in presence of the labeled reactant is used to obtain the KIE which can be predicted theoretically through the transition state theory. It is evident from experiments that electron driven processes at the surface of metal display KIEs more prominently when compared to the thermally driven reactions. For example, KIE measurement of Ag nanocube mediated ethylene epoxidationthrough O216 and O218 shows higher KIE =1.19 value for plasmon involvement than KIE = 1.06 for the thermal reaction. This signifies that the hot electrons generated via LSPR excitation facilitates dissociation of O2 which is the rate limiting step in epoxidation of ethylene.8,27
The mechanism that has been proposed to explain the LSPR mediated 1storder intensity dependent photocatalysis is analogous to electronic transition induced desorption.8When the charge carriers generated via plasmon excitation have energetic and spatial overlap with unpopulated electronic state of the adsorbate, then transient transfer to the adsorbate states at a timescale of ~1-20 fs results in the formation of a transient negative ion (TNI) adsorbate.28This TNI formation is followed by transient of the adsorbate to the TNI PES. Typically, the equilibrium bond distance of TNI PES is differentfrom that of the ground state PES. This leads to acceleration of the adsorbate along a particular nuclear degree of freedom resulting either a chemical transformation of the TNI PES, or a gain in vibrational energy when it returns back to ground state PES, i.e., decaying of the electron back to the metal.29,30The gained vibrational energy is dissipated via coupling to the metal surface at a time scale of 1-10 ps. The first order dependence of rate on intensity indicates that there is dissipation of the gained vibrational energy by the ground state PES to the metal prior toelectron scattering. The efficiency of chemical transformation occurring through transient electron transfer are dependent upon various factors. Firstly, the probability of electron transfer from metal to the adsorbate is governed by the efficiency of the electron transfer coupling.31 Secondly, the amount of gained energy required to induce the chemical reaction which is governed by the activation barrier for the reaction and the temperature of the system.32The temperature of the system plays a role in controlling the required energy gain for the reaction based on the exponential increase in the population of higher energy vibrational states with temperature.At higher temperature, molecules will be present in the vibrational states near the activation energy threshold and so require less energy from electron scattering to overcome the activation barrier. Thirdly, amount of deposited energy into the molecule through TNI which depends upon the shapes of the PES for ground state and TNI, electronic state lifetime, the congruence of energy of the scattering electron and unpopulated energy level of the adsorbate, and the system’s temperature.33 The nature of the adsorbate affects many of these factors such as the coupling efficiency, PES shape and the unpopulated adsorbate energy level.All these factors may result into unique selectivity compared to a pure thermal process via favorable interactions between plasmon derived charge carriers and the adsorbate.
The mechanism of superlinear dependency of photocatalytic rate on intensity has found similarity with that of the linear dependency. Some of examples of superlinear relationship are Au nanoparticle mediated dissociated of H2 and D2 to form H-D,26Ag nanocube cluster mediated ethylene epoxidation.20In both the cases, at low photon intensity, the photocatalytic rate shows linear dependency on intensity which converts into superlinear dependency at higher intensity. These observations have been explained by considering two different aspects. In case of Au mediated H-D formation, superlinearity behavior has been attributed to the heating of the nanoparticle, though no evidence could be provided to support it.26 But for epoxidation of ethylene, it is found to be impossible to explain the superlinearity based on superposition of linear and exponential (heating process) functions thereby ruling out possibility of a nanoparticle heating-based mechanism. A non-thermal based transition from linear to superlinear dependency is further confirmed by the fact that the measured KIE for Ag nanocube cluster mediated epoxidation of ethylene and the used intensity of illuminationduring the transition from linear to superlinear behavior are positively related.32
Both linear and superlinear dependency of rate of photocatalysisonillumination intensity have been found on single crystal metal surfaces at much higher illumination intensity and low quantum yield as compared to that with plasmonic nanostructures. For example, Ag mediated O2 dissociation during ethylene epoxidation transitioned from linear to superlinear at 109 times lower intensity of illumination compared to that on single crystal Pt.8,32Significant enhancement in the efficiency of photocatalysis in presence of plasmonic nanostructures as compared to the efficiency due to single crystal surfaces can be attributed to several factors. First, the significant enhancement of absorption coefficient in presence of plasmonic nanostructures compared to the single crystal metals. Secondly,the selective absorption of resonant photons at the surface of plasmonic nanostructures which have similar length scales as compared to the mean free path of electrons in them results intohigh probability of interaction of the hot electrons with the adsorbate.On the other hand, photon absorption by the single crystal occurs in the bulk and their large thickness hinders the charge carriers to reach the surface of the crystal.The third factor is the generation of hot spots, small tiny volumes created at the junction of two plasmonic nanostructures which can channelize the photon energies for very efficient photocatalysis.34The fourth and the last factor is light absorption by plasmonic nanostructure covered with the adsorbate may have a higher value of cross section for direct injection of charge into the adsorbate, compared to single crystals covered with the adsorbatethereby making the photocatalysis very efficient. Though these mechanisms have been explored in various contexts, but a quantitative description about them in connection with direct plasmonic photocatalysis is still to be achieved.
(ii) Effect of Wavelength on Plasmonic Photocatalysis:
The relation between photon absorption properties of photocatalysts to their performance can be well explored with wavelength dependent photocatalytic measurements. Also, theadsorbate’s impact on the efficiency of a photocatalyst can be obtained from comparison of wavelength dependence of two different photocatalytic reactions on the same catalyst. This is based on the principle of activation of different bonds in the rate limiting or selectivity controlling steps at different excitation wavelengths. This adsorbate-specific bond activation at different wavelengths in electron driven reactions on metal surfaces can be explained with two primary mechanisms. The first mechanism emphasizes for similar qualitative trends in wavelength dependence of photocatalytic rate in different reactions, but different magnitudes in efficiency.33 This difference in photocatalytic efficiencies suggests that electron scattering efficiency is adsorbate dependent which could be due to various factors like efficiency of coupling, shape of the PESs etc. The second mechanismis proposed in a case where the photocatalytic rates of the two reactions may display different qualitative trends or shapes at different wavelengths.This difference infers to the impact that the adsorbates have on absorption of photon which willdrive the process.It is expected that if direct injection of charge into the adsorbate results in plasmon dephasing rather than through an indirect injection, i.e., first into the metal followed by transfer to the adsorbate, then the wavelength dependence would resemble an overlap of the LSPR spectrum and the molecular resonance absorption spectrum. Though adsorbate dependent effects could not provide conclusive information on the wavelength dependent photocatalysis, but the unsolved mechanisms may point towards the selective activation of specific bonds through the above-mentioned mechanisms.The dependence of rate of direct plasmonic photocatalysis on the wavelength has been explored for Ag nanocube cluster mediated ethylene epoxidation,32 Au nanoparticle driven H-D formation through H2 and D2 dissociation,26 etc. For the epoxidation of ethylene, the rate of photocatalytic reaction is measured as a function of long pass filter energy. Comparison of the derivative of this dependence to the relative plasmon intensity, obtained through overlap integral of intensity of the source and the nanocube’s UV-vis spectrum, provides a measure of the plasmon excitation rate. At constant power, action spectrum reveals a reasonable agreement between the wavelength dependent photocatalytic rate and the plasmon intensity.32A similar agreement has been observed between the rate of photocatalysis and the catalyst’s action spectrum during H-D formation in Au surface.26By observing the similarity between the absorption spectrum of the plasmonic photocatalyst and the wavelength dependent rates of catalysis, it can be argued with evidence that LSPR excitation is responsible for the photocatalytic activity. Moreover, combination of these wavelength dependent results with a linear dependence of photocatalytic rate on intensity infers to the involvement of an electronic (nonthermal) mechanism in LSPR driven photocatalysis. However,these results are notenough to clarify whether photocatalysis is driven by direct injection of charge into adsorbate states, CID, or through the interaction of adsorbates with hot electrons in the metal produced through Landau damping. Studies show that formation of covalent bonds between the adsorbate and the surface of the plasmonic nanostructure results into the shift in energy of the plasmons which is attributed to surface electronic structure modification near Ef that are responsible for supporting oscillating surface plasmons.35Though the rate of photocatalysis gets affected by plasmon oscillation and direct charge transfer into adsorbate states, but the wavelength dependent measurements performed till now mainly focus on activation of weakly bound adsorbates and are not expected to show a significant deviation from the LSPR spectrum. Therefore, measurements involving tightly bound adsorbates which can perturbthe electronic structure of the plasmonic surface may provide the information regarding efficacy of CID to drive photocatalysis. However, the evidence of role of plasmonic nanostructure in direct plasmonic photocatalysis is obtained from the wavelength dependent studies.8 But the inference on whether charge injection into adsorbates occurs at the instant of plasmon dephasing or sometime after dephasing is limited by few studies on this which also makes it difficult to predict the possible effectiveness of using LSPR excitations to modulate selectivity through adsorbate specific activation.More careful further studies on this topic would provide clear insights into the unanswered questions.
4. Conclusions
The role of plasmonic nanostructures in heterogeneous catalysis has been discussed in detail. The reactions that can be catalyzed through the involvement of plasmonic surfaces have become wider over the years. The rate of chemical reactions taking place on the surfaces of Ag, Au, Cu etc. shows significant enhancement at low intensity visible photon illumination. This has been inferred to the focusing of photon energy by LSPR leading to the enhancement of rate limiting steps in various reactions. To some extent, selectivity in chemical reactions can also be achieved with the help of plasmonic nanostructures. Study of the mechanisms reveals that transient hot electron transfer to the adsorbate orbitals is responsible for most of the reported direct plasmonic photocatalysis where the nature of the adsorbate plays significant role in catalytic efficiency. The conclusive evidence of the role of plasmonic nanostructures in photocatalysis can be obtained through both intensity and wavelength dependent photocatalytic rate.
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