New insights in establishing the structure-property relations of novel plasmonic nanostructures for clean energy applications
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Abstract
Plasmonic nanostructures have provided unique opportunities for harvesting solar energy to facilitate various chemical reactions. In the past decade, localized surface plasmon resonance (LSPR) has been extensively explored in catalysis to increase the activity and selectivity of chemical transformation reactions under mild reaction conditions, however, they are still subjected to many challenges in terms of lower efficiency, stability and reaction mechanisms under light irradiation conditions. There have been numerous research efforts in exploring the catalytic trends, mechanisms, challenges and applications in plasmonic catalysis. Several cutting-edge characterization techniques (UV-vis, surface voltage spectroscopy, SERS, photoluminescence, photocurrent measurements and theoretical simulations) have been employed to characterize and establish the structure-property relationship of noble metal-based plasmonic hybrid nanostructures. In this review, we have attempted to correlate the operando techniques to understand the structural details and their plasmonic catalytic activities in emerging applications, hydrogen generation and CO2 reduction reactions.

1. Introduction
The continuous increase in the amounts of carbon dioxide (CO2) in the atmosphere because of the burning of fossil fuels is the main cause of the degrading atmospheric conditions and the global rise in temperature leading to global warming. The rise in the sea levels and worsening conditions of the environment need solutions in order to mitigate the effects arising due to the rise in the levels of CO2. The limited resources on the earth and the continuous production of chemicals at high temperatures and pressures have contributed to advancing the effects arising from environmental pollution and climate change.1–4 As of 2017, the global CO2 emission was 32.8 billion tons in which the major producer countries were China, USA, India, Russia and Japan.5 Several schemes and policies are being introduced by the government to expand the use of renewable energy most efficiently and affordably.6–8 According to Japan’s 2020 Energy report by the Ministry of Economy, Trade and Industry (METI) Agency for Natural Resources and Energy, the nation’s dependency on renewable energy (for example, geothermal, wind and solar power) has increased from 4.4 % in 2010 to 8.2 % 2018.5 However, there is still a major proportion of 85.5 % dependency on fossil fuels along with 6.3 % accounting for hydroelectric and nuclear sources of energy. There is a need for a transition to make the desired shift in the consumption of energy from fossil fuels towards renewable sources.9–14
The quest for developing alternative sources of energy that are efficient, stable and sustainable for the environment has increased to diminish the detrimental damage caused by the pollution and chemical industries.15–20 One of the factors to mitigate the impacts on the environment is to explore solar energy as a renewable energy source on earth to drive efficient chemical reactions with the use of an appropriate photocatalyst material.21–27 Photocatalysis has already made substantial progress towards sustainable chemistry in various important research applications including water splitting,28–35 removal and degradation of organic pollutants,36–41 solar cells,42–45 water purification46–50 and several organic transformation reactions.51–55 In the last decade, plasmonic nanomaterials have evolved as emerging materials to catalyze reactions under solar light irradiation because of their unique interaction with light owing to the localized surface plasmon resonance (LSPR) effect.56,57 The LSPR effect arises due to the establishment of resonant condition between the frequency of incident light irradiation with the frequency of oscillating electrons against the restoring force as shown in Figure 1 (a). The plasmons can undergo decay via radiative or non-radiative pathway (Figure 1 (b)) in which the radiative decay involves the re-emission of photons and non-radiative decay leads to the generation of electrons and holes. This effect has been applied in photocatalytic reactions to tune the rate and selectivity of product formation because of the generation of high-energy charge carriers.58 The combination of the plasmonic metal with an active metal also has been a popular approach to enhance the catalytic and plasmonic properties as schematically shown in Figure 1 (c). The plausible mechanistic pathways for the enhanced catalytic performance are summarized in Figure 1 (d-f). Figure 1 (d) shows the indirect charge transfer mechanism, where the photogenerated charge carriers undergo Fermi-Dirac distribution and gets transferred to the LUMO of the substrate molecules. The intramolecular excitation of substrate molecules takes place when the energy gap between the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) matches with the energy of radiative photons from the plasmonic metal (Figure 1 (e)). In contrast, the direct charge transfer phenomenon involves the injection of electrons from the plasmonic metal to the LUMO of the adsorbate molecules, also known as chemical interface damping (CID), as shown in Figure 1 (f). However, it is difficult to achieve direct charge transfer mechanism with noble metals as the strong interaction between the metal and adsorbate is essential. Plasmonics has gathered a lot of interest from several different research fields and has opened up a new avenue by creating a bridge between catalysis,59–63 quantum chemistry64–67 and plasmonics68 to study the charge carrier generation by metal NPs irradiation. Especially in the last five years, there has been substantial interest in the number of chemical reactions that can exploit the plasmonic energy gathered on the surface of noble metal and semiconductor-based catalysts under mild reaction conditions.69–75 The plasmonic nanocatalysts often undergo fast recombination and hence display lower efficiency in the generation of photoinduced charge carriers.56 The combination of plasmonic catalysts with semiconductors can form a Schottky barrier which prevents the recombination of charge carriers.76–79 Apart from the lower light absorption efficiency of such reactions, there is a lack of understanding in the detailed mechanistic pathway to enhance the rate of reaction by the transfer of high-energy plasmons to the substrate molecules.80–83 This has been one of the major problems to realize the use of plasmonic photocatalysts in industrial applications.84 The decoding of the complex reaction phenomenon of LSPR has been implemented by introducing several spectroscopic analyses such as surface-enhanced Raman scattering (SERS),85–87 surface voltage spectroscopy,88–90 dark-field spectroscopy,91–93 transient photocurrent analysis,93 theoretical calculations to simulate the electric field enhancements and photoluminescence measurements.94–96 The operando techniques can assist in revealing the structural details to further complement with their catalytic applications under solar light irradiation conditions.97–99
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Figure 1. Schematic illustration of plasmonic excitation and decay mechanisms (a) localized surface plasmon in spherical metal NP, (b) decay emission of excited plasmons via radiative and non-radiative emissions, (c) Activation by plasmonic metal heterojunction with the active metal, (d) plasmon-induced indirect charge transfer mechanism, (e) direct intramolecular excitation mechanism, and (f) direct charge transfer mechanism.
[bookmark: _Hlk85203267]Scheme 1 (a) and (b) summarizes the timeline of milestones identifying the several breakthroughs and pioneering attempts in the emerging field of noble metal-based plasmonic catalysis75,100–115 and spectroscopic techniques116–129 used for characterizing plasmonic NPs, respectively. Numerous research articles have already been published introducing the concept of LSPR, tuning the selectivity of the reaction, single-active plasmonic nanostructures, surface catalyzed reactions and strategies to enhance the yield of organic transformation reactions.56,57,75,130–149 The review articles on an in-depth discussion of spectroscopic advances in plasmonics including SERS,150,151 dark-field spectroscopy,152 molecular sensing and detection153–155 and transient photocurrent measurements can also be referred to build up the knowledge of basic concepts in this field.156,157 To the best of our knowledge, there is no published article yet interfacing the gap between the two research fields viz., plasmonic catalysis and operando techniques. Herein, we begin by a brief introduction of the fundamentals of plasmonics in catalysis and the structural characterization tools reported in the literature followed by in-situ spectroscopic techniques to establish a roadmap in optimizing the field of plasmonic catalysis. Some relevant examples dealing with noble metal-based plasmonic catalysis and our perspective are included in the conclusion section. The possible research directions have also been proposed at the end enabling us to accomplish the goal of representing plasmonic catalysis as one of the strong fields amongst photocatalysis especially in major reactions viz., hydrogen generation158 and CO2 reduction.159
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Scheme 1. Schematic illustration showing the timeline of milestones in the field of (a) noble metal-based- plasmonic catalysis and (b) spectroscopic techniques for plasmonic NPs.

2. Fundamentals of plasmonics in catalysis 
Nanoparticles are small-sized particles within the size range of 1-100 nm that are capable of exhibiting unique physical and chemical properties when compared with large-sized bulk materials. The metal NPs display fascinating characteristics that are different from bulk metal species and hold huge potential in the fields of nanotechnology, biomedicine and engineering. The fundamental application of plasmon in metal NPs dates back to 4th century as observed in the Lycurgus cup created by Romans. This was special in many aspects because of the presence of Ag and Au NPs in the glass matrix and can show different colors when viewed in reflected and transmitted light. The tunability of different colors was also due to their different size and morphology which can scatter light differently and exhibit unique colors. In 1857, Faraday reported the first report on the optical absorption of colloidal Au NPs and in 1908, the optical simulation of metal NPs was performed by Mie based on Maxwell’s theory of electromagnetism, which was later postulated as the theory of surface plasmon resonance. The term ‘surface plasmon’ was at first used in 1960 and its demonstration in catalysis was done in 1996 utilizing Au/TiO2 system under visible light irradiation. 
The popular expression of plasmonic frequency, shown in equation (1), also found its basis from Maxwell’s equations where ωp, N, e, ε0 and meff represent plasmonic frequency, number density of charge carriers, electronic charge, effective mass and permittivity of free space, respectively.
          (1)
The plasma frequency, ωp, can be defined as the frequency of collective oscillation of free electrons presuming that all the electrons are moving in phase. When the frequency of incident light ωL is less than the plasmonic frequency ωp the charge carriers screen out the incident light and lead to reflection. On the other hand, if ωL exceeds the ωp, complete transmission of light takes place since it is too fast for charge carriers to respond to it. A resonance condition is acquired only when ωL becomes equal to ωp. The charge permittivity ε0 generally ignores the dissipation caused by the motion of charge carriers within the material. The modified or the actual permittivity can be calculated as per the Drude model by equation (2), where γ is the relaxation frequency between different scattering events. 
       (2)
In simple terms, the phenomenon of surface plasmon resonance is defined as the collective oscillation of conduction electrons present in metal NPs when a beam of suitable frequency impinges on its surface. The frequency of oscillation at which this resonance takes place is called surface plasmon energy and it can vary based on the type of metal, their size, morphology and dielectric properties of the surrounding medium. Due to the confined effect of geometrical boundaries in metal NPs, the SPR is called localized surface plasmon resonance (LSPR). The plasmonic metal can interact with the incoming photons to create significant absorption and scattering cross-sections. The interaction and oscillations of electrons create a strong electromagnetic field around the metal NP and have been applied in various technologies including surface-enhanced Raman scattering (SERS), nanophotonics, optical sensing and photothermal therapies. The LSPR wavelength can be tuned by varying size, morphology and surrounding environment around the plasmonic metal. The plasmonic resonant excitation of metal nanostructures can decay radiatively or non-radiatively due to the scattering of photons. The radiative emission of energetic charge carriers can be transferred to the adjacent metal or undergoes localized heating. The generation of electromagnetic field enhancement can also undergo interaction with the surrounding metal or semiconductor species via near-field enhancement effects of dipole-dipole coupling. Figure 2 schematically summarizes the series of events taking place in the plasmonic NP after establishing the resonant condition with the incoming light irradiation and the terms and definitions relating to the introduction of plasmon in catalysis have been enlisted in Table 1. Upon light illumination, the plasmonic NP can undergo decay via radiative and non-radiative emissions. The radiative decay involves the re-emission of photons via scattering and non-radiative emission involves the formation of hot electrons and holes within the time scales of femtoseconds (fs). The electron-hole pair formed by the non-radiative emission is also known as Landau damping (LD) and the hot electrons can be further transferred to the excited states of the adjacent reactant/substrate molecules. The energy dissipation within the metal nanostructures can lead to an increase in the localized temperature of the catalytic system, known as plasmonic heating. The LSPR excitation in the metal nanostructure can also create an enhanced electric field near the metal NP and be transferred to the other species in the neighborhood via near-field interaction effects.    
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Figure 2. Plasmonic excitation of metal NP leading to series of processes due to LSPR effect.

[bookmark: _Hlk89866402]It is well understood that the rate of relaxation is inversely proportional to the lifetime of charge carriers and includes the contribution of many factors including radiative decay, decay in bulk, surface scattering and hot-spot formation. Scheme 2 summarizes the time scales of the relaxation mechanism for plasmon and excited charge carriers.160 The decay of hot electrons lies around 100 femtoseconds (fs) due to electron-electron scattering and electron-phonon scattering is usually in the range of picoseconds (ps). The dissipation of heat takes place at timescales longer than 10 ps. These relaxation times are essential in order to study the dynamics of plasmonic excitation and interpret their mechanistic pathways, especially in catalytic enhancement processes. The plasmonic excitation process is different when compared with conventional semiconductor catalysis in terms of their electronic states, relaxation times, optical tunability and visible-light responsiveness. A brief comparison of the advantages and disadvantages of plasmonic and semiconductor photocatalysis has been enlisted in Table 2.  
In addition to the noble metal plasmonic NPs, the non-plasmonic metal NPs have also been researched in the last 5 years. The combination of the traditional SPR model and near-field scattering promoted metal particles optical absorption model assists in the wide-spectrum optical absorption of non-plasmonic metal particles. For example, Sun’s group reported the tuning of the absorption peak of Pt NPs by altering their dielectric environment using the scattering light absorption model. The Pt NPs were deposited on (3-Aminopropyl)triethoxysilane (APTES) modified SiO2 and the scattered light in the near field is absorbed by the Pt NPs to display well-defined absorption peaks in the visible spectrum. The creation of photon-harvesting channel by non-plasmonic metal was employed in selective oxidation of benzyl alcohol to benzaldehyde and hydrogen generation reactions.161–165
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Scheme 2. Sequence of events and approximate timescales in the excitation and decay of plasmonic charge carriers following the absorption of photons by a metal nanoparticle. Reproduced with permission.160 Copyright 2019, Elsevier.

Table 1. Terms, definitions and explanations commonly used in plasmonic catalysis.
	Terms in plasmonic catalysis
	Definition/Explanation

	Plasmon
	Quantum of charge oscillations

	SPR
	Surface plasmon resonance is the collective oscillation of conduction electrons in metal NPs when a beam of suitable frequency impinges on its surface

	LSPR
	Due to the confined effect of geometrical boundaries in metal NPs, the SPR is called localized surface plasmon resonance (LSPR)

	Surface plasmon energy
	The frequency of oscillation at which this resonance takes place is called surface plasmon energy

	Radiative decay
	After light absorption, the decay takes place by the re-emission of
photons

	Landau damping/non-radiative decay
	A quantum mechanical phenomenon in which the transfer of plasmon takes place into an e--h+ pair within a time scale of femtoseconds (fs).

	Hot electrons and holes
	The high-energy photogenerated charge carriers (1-3 eV) formed by the illumination of visible light irradiation onto plasmonic metal NPs

	Plasmonic catalysis
	An emerging branch of photocatalysis based on the optoelectronic properties of noble metal NPs in the nanoscale regime 

	Near-field enhancement effects
	The amplification of the electric field around a plasmonic metal NP when irradiated at a resonant frequency of light. The enhanced electric field is transferred to the other species in its neighborhood through near-field interaction effects

	Hot spots
	Hot spots are the active sites formed in the complex morphological nanostructures other than the sphere due to the light confinement, especially on the edges and tips. These can also be created when two NPs are present in the close vicinity to each other. 

	Intraband transition
	The lower energy transitions altering the energy distribution within the conduction band of the plasmonic metal. 

	Interband transition
	The higher energy transitions in which the excited electrons reach the energy equivalent to the Fermi level. 

	Hot electron injection
	The hot electrons movement from the plasmonic metal to the excited states of the reactant/substrate or adjacent molecule. 

	Plasmonic heating
	The localized heating increases the temperature of the catalytic
system due to the energy dissipation with the metal nanostructures.

	PIRET
	Plasmon-induced resonance energy transfer is the transfer of plasmonic oscillation energy from the plasmonic metal to the semiconductor via electromagnetic field or dipole-dipole interactions.

	DIET
	Desorption induced by electronic transition is defined as the transfer of electrons from the metal surface to the LUMO of substrate molecules, forming transient negatively charged species. These species form product molecules by undergoing transformation via electronic and vibrational changes in the metal and reactant states.



Table 2. Advantages (column highlighted in green) and disadvantages of plasmonic catalysis over conventional semiconductor-based catalysis.
	Characteristics
	Plasmonic photocatalysis
	Conventional semiconductor photocatalysis

	Electronic states
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	Lifetime of charge carriers
	Shorter time scales of high energy charge carriers within femtoseconds 
	The lifetime of charge carriers is usually longer within the range of ns-ps

	Visible-light responsiveness
	Visible-NIR light responsiveness
	Poor visible light responsiveness. Usually tailored to display visible light absorption by combining with co-catalysts

	Cost-effective
	Non-economical noble metals (expensive) and yet to establish practical applications (field is still in its infancy)
	Economical (cheap) and have been applied in many practical applications to date

	Mechanistic details 
	In-depth understanding of the mechanism is still unclear
	The pathways and mechanistic details are well established

	Reaction pathways
	Unconventional reaction pathways targeting improved product selectivity
	Depends on the individual catalytic system

	Near-field enhancements
	The generation of the electric field around metal NP as high as 103-105 (evidenced by FDTD and SERS analysis) can lead to significant enhancements in the catalytic reaction
	No significant effect

	Localized heating
	Plasmonic localized heating can lead to an increase in the temperature due to the energy dissipation
	No significant effect

	Optical tunability
	Light absorption can be tailored and extended to higher wavelengths by changing the morphology, size and dielectric of the surrounding medium
	No significant effect and can vary from case to case



3. Characterization techniques for plasmonic NPs
3.1. Structural characterization 
The rational design and construction of multifunctional nanocatalysts by careful engineering of the size, morphology, composition, defects and photo-absorption are essential in realizing the solar-to-chemical energy conversion with higher quantum efficiency values.166 In the structural characterization of novel plasmonic nanostructures, there is substantial room for improvement in tuning the structural design and tailoring the activity and selectivity of catalysts.167–171 To achieve this goal in the rapidly advancing field, it is essential to understand the structure-property relations between the plasmonic nanostructure and their catalytic response using commonly employed and higher resolution spectroscopical techniques.113,172–174 In this section, we have gathered the three most significant structural characterization techniques viz. UV-vis absorption, X-ray-based spectroscopic analysis including X-ray absorption (XAS) and X-ray photoelectron spectroscopy (XPS) on selected examples of noble metal plasmonic NPs. Table 3 summarizes the reported examples along with their characteristics and implications in the context of their structural characterization.
Table 3. Structure-property relationships from the characterization of the plasmonic catalyst.
	Spectroscopic technique
	Plasmonic photocatalyst
	Evidence and Explanation
	Ref.

	UV-vis
	Ag-Cu/UCPT
	2F7/2 2F5/2 transition from Yb3+ further extended towards Vis-NIR upon introducing Ag-Cu NPs
	175

	
	Ag/NaNbO3
	An absorption edge in the Vis region at 508 nm with Ag NPs
	176

	
	Ag/SBA-15 (Y), Pd/Ag/SBA-15 (Y)
	An intense absorption at 410 nm due to spherical morphology
	177,178

	
	Ag/SBA-15 (R), Pd/Ag/SBA-15 (R), Ag/SBA-15 (B) and Pd/Ag/SBA-15 (B)
	Two absorption peaks in the Vis and NIR due to transverse and longitudinal mode of nanorods
	177,178

	
	Ru/Ag/SBA-15 (B)
	Two absorption peaks centered at 370 and 990 nm and decreased intensity of the first peak due to surface coverage of Ag with Ru NPs
	179

	
	Au/SBA-15 and Pd/Au/SBA-15
	An intense absorption peak at 520 nm for Au/SBA-15 and no significant change with Pd deposition
	180

	
	Ag/Ti-SBA-15
	A single absorption peak at 410 nm and displayed more intensity than Ag/SBA-15
	181

	
	curcumin functionalized Ag NPs (c-AgNPs)
	A single absorption peak at 420 nm
	182

	
	3D nanoporous gold (NPG)
	The presence of two absorption peaks at 490 nm and 533 nm
	183

	
	AgPt modified Au nanostars
	An absorption peak centered at  500 nm and red-shifted in the NIR region at 1017 nm
	184

	
	Au/TiO2 (0.5 wt %)
	A single absorption peak at 533 nm
	185

	
	Au/TiO2 (nanorod, nanotube and microporous)
	The absorption wavelength in the range of 540-556 nm; order of absorption intensities- Au/TiO2 nanorod > nanotube > microporous
	186

	X-ray photoelectron spectroscopy (XPS)
	Ag/CeO2/SBA-15
	Shift towards higher B.E. values of 375.7 and 369.7 eV corresponding to 3d3/2 and 3d5/2, respectively. The peak shift was attributed to the possible charge transfer from CeO2 to Ag NPs, attributing the heterojunction interaction between the atoms sitting adjacent to each other
	187

	
	Au/TiO2
	The 4f core splits into a doublet (4f5/2 and 4f7/2) separated by 3.7 eV
	185

	
	Pd/Au/SBA-15 and 
Pd/Ag/SBA-15
	Net charge transfer from Ag to Pd and from Pd to Au, affirmed by the obtained shift in the B.E of Ag 3d and Au 4f towards higher and lower values
	178,180

	
	Ag/Ti-SBA-15
	Electron enriched Ag NPs due to shifting in the B.E. towards lower values when compared with Ag/SBA-15
	181

	
	Au/TiO2
	A negative shift by 0.4 eV in the Au 4f7/2 peak illustrating the charge transfer from oxygen vacancies to Au
	185

	X-ray absorption spectroscopy (XAS)
	Ag/SBA-15
	Ag K-edge - A main peak at 2.7 Å in FT-EXAFS due to Ag-Ag metallic bond in the sample catalysts
	177

	
	Pd/Ag/SBA-15
	In the Pd K-edge FT-EXAFS spectra, the Pd-Pd distance was shorter than the Pd foil, indicating the formation of heterojunction between Ag-Pd atoms
	178

	
	Pt/Ag/SBA-15
	A decrease in the intensity of the white line in the XANES spectra was observed when compared with monometallic Ag/SBA-15, suggesting the bimetallic interaction between Pt and Ag
	188

	
	Pd/Au/SBA-15
	The Au LIII-edge spectra for Au/SBA-15 and Pd/Au/SBA-15 displayed an intense peak at 2.5 Å, similar to that of Au foil
	180

	
	Ag/Ti-SBA-15
	A single peak at 4968 eV in the XANES spectra showing tetrahedral coordination environment in Ag/Ti-SBA-15
	181

	
	UiO-66(Zr85Ti15)
	A sharp pre-edge peak at 4970 eV confirming the tetrahedral coordination of Ti-oxide in the nodes of MOFs. The FT-EXAFS depicted a strong signal at 1.8 Å evidencing the presence of isolated Ti-oxide species without any aggregated TiO2 species
	108



3.1.1. UV-vis spectroscopy
To begin with, a relatively less explored field of lanthanides doped materials was used to coat plasmonic materials onto them for photocatalytic applications. One recent example in which Ag-Cu decorated on UCPT (NaY4:Yb,Tm@NaYF4:Yb@porousTiO2) can display significant absorption in the visible-NIR region.175 The transition corresponding to 2F7/2 2F5/2 was labeled as coming from lanthanide Yb3+ in the UCP. The coating with TiO2 led to the decrease in the absorption at 450 nm, displaying a band gap of 3.2 eV. The decoration with Ag-Cu NPs could maintain a wide absorption spectrum in the UV-vis-NIR region. The search for the development of new materials has resulted in utilizing NaNbO3 as an alternative to using conventional semiconducting supports because of its non-toxicity and excellent stability.176 With a band gap of 3.35 eV, it can only display absorption in the UV region therefore, it is coupled with plasmonic Ag NPs in order to extend its absorption and lower the energy band gap of the material. Consequently, the absorption edge shifted from 371 nm to 508 nm due to the surface plasmonic effect of Ag NPs and enhances the separation of photogenerated charge carriers. 
The optical property of several size and morphology-controlled Ag NPs was reported by Mori et al. in which the mesoporous SBA-15 silica was used as the support material.177 The various colors of Ag NPs arising from the LSPR effect were light green/yellow, yellow/bright orange, red and blue based on the size and aspect ratio of metal nanostructures.59 The optical absorption of these nanostructures also reflected the difference in the absorption due to the variation in their geometry. The SBA-15 support did not display any optical absorption which is beneficial to study the effects arising barely from plasmonic NPs. An intense absorption peak at 410 nm was obtained for the spherical NPs with colors varying from yellow to greenish orange. The red and blue nanorods displayed two peaks in the visible and near infrared (NIR) region of the spectrum corresponding to the transverse and longitudinal mode of nanorods (Figure 3 (a)). The different modes of polarization can lead to the formation of number of LSPR absorption peaks. The highest aspect ratio of blue nanorods was confirmed due to its absorption at λ > 900 nm and accounts for the promising light harvesting ability for the design of plasmonic catalysts.
Verma et al. carried out the deposition of an active metal Pd onto size and morphology-controlled plasmonic Ag nanostructures by an LSPR-assisted photo-deposition method using visible light irradiation.178 An aqueous suspension of yellow, red and blue Ag nanostructures was irradiated with light to activate the plasmonic nanostructures followed by the addition of Pd precursor solution (Pd(OAc)2) with continuous irradiation for 2 h without adding a reducing agent. The obtained bimetallic nanomaterials were labeled as Pd/Ag/SBA-15 (Y), Pd/Ag/SBA-15 (R) and Pd/Ag/SBA-15 (B). The trend and number of peaks in the optical absorption were similar, however, a decrease in the absorption intensity was observed due to the interference in the light absorption by Pd NPs as shown in Figure 3 (b). This observation indicated the preservation of the morphology of plasmonic nanostructures after the introduction of the second metal in the system. A similar study with the deposition of Pt NPs on spherical Ag NPs also displayed an overall decrease in the absorption intensity due to the surface coverage with the active metal.188 
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Figure 3. Absorption spectrum of size and color controlled (a) Ag/SBA-15 and (b) Pd/Ag/SBA-15. Reproduced with permission.178 Copyright 2015, The Royal Society of Chemistry.

The absorption of Ag nanorods in the near-infrared region prompted us to explore the different combinations of Ag with other active metals such as Ni, Co, Pd and Ru.179 The 0.5 wt % of active metal ‘M’ was deposited onto 1.0 wt % Ag nanorods by LSPR-assisted deposition followed by NaBH4 reduction. The optical signature absorption of Ag nanorods was observed at (370, 980 nm) and for the active metal combination of Ru/Ag, Pd/Ag, Co/Ag, Ni/Ag at (370, 990), (360, 1020), (373, 842) and (373, 994) nm, respectively. The transverse mode of absorption for bimetallic nanostructures decreased slightly suggesting the surface coverage of nanorods with active metal species. The longitudinal mode of absorption follows the trend; Pd/Ag > Ag > Ru/Ag > Co/Ag > Ni/Ag. The obtained order of absorption was found to be in agreement with the catalytic enhancements under visible light irradiation, as discussed in the catalysis section 4.2. The replacement of spherical Ag NPs by Au shifted the plasmonic absorption towards higher wavelengths of λ = 520 nm and Pd deposition did not affect the intensity and absorption maxima of Au NPs.180 The increase in the overall width of absorption intensity was attributed to the enhanced surface electron density of the metal NPs. The single-site Ti species displays an absorption peak below 280 nm because of the ligand-to-metal charge-transfer (LMCT) transition from oxygen (O2-) to titanium (Ti4+) species. The optical absorption of Ag NPs became more intense when combined with small amounts of single-site Ti species in the catalytic system.181 For example, the plasmonic peak of Ag/Ti-SBA-15 at 410 nm displayed intense absorption when compared with Ag/SBA-15 (λ = 405 nm) without any doped Ti-oxide species. The use of a large proportion of titanium precursors led to the formation of aggregated TiO2 particles instead of single-site Ti species, labeled as Ag/TiO2/SBA-15. The absorption maxima also shifted to higher wavelengths at 420 nm due to the formation of large-sized Ag NPs, further confirmed by TEM micrographs. The curcumin functionalized Ag NPs (c-AgNPs) were prepared by using an alkaline solution of curcumin with an average diameter of ~17 nm.182 An Ag13-curcumin complex was studied by density functional theory (DFT) calculation. Time-dependent-DFT studies were also carried out to simulate the UV-vis spectrum with an absorption maximum at 420 nm and to propose the charge transfer from Ag to curcumin.
The Au nanostructure can also display excellent LSPR absorption along with superior catalytic performance under solar light irradiation conditions. In a recent example, free-standing nanoporous gold (NPG) nanostructure was fabricated by dealloying the Ag65Au55 in 69 wt % HNO3 solution at room temperature conditions.183  The nanopore size of the 3D NPG structure can be varied from 18.3 to 57.3 nm by changing the period of dealloying. This can be confirmed via the appearance of two peaks in the UV-vis spectroscopic measurements at 490 nm and 533 nm. The second peak displays a shift towards higher wavenumbers from 533 nm to 575 nm when the pore size was increased from 18.3 to 57.3 nm. The Au nanostars (NSs) coated with AgPt NPs are prepared by using Au NRs as the seeds for the seed-mediated method of preparation.184 The site-selective deposition of AgPt NPs was carried out by changing the ratio of Pt precursor (H2PtCl6) and KI solution in the synthesis procedure to form AgPt-covered, tipped and edged Au NSs. The Au NSs contained the core size of 43  5 nm and branches of 35  10 nm. The UV-vis spectra of Au nanostars (NSs) exhibited an LSPR peak around 1006 nm which was red-shifted in comparison to bare Au NRs (Figure 4). The AgPt coating on Au NSs slightly red-shifted the LSPR peak at 1017 nm because of its modification with AgPt NPs. As the concentration of AgPt NPs was increased, the absorption displayed a decrease in the overall intensity, further confirming the change in the morphology of the nanostructures. The unique morphology of Au nanostructures can absorb significantly extending the absorption towards the Vis-NIR regime of the spectrum and provide more active and defect sites in order to facilitate the rate of reaction. The comparative higher surface area values assist in the nucleation and growth of the multibranched nanostructures and also strengthen the stability of the material. 
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Figure 4. Absorption spectra of Au NRs, Au NSs and AgPt modified NSs. Reproduced with permission.184 Copyright 2019, Elsevier.

To extend the light absorption of UV-active TiO2 photocatalyst, Jo et al. reported the synthesis of Au/TiO2 by photo-assisted deposition method in which the loading amount of Au NPs was varied from 0.5 wt % to 3.0 wt %.185 An intense LSPR absorption peak for Au0.5/TiO2 centered at 533 nm was observed and the increase in the Au wt% loading increases the LSPR absorption intensity without significantly shifting the absorption maxima peak position. The TEM images revealed the change in the NPs size from 8.5-11.7 nm. This observation indicated that the size of Au NPs did not vary much with the change in the loading amounts of Au NPs, as further demonstrated by the UV-vis and TEM micrographs. Verma et al. investigated the deposition of Au NPs on morphology-controlled TiO2 photocatalyst using the impregnation followed by H2 reduction process at 300 °C for 2 h.186 The LSPR absorption of three different catalysts was found to be within the range of 540-556 nm with the order of absorption intensities following the trend Au/TiO2 nanorod > nanotube > microporous catalysts. Under visible light irradiation, the catalytic enhancement was found to be in agreement with their optical absorption intensities, further confirming the role of Au NPs in the LSPR enhancement of catalytic performance.

3.1.2. X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a strong and useful tool to characterize the surface composition and chemical states of prepared plasmonic nanostructures.189,190 It can provide useful information about the (1) metal oxidation state and (2) local environment around the metal nanocatalyst.191–193 For example, the electronic state of Ag NPs in XPS can be studied by the presence of two peaks at the binding energy values of 374.2 eV and 368.2 eV separated by the splitting doublet of 6.0 eV. The influence of CeO2 coating on the mesoporous SBA-15 silica combined with Ag NPs was studied and compared with Ag/SBA-15 and Ag foil as the standard sample.187 The Ag 3d peak in Ag/CeO2/SBA-15 was obtained towards higher binding energy (B.E.) values of 375.7 and 369.7 eV corresponding to 3d3/2 and 3d5/2, respectively, when compared with Ag/SBA-15. These values were obtained after adjusting the C1s calibration at 284.8 eV. The peak shift was attributed to the possible charge migration from CeO2 to Ag NPs due to their different electronegative values. This observation provided evidence of the hetero-interaction between the atoms sitting next to each other. The XPS spectra of Ce 3d displayed multiplets of six peaks with Ce 3d3/2 and Ce 3d5/2 peaks exhibiting spin-orbit coupling of 18.6 eV at B.E. of 887.3 eV and 905.9 eV, respectively. The plasmonic Ag NPs were also deposited on oxide supports such as TiO2, CeO2, ZrO2 and Al2O3 to study the influence of support materials on photocatalytic performance under visible light irradiation.194 The B.E. shift was assigned to the difference in the electronegative values between Ag and the metal present in the oxide. The least electronegative Ce (1.12) displayed the lowest B.E. value of Ag and can keep Ag in the most reduced state. The case study of Au NPs in XPS is also well reported. When Au NPs were immobilized on shape-controlled TiO2, the core 4f splits into doublet peaks, 4f5/2 and 4f7/2, indicating the zero oxidation state of Au nanostructures.186 The peak intensity was also varied upon changing the morphology of TiO2 from nanotube to nanorod and microporous structures. The most intense peak was shown by Au/TiO2 nanorod at 86.7 and 83.0 eV followed by Au/TiO2 nanotube and microporous catalyst at B.E. of (86.6, 82.9) and (86.8, 83.1), respectively. The low intensity and shift in the B.E. values implied the poor distribution and presence of Au in most oxidized state in microporous support.
XPS has also been used to study the heterojunction interaction in the bimetallic PdAu and PdAg NPs supported on mesoporous SBA-15 silica as shown in Figure 5.180 At first, the metallic nature was confirmed by the presence of doublet peaks in Au, Ag and Pd XPS spectra (4f5/2, 4f7/2 - Au and 3d3/2, 3d5/2 - Ag and Pd). Based on the difference in the electronegativity values of the three elements, Ag (1.93), Au (2.54) and Pd (2.20), the net charge transfer occurs from Ag to Pd and from Pd to Au. This was affirmed by the obtained B.E. shift of Ag 3d towards higher values and for Au 4f towards lower values. Similarly, the local environment around Ag NPs in Ag/Ti-SBA-15 was investigated to study the effect of introducing single site Ti-oxide species and aggregated TiO2 moieties in the framework of mesoporous SBA-15 silica.181 The formation of electron-enriched Ag NPs to facilitate enhancing the rate of reaction was confirmed by the shift in the B.E. towards lower values when compared with the XPS spectrum of Ag/SBA-15. The chemical state of Au/TiO2 was studied by measuring the Ti 2p, Au 4f and O 1s XPS spectra. 185 The presence of two peaks in O 1s spectra was assigned to the O2- (lattice) and Ti-OH (surface) species. A negative shift by 0.4 eV in the Au 4f7/2 peak was obtained at 83.6 eV illustrating the charge migration from oxygen vacancies to Au present in Au/TiO2. Furthermore, the peak intensities and the ratio of Au in a zero-valent state were directly proportional to the amount of Au loading in the catalyst.
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Figure 5. XPS spectra of (a) Ag 3d, (b) Au 4f and (c) Pd 3d for Ag/SBA-15, Au/SBA-15, Pd/Ag/SBA-15, Pd/Au/SBA-15 and Pd/SBA-15 catalysts. Reproduced with permission.180 Copyright 2016, The Royal Society of Chemistry.

3.1.3. X-ray absorption spectroscopy (XAS)
The X-ray absorption spectrum is measured by the bombardment of X-rays of definite energy on a sample, leading to the excitation or ejection of core electrons.195–197 This process can be quantified by measuring the fluorescence exhibited by the excited atom and comparing it with the intensity of incident irradiation. The obtained peaks and shoulders in the absorption spectrum near the edge position are called as X-ray absorption near-edge structure (XANES) spectrum and the oscillations obtained above the edge are known as the extended X-ray absorption fine structure (EXAFS) spectrum.198,199 It is used as a powerful tool to determine the chemical state and local environment of the elements even those which are low in abundance or concentration.200,201 In the structural characterization of plasmonic nanocatalysts, XAS has been employed numerous times to display the contiguous M-M bonding in the metal atoms. For example, when the XAFS measurements were performed on morphology-controlled Ag/SBA-15 nanocatalysts, the Ag K-edge XANES spectra appeared similar to the Ag foil.177 The Fourier transform EXAFS spectra displayed the main peak at 2.7 Å due to the presence of an Ag-Ag metallic bond in the sample catalysts. The Pd K-edge EXAFS spectra of bimetallic Pd/Ag/SBA-15 catalyst also confirmed the metallic state of Pd NPs.178 However, the distance of Pd-Pd was shorter than the Pd foil, indicating the formation of heterojunction between Ag-Pd atoms. In the combination of Pt/Ag/SBA-15 bimetallic catalyst, the XANES spectra displayed a decrease in the intensity of the white line when compared with monometallic Ag/SBA-15.188 This observation was suggestive of the bimetallic interaction of Pt and Ag NPs. An intense peak at 2.7 Å was present in all samples and a peak corresponding to Ag-O-Ag bonding at 1.9 Å was absent, indicating the presence of Ag in a zero-oxidation state. The plasmonic and structural properties of PdAg bimetallic NPs were extended towards PdAu NPs and their local structures were also investigated by XAS.180 The Au LIII-edge spectra for precursor (HAuCl4), standard (Au foil), Au/SBA-15 and Pd/Au/SBA-15 are shown in Figure 6 (A) in which the monometallic and bimetallic catalysts displayed an intense peak at 2.5 Å, affirming the similar nature as that of Au foil. The peak corresponding to Au-Cl bond at 1.9 Å in HAuCl4 was found to be absent in other catalysts. The Ag K-edge and Pd K-edge displayed results similar to as described above (Figure 6 (B, C)) for morphology controlled Pd/Ag/SBA-15 catalysts. 
The XANES spectra can also provide useful information in distinguishing the coordination environment of oxide species. For example, the tetrahedral or octahedral coordination of Ti-oxide species in the prepared catalyst, Ag/Ti-SBA-15, was investigated to find the effect of Ti doping on the overall structure and catalytic performance.181 The Ti K-edge XANES spectra of Ag/Ti-SBA-15 was measured and compared with Ti-SBA-15, TiO2 and titanium tetrabutoxide (TBOT). The Ti source precursor, TBOT, exhibited a single peak at 4968 eV showing tetrahedral coordination, similar to Ti-SBA-15 and Ag/Ti-SBA-15. However, TiO2 displayed multiple peaks from 4964 to 4974 eV, confirming the octahedral coordination of Ti in oxide form. The single peak in tetrahedral coordination of Ti represents the electron transition from 1s to t2g and the formation of single-site Ti-oxide species. Further confirmation of the difference in the geometry of prepared catalysts was performed by UV-vis spectroscopic measurements, as discussed in the respective section. Similarly, the doping of single-site Ti species within the nodes of MOFs was also reported and studied by XANES and EXAFS analysis and compared with the standard spectrum of TiO2.108 The titanium was doped in the zirconium-based MOF (UiO-66(TixZr100-x)), functionalized with amine groups and loaded with plasmonic Au@Pd NPs. A sharp pre-edge peak at 4970 eV was obtained for UiO-66(Zr85Ti15), confirming the tetrahedral coordination of Ti-oxide present in the nodes of MOFs. The Fourier transform EXAFS data for TiO2 revealed the presence of the Ti-O-Ti bond due to the presence of a broad peak between 2.0-3.0 Å. This broad peak was absent in the case of UiO-66(Zr85Ti15) and rather a strong signal at 1.8 Å confirmed the presence of isolated Ti-oxide species without any component of aggregated TiO2 species. 
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Figure 6. FT-EXAFS spectra of (A) Au LIII-edge of (a) HAuCl4, (b) Au foil, (c) Au/SBA-15 and (d) Pd/Au/SBA-15. (B) Ag K-edge of (a) AgO, (b) Ag foil, (c) Ag/SBA-15 and (d) Pd/Ag/SBA-15. (C) Pd K-edge of (a) PdO, (b) Pd foil, (c) Pd/Ag/SBA-15 and (d) Pd/Au/SBA-15. Reproduced with permission.180 Copyright 2016, The Royal Society of Chemistry.

3.2. Spectroscopic/operando techniques for characterizing plasmonic NPs
The decay of LSPR can take place via interband, intraband, or by the generation of photoinduced charge carriers i.e. hot electrons and holes.202,203 The role of hot electrons in carrying out the catalytic transformation at the nanoscale and investigating the mechanism of the reaction has been studied and reported by modern analytical and spectroscopic techniques.204–206 The process of charge transfer in the plasmon-mediated catalysis was evidenced at single-particle resolution using operando techniques.97,111,207,208 In this section, we have briefly described the case studies of noble metal-based plasmonic nanostructures to understand the structural details and evidence the chemistry behind the reaction rate enhancement under light illumination conditions. Table 4 enlists the characterization tools and their evidence and explanation in plasmonic catalysis to investigate the migration of charge carriers.

Table 4. Spectroscopic technique and the inference from the plasmonic catalyst.
	Spectroscopic technique
	Plasmonic photocatalyst
	Evidence and Explanation
	Ref.

	Transient absorption (TA) spectroscopy
	Ag-TiO2-Au
	Electron injection from Ag to the conduction band of TiO2 evidenced by a broad peak from 620 to 740 nm.
	209

	
	Pd skin/Au-MOF
	One negative peak at 520 along with two positive peaks assigned to plasmonic absorption and revealed a longer time window for hot electron transfer
	126

	
	Ag44(SR)30/TiO2
	Upon excitation, highly intense five absorption bands can act as small band gap semiconductors
	210

	
	Ag/W18O49
	Blue shifted band evidencing the possible interaction by charge transfer
	211

	Photocurrent density
	Ag/TiO2-x
	A 15 times higher current density in comparison to TiO2
	212

	
	Ag/AgVO3@CdS/BiVO4
	The higher current density than individual components and exhibited resistance towards photo corrosion
	124

	Dark-field spectroscopy
	Au nanocrystal
	An electron transfer rate of 4600 electrons was displayed
	213

	
	Single Au/TiO2
	Evidence of gas-solid interface reaction by gas adsorption and charge migration
	129

	Electromagnetic field enhancement (FDTD simulations)
	(Au/AgAu)@CdS
	Multi-interfacial plasmon coupling displayed strong field enhancement effects
	214

	
	Ag/P25/RGO prism
	The presence of sharp tips enhanced electric fields and produced strong LSPR effects
	215

	
	Ag@Pd nanocube
	The strong electric field near Ag but decreased with a coating of Pd due to faster plasmon decay
	216

	
	Pd90Au10/Al2O3
	An enhancement factor of 23.8 under a monochromatic light illumination of 530 nm.
	217

	
	Au@Pd@UiO-66-NH2
	Pd shell thickness of 0.5 nm onto Au acting as the antenna was optimized
	126

	Surface-enhanced Raman scattering (SERS) spectroscopy
	AuNBP@AgPt
	In-situ reduction of 4-NTP to 4-ATP monitored by SERS under 785 nm excitation
	218

	
	Ag/TiO2/Ag
	Quantitative detection of methylene blue and reduction of 4-NTP was demonstrated
	219

	
	Au@Ag NRs
	Dimerization of 4-NTP to DMAB within 120 s under 532 nm excitation
	220

	
	Ag plasmonic film
	Hot electron-induced reduction of 4-NTP in the presence of HCl
	128

	
	Pt-Au-Ag cubic mesh
	In-situ kinetics of reaction by comparing the band intensity of 4-NTP (1350 cm-1) and 4-ATP (1600 cm-1)
	221

	Photoluminescence (PL) spectroscopy
	Ag/AgVO3@CdS/BiVO4
	Under 450 nm excitation, the charge transfer was evidenced by lower PL intensity than individual components
	124



3.2.1. Transient absorption spectroscopy
Transient photoelectrochemical (PCE) measurements were employed to study the charge transport and recombination mechanistic pathway of the photocatalysts. Van et al. synthesized the multimetallic Ag-TiO2-Au catalyst and explored the flow of hot electrons in which Ag, TiO2 and Au acting as the light-harvesting component, electron relay and catalytic active site, respectively. A combination of ultrafast visible and infrared spectroscopy techniques was employed in which the time for exciting hot electrons to flow from Ag to active site Au displayed 700 fs through the electron relay process.209  Figure 7 displays the transient absorption spectra of Ag-TiO2-Au in which the rising edge region at 470 nm represents the electron-electron scattering events. A broad signal from 620 to 740 nm affirms the presence of electrons in the conduction band of TiO2 indicating the electron injection process from LSPR excitation of Ag. The hot electrons are then transferred to Au within 500 fs until the saturation of the 5d band structure of Au. The plasmonic catalyst was tested in the reduction of 4-nitrophenol in the presence of NaBH4 and a 16-fold enhancement in the catalytic activity was observed under light illumination at 445 nm in comparison to dark conditions. This work can be cited as a recent example to display the flow of charge carriers using ultrafast spectroscopic studies. 
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Figure 7. Transient absorption spectra of Ag-TiO2-Au catalyst. Reproduced with permission209. Copyright 2020, American Chemical Society.
The combination of Ag/TiO2 was also studied by Lu and co-workers to design the heterojunction between plasmonic Ag and Ti3+ doped macro-meso-porous TiO2 represented as Ag/TiO2-x catalyst.212 The TiO2-x framework was prepared by microwave(MW)-assisted deposition method using vitamin C as the reducing agent and Ag NPs were prepared by the photodeposition method under visible light irradiation. It was observed that Ag/TiO2-x catalyst displayed enhanced photocatalytic activities than the individual components and Ag/TiO2 catalyst. The presence of oxygen vacancies in the TiO2-x framework and Ag/TiO2-x catalyst in the form of Ti3+ was detected by electron paramagnetic resonance (EPR) signal at g=2.005 which was absent in the case of TiO2. These oxygen vacancies can act as the site for trapping charge carriers accounting for the enhanced photocatalytic activity. The photocurrent densities of Ag/TiO2-x heterostructure were measured and observed to be 15 times higher than the pure TiO2 support, suggesting the higher number of charge carriers within the material. Further, it was found to be stable for up to four reaction cycles indicating the stability of the photocatalytic materials. The formation of the Schottky barrier at the junction due to the interaction between plasmonic Ag and Ti3+ species explains the enhanced photocurrent density values. The photocurrent density with time on the heterostructure 1Ag/AgVO3@CdS/BiVO4 can be measured by switching on and off the solar light irradiation.124 The heterostructure response towards photocurrent density was much higher than the individual components affirming the synergistic interaction when present in combined form as a heterostructure. They could also retain the same photoresponse for several cycles enabling resistance towards photocorrosion. These results further assisted in explaining the superior photocatalytic activity of 1Ag/AgVO3@CdS/BiVO4 than BiVO4 and CdS. 
The chemical processes facilitated by high-energy charge carriers are often studied by ultrafast laser-probe experiments. They can measure the electron transfer dynamics within the time scales of femtoseconds. The deposition of Ag nanoclusters (NCs) Ag44(SR)30 (SR = thiolate) on TiO2 semiconductor and the charge transfer at the interface was investigated by using ultrafast transient absorption (TA) spectroscopy.210 The spectroscopic enhancements and catalytic yield results were compared with Ag NPs deposited on TiO2 and with bare TiO2 semiconductor. The Ag nanocluster displayed five different absorption bands in the spectrum with strong intensity at λ = 412, 483, 535, 641 and 833 nm. It was revealed by spectroscopic evidence that by carrying out excitation at different wavelengths of light, NCs can act as small band gap semiconductors. Hence, other than the plasmonic characteristics of Ag nanostructures, the nanoclusters can act as semiconductor under UV-vis light irradiation. Only visible light excitation led to the generation of photoexcited charge carriers, similar to the plasmonic behavior of NPs. The UV-vis light irradiation can make Ag NCs a small-band-gap semiconductor to decrease the recombination rate of charge carriers. Additionally, the rate of hydrogen generation of 7.4 mmol h-1gcatalyst-1 was ten folds when compared with pristine TiO2 NPs. Ultrafast TA measurements were also carried out on sub-nm Pd skin/Au NPs encapsulated within MOF to understand the charge carrier dynamics in plasmonic Au NPs.126 One negative signal peak at 520 nm surrounded by two positive peaks was assigned to the broad plasmon peak in the absorption spectrum. The excess energy of the photogenerated charge carriers is dissipated by the electron-phonon coupling followed by the heat transfer from the lattice to the surrounding environment through phonon-phonon scattering effects. 
The development of novel Ag nanorice on W18O49 nanowire structure and their ultrafast electron transfer process from W18O49 to Ag was elucidated by TA spectroscopy.211 Under an excitation wavelength of 400 nm, a strong TA band was obtained for W18O49 from 450 nm to 510 nm whereas Ag displayed a narrow band at 435 nm. The Ag/W18O49 heterostructure displayed a blue-shifted band indicating the possible interaction and charge transfer between the two components (Figure 8 (A)). The TA kinetic curves were also measured using the probe excitation of 480 nm in which a time constant, τ = 2.6 ps (obtained from Figure 8 (B, C)) for the heterostructure indicated the formation of charge transfer channel at the interface, assisting in the electron transfer from W18O49 to Ag making latter as electron-rich species. The generation of hot electrons from the heterostructure was demonstrated by measuring the incident to photon conversion efficiency (IPCE) under an excitation wavelength from 900 to 1500 nm. The equation is shown in (3) where λ is the wavelength of the incident light, Jlight is the incident power density, and I is the photocurrent density.
		(3)

The IPCE measurements correlate the optical absorption bands present in the plasmonic nanocatalyst under the excitation of IR light. It was observed that the IPCE values of the heterostructure were two times higher than the individual Ag and W18O49 components. This can be explained due to the kinetic processes involving the improved generation and suppressive relaxation of hot electrons.211 The generation of hot electrons was also evidenced by the formation of Pt0 NPs upon SPR excitation of plasmonic heterostructure as shown in Figure 8 (E). The kinetic process of the electron transfer mechanism is shown in Figure 8 (D). Upon IR light irradiation, the plasmonic excitation generates an electric field around the NP and form hot electrons. These photoinduced hot electrons can assist in the adsorption of the substrate molecule to yield the final product.
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Figure 8. A) Ultrafast transient absorption spectra; (B, C) TA kinetics curves of W18O49 NWs and Ag/W18O49 heterostructures with a probing wavelength at 480 nm; (D) Illustration of electron transfer pathway in the Ag/W18O49 and (E) TEM image of the Pt nanoparticle-loaded Ag/W18O49 heterostructures formed via an IR-excited photoreduction reaction. Reproduced with permission.211 Copyright 2019, Elsevier.

3.2.2.	Dark-Field Spectroscopy
Dark-field spectroscopy has become an important plasmonic spectroscopic technique to characterize NPs on a single particle level.222 This technique assists in evaluating the optical properties of NPs and understanding the effect of change in the morphology and refractive index of the reaction medium. It can provide the real-time analysis of catalytic reactions which can assist in understanding the reaction kinetics. At the current stage, the reaction kinetics of nanocatalyst has been measured by single-molecule fluorescence, SERS, X-ray absorption and dark-field spectroscopy. In comparison to the limitation of hotspots in SERS, quenching of dyes in fluorescence measurements and damage of the sample by X-ray, dark-field spectroscopy is a simple and convenient technique. The noble metal Ag/Au nanostructures act as a catalyst in several reactions where the substrate molecule gets adsorbed on the surface of the catalyst and carry out the electron transfer process from donor to acceptor. 
The representative SEM images of varying morphology of Ag nanoprisms are shown in Figure 9 (a) in which single-particle dark-field spectroscopy was used to display that fluorescence from molecules is dependent on the scattering properties of the particles.116 Figure 9 (b) represents the dark-field micrograph of varying size and morphology of Ag NPs demonstrating different colors in the dark-field spectra due to enhanced scattering of light by different shaped nanostructures. Mulvaney et al. reported the monitoring of electron injection and extraction on a gold nanocrystal during oxidation of ascorbic acid via dark-field plasmon spectroscopy.213 An electron transfer rate of 4600 electrons and 65 molecules of O2 per second was measured to display the redox reaction on gold nanocrystal for the very first time. This technique can prove to be pivotal in establishing the plasmon-enhanced reaction mechanism of catalytic reactions. Cheng et al. also studied the real-time monitoring of the plasmon-induced oxidation reaction over Au nanorods immobilized on a glass substrate or freely moving in solution.223 This imaging technique was used to study the reaction rate in which the immobilized Au nanorods displayed a slow reaction rate than bulk solution indicating the influence of the self-catalysis mechanism. The Dark-field spectroscopy analysis is not only limited to solid-liquid reactions but can also be used to explore reactions at the gas-solid interface. For example, Collins et al. monitored the hydrogen dissociation over single Au NPs supported on semiconducting metal oxide supports (anatase TiO2, ZnO).129 The direct evidence of gas adsorption and charge migration and the role of semiconducting metal oxide support can be investigated in real-time.
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Figure 9. (a) SEM images of size and morphology varied Ag nanoprisms (b) Dark-field micrograph displaying different colors due to different optical scattering efficiency of nanoparticles. Reproduced with permission.116 Copyright 2007, American Chemical Society.

3.2.3.	Electric field enhancements
Recently, significant research interest has been focused on understanding the enhancements in the reaction rate in plasmonic catalysis. One of the critical effects is the electric field enhancement effect in plasmon chemistry which occurs at small lengths with fast time scales. It is essential to dive into the details of this aspect of the mechanistic pathway to understand its contribution and to determine the most active plasmon regions in the photocatalyst. An excellent example was reported by Chen et al. in which they studied the synthesis of multi-interfacial plasmon coupled (Au/AgAu)@CdS core-shell nanohybrids for the hydrogen generation from water.214 The Au/AgAu core was prepared with multiple adjustable nanogaps varying from one, two, three and four by galvanic replacement process. The UV-vis spectra was found to display maximum absorption for four-gap nanostructure and the TEM micrograph of four-gap Au/AgAu and (Au/AgAu)@CdS showed the irregular morphologies with sharp corners. These can serve as sites for hot spots for electric field enhancement effects, especially at the peripherals. It was observed that the gap also displayed strong electric field enhancements due to the multi-interfacial plasmonic coupling between core and shell components. The photocatalytic hydrogen generation was carried out using Na2SO3-Na2S as sacrificial agents under visible light irradiation (λ > 420 nm). A hydrogen production rate of 4.71 mmolg-1h-1 was obtained for a four-gap hybrid which was 15.9, 7.2 and 2.5 times higher than the one, two and three-gap (Au/AgAu)@CdS nanohybrid. This observation was in accordance with the optical absorption and near-field enhancement effects. The underlying mechanism was proposed in which the plasmonic energy harvested by Au/AgAu hybrid is transferred to the CdS which can produce hydrogen upon reacting with water and sacrificial agents. The near-field enhancement effects and interfacial plasmon coupling are the main factors contributing to the higher catalytic performance under visible light irradiation for the four-gap (Au/AuAg)@CdS nanohybrid catalyst.
A ternary plasmonic catalyst was designed by combining Ag NPs and reduced graphene oxide (RGO) to enhance the efficiency of TiO2 (P25) photocatalyst (Figure 10 (a)).215 The three different morphologies of plasmonic nanostructures were prepared (sphere, decahedron and prism) and their electric field intensity distributions were calculated using FDTD simulations as displayed in Figure 10 (b-d). Under an excitation wavelength of 611 nm, the enhanced electric fields can be observed especially in decahedron and prism-based nanostructures with the presence of sharp tips facilitating stronger LSPR effects. The photocatalytic removal of methylene blue (MB) dye using Ag/P25/RGO with 0.4 wt % Ag nanoprisms and 5 wt % RGO displayed 10 times more activity than the pure P25 photocatalyst.
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Figure 10. (a) Illustration of the mechanisms of enhanced photocatalytic efficiency of Ag and RGO co-loaded TiO2 nanocomposite, (b) Simulated electric field intensity distributions for sphere, (b) decahedron and (d) prism-shaped Ag nanostructures irradiated by an unpolarized light source with wavelengths of 611 nm. The intensity bar shows logarithmic-scale intensity. Reproduced with permission.215 Copyright 2020, Elsevier.

The calculation of surface electric field intensity by finite element method (FEM) for Ag@Pd core-shell catalyst where nanocube Ag absorbs visible light and Pd acts as the catalytically active component was reported.216 As shown in Figure 11 (a), the strong electric field intensity is generated around Ag due to the plasmon coupling effect however, it was reduced significantly with the coating of Pd (Figure 11 (b)). The local heating power density for Ag@Pd was higher than Ag@Ag due to the faster channel of plasmon decay accumulating on the Pd shell forming a belt on the outer surface. 
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Figure 11. Electrical field distributions of Ag (a) and Ag@Pd (b) nanocubes along with the localized heating power densities of Ag (c) and Ag@Pd (d) nanocubes. Reproduced with permission.216 Copyright 2020, American Chemical Society.

Ye et al. calculated the electromagnetic field utilizing FDTD simulations over PdxAuy/Al2O3 catalysts and obtained enhancements over all the catalysts under monochromatic light irradiation of 530 nm as shown in Figure 12 (a-f). The minimum EM field enhancement of 23.2 was obtained over Pd/Al2O3 because of its no inherent optical absorption and reached as high as 64.0 for pure Au/Al2O3 catalyst. The trend in the light absorption was found to be similar to that of the EM field and catalytic enhancements of PdAu metal NPs, suggesting the significance of plasmonic characteristics of the prepared catalysts.
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Figure 12. Cross sectional views and EM enhancement around several ratios of PdAu NPs over Al2O3 catalyst using FDTD simulations (a) Pd/Al2O3, (b) Pd98Au2/Al2O3 (c) Pd90Au10/Al2O3 (d) Pd80Au20/Al2O3 (e) Pd50Au50/Al2O3 (f) Au/Al2O3. Reproduced with permission.217 Copyright 2016, Elsevier.

Theoretical simulations over Au@Pd@UiO-66-NH2 were also carried out to understand the mechanistic pathway in the CO2 hydrogenation reaction.126 The Pd thickness shell was varied in order to investigate its effects in enhancing the plasmonic catalysis. The electric field enhancements around Au@UiO-66-NH2, Au@Pd@UiO-66-NH2-0.5 and Au@Pd@UiO-66-NH2-2 were calculated as shown in Figure 13. The enhancement shown by the catalyst with Pd shell thickness of 0.5 nm was due to the Au core acting as an antenna to absorb the visible light and enhances it around the Pd shell. However, the thickness of the shell decreases the ability to absorb light and creation of field enhancements effects. The observed near-field effects were also in agreement with the catalytic activity enhancements under visible light irradiation.
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Figure 13. Simulated electric field enhancements around (a) Au@UiO-66-NH2, (b) Au@Pd@UiO-66-NH2-0.5 and (c) Au@Pd@UiO-66-NH2-2. Reproduced with permission.126 Copyright 2021, Elsevier.

3.2.4.	Surface-Enhanced Raman Scattering (SERS) spectroscopy
SERS is a powerful analytical technique for characterization applicable in various fields such as biomedical, chemical, quantitative analysis, in situ reaction monitoring and life science applications. It can provide useful information about molecular vibrations for understanding the plasmon-substrate interactions because of its sensitivity on a single-atom level. It allows for the study of enhancement in the Raman signal from the nearby atoms using a suitable probe molecule and offers several advantages by furnishing useful information such as the molecular structure, orientation and vibration and environment. The possible detected enhancement in SERS can reach as high as 1012 due to the electromagnetic enhancements around the hot spots. Xu et al. has recently utilized SERS for reduction reaction monitoring of 4-nitrothiophenol (4-NTP) to 4-aminothiophenol (4-ATP) catalyzed by Au nanobipyramids (NBP)-embedded AgPt hollow nanostructures.218 The in situ monitoring of the reduction reaction by NaBH4 was demonstrated by using 4-NTP as a probe for Au NBP@AgPt nanocage and nanoframe under an excitation wavelength of 785 nm. The 4-NTP modified nanocage SERS spectra was measured after the addition of NaBH4 at t=0 min until t = 55 min. It was observed that the vibrational band intensity of NO2 in 4-NTP (νNO2 = 1330 cm-1) continues to decrease and for the 4-ATP tends to increase at νCC = 1595 cm-1 with time. 
The synthesis of Ag/TiO2/Ag nanocomposite by employing Ag nanospheres as the core to coat a layer of TiO2 as a shell and further deposit Ag NPs onto TiO2 shell to form Ag satellite shell-type structure also employed SERS technique.219 The SERS sensitivity of Ag/TiO2/Ag nanocatalyst for 4-NTP reduction to 4-ATP using in situ monitoring of the chemical reduction reaction using NaBH4 reductant under 785 nm excitation was studied. Further, the quantitative detection of methylene blue with concentrations as low as 10-10 M was demonstrated. Similarly, Lu et al. studied the monitoring of 4-NTP reaction on Au@Ag NRs using time-dependent SERS spectroscopy under 532 nm excitation.220 However, the authors observed the dimerization of 4-NTP to 4,4-dimercaptoazobisbenzene (DMAB) within 120 s of reaction time due to the generation of plasmon-induced hot electrons. The surface reduction of 4-NTP on Ag plasmonic film (PF) using the SERS technique using HCl as the hydrogen source instead of a usual reducing agent was investigated by Qiu’s group.128 Interestingly, authors have proved the hot electron-assisted reduction of 4-NTP to DMAB by correlating the Cl- concentration and reaction pathway. In strongly acidic conditions (concentration > 0.1 M), the DMAB peak was not detected. However, for H+ concentration below 0.01 M, intense SERS bands of DMAB were observed. The observed results suggest that the reaction mechanism depends on the concentration of H+ and Cl- ions which align with the explanation of hot electrons participation in the reaction. Ryu et al. explored the characterization of bimetallic and trimetallic nanomesh structures via SERS spectroscopy using Ag-Au, Pd-Au-Ag and Pt-Au-Ag for the 4-NTP reduction to 4-ATP.221 The reaction kinetics was studied by monitoring the SERS bands intensity of 4-NTP at 1350 cm-1 and 4-ATP at 1600 cm-1. The Pt-Au-Ag cubic mesh (CMs) structure displayed the most active catalytic activity as shown in Figure 14 (a-c).

[image: ]
Figure 14. SERS spectra for the reduction of 4-NTP to 4-ATP catalyzed by (a) Ag−Au CMs, (b) Pd−Au−Ag CMs and (c) Pt−Au−Ag CMs. Reproduced with permission.221 Copyright 2020, American Chemical Society.

A hierarchical Ag nanocone arrays represented as “hedgehog-like” arrays (HLAs) are fabricated on 3D polystyrene (PS) for generating high density localized hot spots.224 The SERS performance was evaluated by using p-aminothiophenol (PATP) as the probe molecule under a laser excitation of 633 nm and compared with planar nanocone arrays (NCAs) and 3D nanosphere arrays (NSAs). The Raman signal of HLAs is 6-7 times more intense than NCAs and NSAs. Furthermore, the FDTD calculated electromagnetic field around HLAs was more pronounced because of the presence of sharp nano-tips, 3D structures and coupling effect between the nanocones. The strong electromagnetic field and hot-electron excitation prompted authors to investigate the methylene blue (MB) dye degradation. The active oxygen species, formed by the interaction between O2 and hot electrons, can combine with MB to generate CO2 and H2O. The strategy of combining SERS with plasmonic catalysis is gaining popularity and has a great potential for discoveries in the field of plasmonic nanochemistry. Lee and coworkers reported the synthesis of Au NP trimers through galvanic replacement reaction between Ag nanoprisms and Au precursor solution.225 After that, Au was used as a core to develop an active metal shell (M= Pd, Pt) onto them to form Au@M NPs trimer. The Au trimer sized 58  6 nm, was stabilized because of the van der Waals interactions mediated by the presence of PVP polymer. The prepared catalyst was also found to be stable under different reaction conditions such as a change in the reaction solvent, pH and prolonged ultrasonic treatment. The photoreduction of 4-nitrobenzenethiol (4-NBT) was used as the test reaction to assess the performance of these novel nanostructures by SERS measurements. Under the laser excitation of 633 nm and 2 mW cm-2, the three main peaks of 4-NBT (1084, 1334 and 1569 cm-1) were observed at t = 0 seconds. The formation of products was affirmed by the appearance of three new peaks corresponding to DMAB at 1145, 1393 and 1439 cm-1. This photo-induced reduction gives evidence of hot electron generation by Au trimer NPs under laser excitation conditions. The SERS provides a quantitative analysis of reaction products but lacks the spatial resolution to study the factor influencing the catalytic efficiency in plasmonic nanostructures. Tip-enhanced Raman spectroscopy (TERS) can overcome such limitation in which the plasmonic metal is formed at the apex of the scanning probe by etching or depositing them on commercially available silicon probes. Li et al. investigated the relation between catalytic activity and local electric fields on Au@Pd and Au@Pt nanoplates using tip-enhanced Raman scattering (TERS).226 A comparison of the magnitude of electric field generation for mono- and bi-metallic nanostructures was established and correlated with the catalytic efficiencies. 

3.2.5.	Photoluminescence (PL) spectroscopy
To gain a better understanding of charge transfer and recombination mechanisms during light irradiation conditions, photoluminescence (PL) emission spectroscopy is employed. Kang’s group and co-workers synthesized Ag/AgVO3@CdS/BiVO4 photocatalyst for hydrogen generation (105,541 μmol/g) using lactic acid as the hole scavenger agent under solar light irradiation.124 Under an excitation wavelength of 450 nm, the obtained PL spectra are shown in Figure 15 with intensity maxima at 519.9, 538.9 and 539 nm for BiVO4, CdS and CdS/BiVO4, respectively. The Ag/AgVO3@CdS/BiVO4 heterostructure displays much lower PL intensity suggesting an efficient charge separation of electrons and holes due to the presence of Ag/AgVO3 nanoclusters. The lower PL intensity of the heterostructure was ascribed to the possible charge migration from BiVO4 and Ag/AgVO3 to CdS.
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Figure 15. Photoluminescence spectra of CdS, BiVO4, CdS/BiVO4 and 1Ag/Ag/AgVO3@CdS/BiVO4. Reproduced with permission.124 Copyright 2020, Elsevier.

4. Noble metal nanostructures-based plasmonic catalysis
The UV-light absorption of n-type semiconductors limits the efficient utilization of broad spectrum of solar energy. Hence, the combination of the plasmonic metal with semiconductors is a popular approach to increase the visible-light-responsiveness of the photocatalytic materials. In this respect, Ag and Au-based metal NPs have been most widely researched to achieve strong visible light absorption along with an improved charge transfer efficiency under illumination conditions. The use of plasmonic NPs in visible-light-driven catalysis is highly promising because of their high cross-section extinction coefficient values amongst all other metal NPs.227 It has been widely researched that incorporating plasmonic NPs can lead to higher reaction rates and improved selectivity under mild reaction conditions. In this section, we will discuss Ag- and Au-based noble metal-based catalysts for the two of the most challenging and popular reactions viz. CO2 reduction and hydrogen generation via plasmon-mediated catalysis. The catalytic systems included in this section are based on Ag and Au NPs supported on a variety of support materials, for example, Al2O3, metal-organic frameworks (MOFs), TiO2, TiO2-x, mesoporous silica (SBA-15) and carbon materials. Table 5 summarizes the specific examples of plasmonic catalysts along with the details of the reaction conditions and photocatalytic performance under solar light irradiation.


Table 5. Plasmon-mediated catalysis over Ag- and Au-based catalysts. 
	Plasmonic photocatalyst
	Photocatalytic reaction
	Light source
	Reaction conditions
	Photocatalytic performance
	Ref.

	Ag/TNTAs-E
	CO2 reduction to CH4
	300 W Xe lamp with 400 nm cut off filter
	CO2 and H2O vapor produced by NaHCO3 with HCl, gas products analyzed with GC equipped with flame ionization detector and methanizer 
	CH4 production rate ~ 50 mmolh-1m-2
	228

	Ag NPs/ACFs
	CO2 reduction to methanol
	300 W Xe lamp with 420 nm cut off filter
	Catalyst (15 mg), water (20 mL), CO2 (0.6 MPa), temperature (80 °C) and no sacrificial agent
	CH3OH evolution rate 13.9 μmolg-1h-1
	229

	CN/Au
	CO2 reduction to CO and CH4
	Xe lamp
	Catalyst (30 mg), ethanol (5 mL), deionized water (0.5 mL)
	CO (28.3 μmolg-1h-1) and
CH4 (1.3 μmolg-1h-1)
	230

	Pd90Au10/Al2O3
	CO2 reduction 
	Xe lamp
	Catalyst (15 mg) packed in alumina cell, gas flow rate (20 mL min-1)
	CO2 conversion rate (1210.6 μmolg-1min-1)
	217

	Au/TNTs
	CO2 reduction to CH4
	300 W Xe lamp
	CO2 flow rate (50 ccmin-1), Pressure (100 kPa), time (2 h)
	14.67 % CH4 yield
	231

	Au@Pd@UiO-66-NH2-0.5
	CO2 reduction to CO
	300 W Xe lamp
	Catalyst (5 mg), CO2/H2 (1MPa) and temperature (150 °C)
	3737 μmol/gmetal/h
	
	126

	[bookmark: _Hlk82173552]HUY@S-TOH/AuPd
	CO2 reduction to CH4
	300 W Xe lamp, λ > 400 nm
	500 mL cylindrical glass reactor with CO2 gas (99.9 % purity)
	47 μmol/gcat·h
	232

	Aux@ZIF-67
	CO2 reduction to methane and methanol
	150 W Xe lamp
	Catalyst (50 mg), 10.0 wt % triethanolamine (TEOA), NaHCO3 (67 mg), 
	2.5 mmolg-1h-1 (methanol) and 0.5 mmolg-1h-1 (ethanol)
	233

	AgNi/SiO2
	CO2 conversion to methane
	Laser illumination at 405 nm
	Catalyst (50 mg), CO2/H2/N2 = 1:4:1 at 723 K
	22.8 % conversion, 42.4 % CH4 selectivity
	227

	Ag-HMO
	CO2 reduction to methane
	300 W Xe lamp, λ > 420 nm
	Catalyst (100 mg), water (15 mL), CO2 (0.5 MPa), 60 C
	0.61 molmol-1
	112

	Ag@TiO2
	CO2 reduction to methane
	300 W Xe lamp, λ > 350 nm
	11.58 mL Pyrex reactor purged with CO2 and water vapor (0.5 %)
	14.8 μmolg-1
	234

	Cu-Cu2O
	CO2 reduction to CO and CH4
	350 W Xe lamp
	Catalyst (50 mg), HCl (4M) and NaHCO3 (85 mg)
	CO= 3.25 μmolg-1h-1 and CH4 yield ~ 0.5μmolg-1h-1
	235

	PVP-capped Au NP
	CO2 reduction to methane and ethane
	300 W Xe lamp, 300 W cm-2
λ> 400 nm
	Colloidal Au NPs (10%), isopropanol (3 mL), CO2 (10 mLmin-1, 20 min), 10 h
	TONCH4 = 6.8 NP-1
TONC2H6 = 5.6 NP-1
	236

	Ag/AgVO3@CdS/BiVO4
	Hydrogen generation from water
	300 W Xe lamp
	lactic acid (10 vol%), water
	Rate = 105,541 mol/g
	124

	(Au/AgAu)@CdS
	Hydrogen generation from water
	300 W Xe lamp, λ > 420 nm
	Catalyst (50 mg), Na2SO3 (0.25 M), Na2S (0.35 M)
	Rate = 4.71 mmolg-1h-1
	214

	Au/TiO2
	Hydrogen generation from AB
	500 W Xe, λ > 420 nm
	Catalyst (20 mg), water (5 mL), 0.5 mL AB (0.04 M)
	0.36 μmolmin-1
	185

	Ag/SBA-15 (B)
	Hydrogen generation from AB
	500 W Xe, λ > 420 nm
	Catalyst (20 mg), water (5 mL), 0.5 mL AB (0.04 M)
	0.67 μmolmin-1
	177

	Pd/Ag/SBA-15 (B)
	Hydrogen generation from AB
	500 W Xe, λ > 420 nm
	Catalyst (20 mg), water (5 mL), 0.5 mL AB (0.04 M)
	2.28 μmolmin-1
	178

	Ru/Ag/SBA-15 (B)
	Hydrogen generation from AB
	500 W Xe, λ > 420 nm
	Catalyst (20 mg), water (5 mL), 0.5 mL AB (0.04 M)
	3.60 μmolmin-1
	179

	Ag/Ti-SBA-15
	Hydrogen generation from AB
	500 W Xe, λ > 420 nm
	Catalyst (20 mg), water (5 mL), 0.5 mL AB (0.04 M)
	3.3 μmolmin-1
	181

	Au-Pt@CdS
	Hydrogen generation by the oxidation of benzyl alcohol
	300 W Xe, λ > 420 nm 
	Catalyst (2 mL suspension) and 0.5 M alcohol

	153 μmolh-1
	165

	Au/CdSe NCs
	Hydrogen generation from water
	300 W Xe, λ > 420 nm
	Catalyst (1 mg), Na2SO3 (0.05 M) and Na2S (0.07 M)
	73 mmol  h-1
	237

	Au/m-Ta2O5
	Hydrogen generation from methanol
	300 W Xe, λ > 400 nm
	Catalyst (50 mg) and methanol aqueous (20 mL)
	29 μmolh-1g-1
	238



4.1.	Plasmon-mediated CO2 reduction
Researchers have started investigating the conversion of CO2 to value-added chemicals such as methane, formic acid and methanol via catalytic, photocatalytic and electrocatalytic pathways.159,239 The photocatalytic reduction of CO2 can be seen as a promising technique to carry out artificial photosynthesis fulfilling the requirement of multielectron and multiproton reactions. However, in the current scenario, there are still many challenges that are limiting the performance of CO2 reduction because of low energy efficiency and product selectivity. Recently Amal et al. reported the bimetallic interaction between Ag-Ni NPs to affect the size and distribution of NPs on support materials and also the extent of optical absorption.227 The application of plasmonic AgNi NPs on insulator silica support was applied in the CO2 methanation reaction in which Ni was selected because of its high activity, low cost and easy availability. The combination with Ag allows the unique exploitation of visible light sensitivity of plasmonic NPs. The bimetallic NPs were prepared by co-impregnation (CI) and sequential impregnation (SI) methods using AgNO3 and Ni(NO3)2•6H2O as the metal precursor solutions. The activity and selectivity of series of AgNi/SiO2 based catalysts were tested under thermal and laser illumination conditions. The presence of hot electrons in Ag under irradiation conditions was identified as the main factor in enhancing the CO2 methanation reaction. These hot electrons are then transferred to metallic Ni NPs where the samples with stronger Ag-Ni interaction displayed the highest enhancement under illumination conditions.
A new frontier gaining popularity in heterogeneous catalysis is single-atom catalysis. Single-atom catalysts (SACs) have well-defined active sites and the rational design of new catalysts combined with plasmonic NPs is an interesting approach to fine-tune the activity and selectivity of chemical reactions. Ding et al. reported the design of single-atom silver-manganese (Ag-HMO) catalysts for CO2 reduction to methane under light irradiation conditions with a reaction rate of 0.61 mol mol-1 catalysts.112 The hollandite manganese dioxide (HMO) was prepared by the hydrothermal synthesis method and a single atom of Ag could enter into the tunnels of HMO due to the migration properties of Ag atoms. It has been speculated that Ag atoms promote the generation and transfer of hot electrons to increase the photocatalytic activity. The hot electrons generated by single Ag atoms and surface Ag NPs upon visible light irradiation are transferred to the HMO semiconductor and reduces the recombination rate of electrons and holes and hence promote photocatalytic activity. Furthermore, the high CO2 adsorption capacity of HMO enables the faster reduction of adsorbed CO2 on the surface of the catalyst.
The heterojunction of semiconductors with plasmonic NPs has attracted significant research interest as plasmonic NPs can assist in enhancing the efficiency of light absorption via the LSPR effect. The synthesis of Ag@TiO2 core-shell nanostructure for the photoconversion of CO2 to CH4 was recently reported.234 The nanocatalyst was prepared by coating TiO2 on Ag core NPs with a mean diameter of 50 nm (Figure 16 (a)). The NPs were dispersed on the glass plate and annealed at 500 C in order to remove all the carbon and organic residues from the photocatalyst, named Ag@TiO2 h500. The rate of CH4 generation over core-shell photocatalyst after 3h photoirradiation was 14.8 mol g-1 which was four times higher than the bare TiO2 h500 (3.9 mol g-1) as shown in Figure 16 (b). Under monochromatic light irradiation (365 nm, 5.0 mWcm-2), the apparent quantum yield for CH4 generation from CO2 was 5.7 10-3 %. The proposed mechanism was based on the light scattering effects for plasmonic NPs with a size exceeding 50 nm in diameter. Upon light irradiation ( > 350 nm), the plasmonic Ag core scatters light to the TiO2 NPs and increases the photon flux in the TiO2 shell, leading to the increase in the photocatalytic performance as shown in Figure 16 (c).
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Figure 16. (a) TEM image of Ag@TiO2 h500 (b) Time course of CH4 evolution over prepared catalysts and (c) plausible mechanism for the conversion of CO2 to CH4 over Ag@TiO2 core-shell nanostructure. Reproduced with permission.234 Copyright 2019, American Chemical Society.
The union of Ag with TiO2 is a popular choice for many researchers to combine the UV-active TiO2 and LSPR sensitive Ag NPs. Cheng et al. reported the surface plasmon resonance of Ag deposited on TiO2 nanotube arrays (TNTAs) for the photocatalytic CO2 reduction to methane and methanol.228 Ag NPs were loaded by the electrochemical deposition method into the inner space of TNTAs (Ag/TNTAs-E) and studied by Raman and light absorption spectroscopic analysis. Ag NPs were also deposited by a conventional method of deposition (Ag/TNTAs-C) for comparative characterization and photocatalytic studies. The intensity of optical absorption of Ag/TNTAs-E was found to be higher than Ag/TNTAs-C because the scattered light is absorbed more effectively by the NPs present within the inner spaces of the TNTAs (Figure 17 (a)). Furthermore, the Raman signals were also observed to be more intense for Ag/TNTAs-E catalyst suggesting the Ag NPs in the inner spaces of TNTAs are enhancing the SERS and SPR effects of Ag NPs. The migration pathway of charge carriers on Ag-loaded TNTAs was studied by synchronous-illumination X-ray photoelectron (SIXPS) spectroscopy analysis. Under light irradiation of 520 nm, a shift in the Ti 2p3/2 peak by 0.1 eV was observed towards lower binding energy values, indicating the transfer of charge from Ag to TiO2. This observation concludes that Ag NPs can cross the Schottky barrier and can transfer the ‘hot electrons’ to the TNTAs, leading to the formation of electron-rich TiO2 species. The photocatalytic CO2 reduction to CH4 was studied using prepared catalysts. TNTAs and P25 did not display any catalytic activity whereas Ag/TNTAs-C and Ag/TNTAs-E showed active catalytic performance in which Ag/TNTAs exhibited most active activity because of the presence of Ag NPs in the inner space of TNTAs leading to enhanced SPR effects. The isotope studies utilizing 12C and 13C-labeled CO2 confirmed that CO2 is the origin of the formation of hydrocarbon products. Furthermore, the in-situ DRIFTS analysis was carried out to study the formation of intermediates during the reaction in dark and under 520 nm LED light irradiation conditions (Figure 17 (b)). A few low intense peaks from carbonate and water were observed in dark conditions whereas gradually increasing peaks of HCOO-, HCHO and CH3O intermediates were observed under light irradiation conditions. 
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Figure 17. (a) UV-vis absorption spectra (b) The in-situ diffuse reflectance infrared Fourier transform spectra (DRIFTS) using Ag/TNTAs-E in dark (step i) and under LED light illumination conditions (step ii). Reproduced with permission.228 Copyright 2018, Elsevier.
McCloskey’s group studied the plasmonic CO2 reduction using polycrystalline Ag thin film catalyst and reported that the formation of products is dependent on the applied potential.240 For example, under a small applied potential value, the selective formation of carbon monoxide was observed and under larger cathode potential, the formic acid and methanol were produced. This study summarizes the careful tuning of product formation over plasmonic photocatalyst upon varying the applied potential. The three different mechanisms for the enhanced catalytic activity and selectivity were proposed namely, direct charge transfer, indirect charge transfer and transient negative ion (TNI) mechanism. The direct charge transfer mechanism involves the direct charge transfer to the intermediate complex formed by the metal and adsorbate, and the indirect charge transfer mechanism involves the transfer of hot electrons from SPR excited plasmonic Ag to the unoccupied molecular orbitals of the adsorbate. In the TNI mechanism, the hot electrons are temporarily transferred to the unoccupied molecular orbitals of the adsorbate and return to the metal, leaving the adsorbate in a vibrationally active state leading to enhanced catalytic activity. Further mechanistic details can be inferred by employing spectroscopic and computational studies. The photocatalytic CO2 reduction on Ag plasmonic catalyst was also reported and obtained results were complemented with in-situ surface-enhanced Raman spectroscopy for single NP.241 This multielectron and multiproton reaction assisted by plasmonic enhancement revealed the presence of intermediate species, for example, HOCO* to gain deeper insights into the reaction. The carbon fibers prepared by the acid etching and ultrasonic treatment were used as the support to deposit Ag NPs labeled as Ag NPs/ACFs for the photocatalytic conversion of CO2 to methanol.229 The purpose of acid etching was to introduce additional functional groups and create more synergistic interaction between the metal NPs and carbon fibers. This interaction has led to 2.5 times more active photocatalytic performance than Ag NPs deposited on carbon fibers (5.5 μmol g-1h-1) without acid treatment. The absorbance of Ag/ACFs was also much stronger due to the plasmonic resonance of Ag NPs and the texture effect of carbon fibers from etching. The authors investigated the superior photocatalytic performance by the operando technique, for example, transient photocurrent response analysis to study the charge separation efficiency of electrons and hole pairs. Under visible light irradiation with several light on-off conditions. Amongst all, Ag NPs/ACFs displayed the most intense photocurrent response due to the efficient charge separation and transfer of plasmon-excited electrons from Ag NPs to ACF.
Moving forward, there are numerous reports which exploit the LSPR characteristics of Au NPs. From now on, such examples involving Au in monometallic form or combination with active metals will be discussed. The electrochemical deposition of Au NPs on titanium nanotubes (TNTs) to form Au/TNTs was studied for the gas phase photocatalytic CO2 conversion reaction into CH4.231 A gas-solid phase photoreactor was used with CO2 and water vapor as the reactant under visible light irradiation. The total amount of CH4 formed by TNTs and Au/TNTs in 2 h was observed to be 8.26 % and 14.67 %, respectively. The higher photoactivity of Au/TNTs was attributed to its significantly higher absorption owing to the LSPR effect that enables the capture of photon energy more efficiently and then transfers it to the conduction band of TiO2. The reduced recombination rate of electron/hole pairs was studied by photoluminescence spectroscopy. In addition, the uniform distribution of Au NPs inside the nanotube wall of TiO2 assists in the efficient light absorption further enhancing the photocatalytic activity. The mechanistic details explain the formation of multiple SPR junctions which enhances the separation efficiency of photogenerated charge carriers. Xiang and coworkers reported the immobilization of Au NPs on amine-functionalized graphitic carbon nitride (g-C3N4) (labeled as CN/Au) by N2 plasma treatment method with an average diameter of 4.05 nm.230 The catalytic activity was explored in the absence of cocatalyst and sacrificial agent for the photocatalytic reduction of CO2 under visible light irradiation. The purpose of amine functionalization was to enhance the CO2 adsorption capacity due to the introduction of basic functionalities. The time-of-flight secondary ion mass spectrometry (TOF-SIMS) analysis and solid-state 13C NMR spectra were used to confirm the presence and position of amino groups within the support material. The presence of Au plasmonic NPs assisted in the generation of hot electrons and increasing the local temperature and the Schottky junction at the interface between Au and g-C3N4 assisted in the transfer of electrons from g-C3N4 to Au NPs and thereby suppressing the recombination of charge carriers. The obtained product evolution rate for CO and CH4 was observed to be 28.3 and 1.3 μmolh-1g-1. The design of PdxAuy bimetallic alloy structure by carefully tuning the amount of Pd and Au supported on Al2O3 support was explored in order to improve the optical and catalytic properties.217 The optical absorption of Au plasmonic NPs and the enhanced electromagnetic field promoted CO2 activation and further reduction under visible light irradiation. The optimum value of x and y was found to be Pd90Au10/Al2O3 with a CO2 photoreduction activity of 1210.6 μmolg-1min-1. The increase in the amount of x (Au content) made the AuxPdy catalyst more electron-deficient and led to enhanced stability in the catalyst. To understand the effect of plasmonic enhancement, several catalytic experiments with different filters of wavelengths ranging from 400-750 nm were studied. The filters having a wavelength in the region of optical absorption (400-520 nm) of PdAu catalyst displayed significant enhancement whereas the filters with wavelength away from the absorption region displayed catalytic activity comparable to the thermal catalytic reaction. The authors also calculated the electromagnetic field distribution by FDTD simulations which has been discussed in detail in the respective section 3.2.3. 
	Burgi and coworkers investigated the synthesis of core-shell Pd-Au NPs within urchin-like yolk@shell TiO2-xHx (HUY@S-TOH/AuPd) for the photocatalytic CO2 conversion to CH4.232 The advantage of using yolk-shell urchin type of nanostructure were to provide improved photocatalytic sites for absorption, reflection and scattering around the needles and space in the yolk-shell structure. The size and shape of needles could be tuned by varying the type of alcohol used during the synthesis procedure. In addition to the oxygen vacancies introduced in TiO2 to improve the visible light absorption, the introduction of PdAu metal NPs was justified as the electron sinks and active sites for the photocatalytic CO2 reduction reaction. A reaction rate of 47 μmol g-1 h-1 was obtained under visible light irradiation conditions. A plausible mechanism was proposed based on the generation of photogenerated charge carriers at the interface of TiO2 and TiO2-xHx and then to the AuPd NPs to carry out the reduction of CO2 (Scheme 3). Meanwhile, the generated holes can carry out the oxidation of water into H+ and oxygen. Furthermore, the hot electrons generated by the LSPR excitation can also further assist in increasing the electron density on the Pd shell for the reduction reaction. The key factors to enhance the photoreduction of CO2 were summarized as the presence of defects, surface area, porosity and cocatalyst to achieve efficient gas adsorption, light absorption and charge carrier migration with a lower recombination rate.
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Scheme 3. Illustration of the proposed mechanism for CO2 reduction using HUY@S-TOH/AuPd nanocatalyst under light irradiation conditions. Reproduced with permission.232 Copyright 2020, American Chemical Society. 
The tunable structures of metal-organic frameworks allow them to be used as a suitable support for immobilizing plasmonic metal NPs. Kuang and coworkers reported the CO2 hydrogenation reaction to CO using PdAu NPs deposited on UiO-66-NH2 under light irradiation conditions with a superior reaction rate of 3737 μmol/gmetal/h at 150 °C. The synthesis of sub-nm (0.5 nm) Pd skin/Au NPs was carried out in three steps. At first, Au NPs covered with polyvinylpyrrolidone (PVP) were prepared by using HAuCl4 as the Au precursor and sodium citrate as the reducing agent with an average diameter of 13.8 nm. The core-shell structure synthesis of Au@Pd NPs was done by seed-mediated synthesis method in which the Pd shell thickness can be tailored from 0.5-2.0 nm by varying the amounts of H2PdCl4 precursor solution followed by covering the NPs in the MOF (UiO-66-NH2) framework to protect NPs from sintering. In addition, the amine groups present in the MOF framework can provide great adsorption capacity towards the activation and conversion of CO2 molecules. The photocatalytic activity varied linearly with the intensity of light irradiation suggesting the operation of a hot electron-driven mechanism. The thickness of the Pd shell had a very significant role in enhancing the rate of reaction for example, when a 2.0 nm Pd shell was used in catalysis, a reaction rate of 1911 μmol/gmetal/h was obtained which was almost half of the results obtained with 0.5 nm thickness Pd shell. The combination of average-sized 30-40 nm of plasmonic Au NPs with zeolitic imidazolate framework (ZIF-67) was also reported for the photoreduction of CO2.233 The Au NPs prepared by the PVP-capped synthesis displayed an intense plasmonic absorption peak at 520 nm and were deposited on the ZIF-67 framework as schematically illustrated in Figure 18 (a). The different loadings of Au NPs were tested in order to find an optimum amount of Au loading on the MOF framework. Bare ZIF-67 did not show any catalytic activity in the CO2 reduction, however, the combination with Au NPs exhibited activity towards CO2 reduction. As shown in Figure 18 (b, c), the photocatalytic activity was found to decrease with a further increase in the Au NPs wt % because of the aggregation of Au NPs on the surface of ZIF-67. The photocatalytic rate of CO2 reduction into methanol and ethanol was obtained to be 2.5 and 0.5 mmol g-1 h-1, respectively with a quantum yield of 6.4 % at 420 nm. The electrochemical impedance spectroscopy and photocurrent response for Aux/ZIF-67 material was measured to understand the details of the charge transfer mechanism.
[bookmark: _Hlk89822847]Yang et al. reviewed NIR responsive photocatalysts based on semiconductor-based photocatalysts (WO3-x, MoO3-x, TiO2-x) for applications such as H2 generation, CO2 reduction and pollutant degradation reactions.242 Yu’s group studied the synthesis of Cu-Cu2O octahedrons by the in-situ deposition of Cu NPs on Cu2O octahedrons and tested in the photoreduction of CO2 to CO and CH4. The optical absorption of Cu2O was observed in the region of ~620 nm. The Cu NPs deposition extended the optical absorption in the NIR region of the spectrum and improved the selectivity of CH4 formation. A photocatalytic CO and CH4 yield of 3.25 μmolg-1h-1 and ~0.5μmolg-1h-1 was obtained due to the possible electron transfer from plasmonic metal to the acceptor state in the Cu2O semiconductor.235
 

[image: ]
Figure 18. (a) Illustration of the synthesis of Aux@ZIF-67, (b) Photocatalytic activity for the methanol and (c) ethanol formation over varying loadings of Au under visible light irradiation. Reproduced with permission.233 Copyright 2020, American Chemical Society. 

The control of reaction selectivity by plasmonic excitation has also been recently explored by the transfer of hot electrons from plasmonic metal to the specific molecular orbitals of the substrate molecules to form a selective product. Despite many attempts to study the reaction rate and enhancements, it is still quite challenging to control the selectivity of reaction products. The choice of nanomaterials composition, light characteristics, alloy formation, the effect of support materials are the main factors affecting the selectivity of product formation in a reaction. Specifically, the wavelength and intensity of light are significant to decide the configuration of excited plasmons to form selective products. For example, Yu et al. recently reported the change in the selectivity of product formation in the CO2 hydrogenation reaction to form ethane (C2H6) and methane (CH4) over plasmonic Au NPs (Figure 19).236 It was observed that the TON for the synthesis of both the products decreased with an increase in the wavelength of the light irradiation from 460 nm to 530 nm. At monochromatic wavelength ≥ 490 nm, there was no C2H6 formation because of its high energy requirement than the formation of CH4. At a fixed irradiation wavelength of 488 nm, an increase in the intensity of light irradiation can form C2H6 at an intensity greater than 390 mWcm-2. This result suggests that a careful modulation of light intensity can lead to selective product formation utilizing plasmonic catalysts.
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Figure 19. Turnover frequencies for CH4 and C2H6 formation (a) as a function of the laser excitation wavelength at 150 mW cm−2, (b) as a function of light intensity at λex = 532 nm of Au and (c) light intensity for interband excitation at λex = 488 nm of Au NP. Reproduced with permission.236 Copyright 2018, American Chemical Society.

The doping of alloys is one of the strategies to tune the selectivity of the product formation under visible light irradiation. To achieve higher product selectivity, inhibiting the side reactions plays an important role in enhancing the conversion efficiency. In an interesting report by Zhao et el., the incorporation of Cu and H atoms in the lattice of Pd supported on C3N4, can play a key role in inhibiting the CO and H2 formation during CO2 reduction reaction.162 The preferential formation of CH4 was obtained due to the hydrogen doping in the interstitial site of Pd forming metal hydride species and preventing the hydrogen evolution and causing the consecutive reduction of CO to CH4. Table 6 summarizes the changes in the selectivity of CO2 reduction as a function of various descriptors including doping, morphology, facet dependency and light modulation.    
Table 6. Changes in the selectivity of CO2 reduction as a function of various descriptors affecting the catalytic activity.
	Descriptor
	Plasmon-assisted selective reduction of CO2
	Ref.

	Doping/Alloy formation
	Incorporating Cu and H atoms in Pd/C3N4 inhibit the formation of side products and preferentially form the CH4
	162

	Light modulation
	Monochromatic light irradiation could selectively form the CH4 and not C2H6. However, at λ = 488 nm irradiation, increase in the intensity of light irradiation led to the formation of C2H6
	236

	
	The CH4 formation was significantly enhanced (~10 times increase) on changing the wavelength irradiation from 532 to 254 nm in the Au/TiO2 catalytic system 
	243

	Facet dependency
	Selective deposition of Ag on {210} and {001} facets of TiO2 formed selective products; {001} facet for CH4 while {210} led to CO formation
	244

	Lattice engineering
	The isolated Cu atoms in the Pd lattice could selectively form CH4 and not CO when molar ratio of Pd:Cu > 7:1 
	245

	Surface functionalization
	Surface etching of Cu atoms in AuCu/TiO2 can generate Cu vacancies and facilitate the selective formation of CH4  
	246

	Morphology
	Cu@Co core-shell structure could attain 98% CO selectivity when compared with monometallic and CuCo bimetallic catalyst
	247



4.2.	Plasmon-mediated hydrogen generation
In our previous article, a library of catalysts was created based on noble metal NPs and semiconductor doped plasmonic catalysts and extensively discussed for hydrogen generation reaction and their plausible mechanistic pathways.56 In this section, we will briefly introduce our results on the design and catalysis of Ag and Au plasmonic NPs immobilized on the mesoporous silica support material. A series of morphology-controlled monometallic Ag/SBA-15 plasmonic NPs and bimetallic M/Ag/SBA-15 in conjunction with active metal species were synthesized. A discussion of their structural characterization by UV-vis, XAS and XPS can be referred in the structural characterization of plasmonic NPs sections 3.1.1, 3.1.2 and 3.1.3. At first, monometallic size and color-controlled Ag/SBA-15 NPs were synthesized by MW heating method using 1-hexanol as the solvent to carry out the reduction of Ag+ ions to Ag NPs immobilized in the channels of the silica.177 The morphology of Ag nanostructures could be tuned by changing the heating times of MW irradiation between 3-5 min leading to the formation of yellow, red and blue nanostructures corresponding to morphologies of a sphere, a rod of short aspect ratio and a rod of longer aspect ratio, respectively. The average diameter of the yellow sphere (Ag/SBA-15 (Y)) was observed to be 4 nm and the aspect ratio for red (Ag/SBA-15 (R)) and blue (Ag/SBA-15 (B)) nanorods was observed to be 2.8 and 6.1, respectively (Figure 20 (a-c)).248 The three different catalysts displayed active performance in the hydrogen generation from ammonia borane (AB) (Figure 20 (d)). The hydrogen can be released from AB in 3:1 molar ratio as shown in equation (4).68,249,250
NH3BH3 + 2H2O  N + B + 3H2 	(4)
The order of catalytic performance was observed to be Ag/SBA-15 (Y) > Ag/SBA-15 (R) > Ag/SBA-15 (B) with a highest reaction rate of 0.94 mol% min-1 in dark conditions. Under visible light irradiation (λ> 420 nm), the highest reaction rate of 1.60 mol% min-1 was achieved with yellow spherical NPs. However, the enhancement trend in the catalytic performance was observed to be Ag/SBA-15 (B) > Ag/SBA-15 (R) > Ag/SBA-15 (Y), with an enhancement rate of 20 mol% shown by blue nanorods. The monometallic Ag NPs were studied in conjunction with active Pd metal species. The process of deposition was carried out by the LSPR-assisted method which involves an aqueous suspension of Ag NPs to be irradiated with light in order to activate Ag NPs and then adding Pd precursor solution to form PdAg/SBA-15 (Y), PdAg/SBA-15 (R) and PdAg/SBA-15 (B).178 For bimetallic nanostructures, a similar trend in the catalytic performance and rate enhancement was observed in which PdAg/SBA-15 (Y) displayed the reaction rate of 4.64 mol% min-1 and Pd/Ag/SBA-15 (B) with an enhancement of 40.8 mol% under visible light irradiation conditions. The Ag/SBA-15 (B) nanorod catalyst was chosen to explore its catalytic activity in combination with other active metals, for example, Pd, Ni, Co and Ru because of its maximum enhancement effect under visible light irradiation conditions.179 Amongst all, Ru/Ag/SBA-15 (B) was found to be the most active catalyst with a reaction rate of 3.6 μmol min-1, however, Pd/Ag/SBA-15 (B) displayed highest enhancement factor (RL/RD) with a value of 1.84. The trend in the enhancement factor (values in parentheses) was found to be Pd/Ag/SBA-15 (1.84) > Ag/SBA-15 (1.53) > Ru/Ag/SBA-15 (1.34) > Co/Ag/SBA-15 (1.22) > Ni/Ag/SBA-15 (1.01). This order was in agreement with the optical absorption intensity of the longitudinal mode of the NRs as discussed in UV-Vis spectroscopy section 3.1.1.
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Figure 20. (a-c) TEM micrographs of different color and sized Ag/SBA-15 catalysts and (d) Reaction rate comparison in the hydrogen generation by Ag/SBA-15 and Pd/Ag/SBA-15 in dark and under light irradiation conditions ( > 420 nm). Reproduced with permission.178 Copyright 2015, The Royal Society of Chemistry.
For comparison of the plasmonic properties and catalytic performances, Pd/Au/SBA-15 nanostructures were prepared and compared with Pd/Ag/SBA-15 for AB decomposition and Suzuki-Miyaura coupling reaction.180 The Pd/Ag/SBA-15 nanocatalyst displayed superior catalytic performance in the AB decomposition reaction, whereas Pd/Au/SBA-15 catalyst exhibited superior photocatalytic performance in the Suzuki-Miyaura coupling reaction. A plausible charge transfer pathway accounting for the enhanced catalytic performance under visible light irradiation was proposed. The hot electrons generated by the visible light excitation of plasmonic NPs are transferred to the active metal site and then to the lowest unoccupied molecular orbital (LUMO) of the substrate molecules. This process can lead to the formation of transient negative species which ultimately causes the bond weakening of the substrate molecules. The bond weakening or elongation has been studied and confirmed by several researchers by DFT calculations. After activation, the hot electrons are transferred back to the highest occupied molecular orbital and then to the plasmonic metal NPs. When Ag NPs were deposited onto Ti-SBA-15 mesoporous silica, an enhancement in the catalytic activity was observed when compared with Ag/SBA-15 nanocatalyst.181 The single-site Ti-SBA-15 catalyst was prepared by a similar procedure as SBA-15 in addition to the small amounts of Ti-precursor solution. The Ag/Ti-SBA-15 displayed AB dehydrogenation reaction rate of 3.3 μmol min-1 which was twice of Ag/SBA-15 and six times higher than Ag/TiO2/SBA-15. The key factors to achieve superior catalytic performance include the synergistic interaction and creation of heterojunction between UV and Vis-light active components. Moreover, the optimum doping of titanium in the mesoporous silica and effective charge transfer relay between the components play a major role in advancing the catalytic performance under solar light irradiation conditions. The Ag plasmonic NPs were also utilized to carry out the chemoselective p-nitrostyrene reduction to p-aminostyrene using AB as the source of hydrogen generation.187,194,251 For example, when the size and color-controlled Ag NPs were used in this reaction, an improvement in the chemoselectivity was obtained under visible and monochromatic light irradiation conditions.
The photoredox catalysis of plasmonic nanostructures was studied for the oxidation of benzyl alcohol to benzaldehyde and the amount of hydrogen generated during the process was monitored.165 The engineering of catalyst was done by combining Au nanorods, Pt NPs and CdS as the plasmonic metal, non-plasmonic metal and semiconductor component, respectively. The CdS deposited Pt-tipped Au nanorods displayed superior photocatalytic activity (153.0 μmolh-1) because of the enhanced light absorption ability and electric field distribution around the metal NPs. The immobilization of plasmonic Au NPs on diverse supports (such as Ta2O5 and CdSe) has led to interesting catalytic enhancements in the hydrogen generation reaction. For example, a photodeposition technique was employed to deposit Au NPs onto mesoporous Ta2O5 (Au/m-Ta2O5) for the efficient hydrogen generation from methanol under visible light irradiation (λ > 400 nm). The large specific surface area and mesoporosity of m-Ta2O5 in combination with the SPR effect of Au NPs were responsible for the enhanced photocatalytic activities (29 μmolh-1g-1).238 An emulsion-based self-assembly approach was utilized to prepare Au/CdSe nanoclusters in which Au NPs and CdSe quantum dots (QDs) were in the size range of 7.2 nm and 3.3 nm, respectively. The photocatalytic hydrogen generation from water displayed a reaction rate of 73 mmol  h-1, which was almost 10 times higher than bare CdSe QDs under visible light irradiation.237 The transfer of plasmon energy from Au NPs enhances the charge carrier generation and suppresses the recombination of photogenerated charge carriers.
5. Future directions
The field of plasmonic catalysis is proceeding at a rapid rate because of its recent increase in research interest worldwide. Although significant advancements in recent years, the detailed understanding of the mechanistic pathway is limited and therefore needs further investigation. For example, the photogeneration of hot electrons and holes, their decay mechanism, the pathway and transfer of charge carriers and positioning of their energy levels in comparison to conventional semiconductor photocatalysts. The charge transfer of hot electrons can play a significant role in deciding the activity and selectivity of the reaction. The hot electron injection into the specific bonds of the adsorbate species can affect the activity and selectivity of a chemical reaction. It is possible to adjust the energy of photogenerated species based on the optical absorption of metal nanostructures including the LSPR wavelength and intensity of absorption. Hence, further advancements in controlling the geometry and composition will benefit in realizing the tunability of the charge transfer process. The resonant energy transfer and the creation of electromagnetic field around metal NPs should be explored. 
The development and implementation of new spectroscopic and microscopic techniques which can assist in investigating the in-depth understanding of the plasmonic enhancement phenomenon is required. Till date, the techniques employed to study the charge transfer mechanism in plasmonic NPs involve transient absorption measurements, photocurrent measurements, photoluminescence analysis, surface-enhanced Raman scattering and dark-field spectroscopy. The development of theoretical models to predict and understand the molecular behavior of plasmonic NPs will assist in the design of new materials. The cooperative effort between experiments and theory is required to unravel the details of mechanistic aspects in plasmonic catalysis. As summarized above, X-ray absorption near field edge structure (XANES) and extended X-ray absorption fine structure spectroscopy (EXAFS) can serve as a powerful tool to understand the local structure and coordination environment of plasmonic metal species.249 SERS can provide useful information on the formation of hot spots and the transfer of hot electrons via using a suitable probe molecule.146 The transient absorption spectroscopies are also useful to study the lifetime of photogenerated charge carriers and can introduce a new direction in studying plasmonic enhancement processes. Not only operando techniques but also the design and discovery of new photocatalytic materials is significant to exploit the unique characteristics of plasmonic materials.252 The development of new plasmonic materials is an attractive field and can assist in realizing some catalytic reactions that cannot be carried out by conventional thermal pathways.141 While coinage metal LSPR property has mainly been discussed in this article, some doped semiconductor plasmonic property has also been investigated in the last few years. Despite the immense efforts from researchers in plasmon-enhanced catalysis, a lot still can be done to achieve more success in this field. For example, to be able to differentiate the contribution of LSPR by using special methods such as isotopic experiments and DFT calculations. The discovery of new chemical processes which are especially challenging in thermal or electrochemical catalysis such as N2 reduction and low carbon alkane conversion to value-added products. Next, the in-depth understanding of the surface-active sites and rate-determining steps during the catalytic reaction is essential in order to design the control the morphology of plasmonic nanostructures in photocatalysis. The application of single-site-resolved and time-resolved techniques should be further employed as state-of-the-art characterization techniques. Regarding the theoretical simulation studies, a careful inclusion of the dielectric constant of the surrounding medium, type, morphology and spatial distribution of metal should be considered for accurate and more realistic results.
In plasmonic catalysis, the reaction conversion efficiency and selectivity towards a specific product formation are usually very low. The plasmonic enhancement in catalysis is dependent on various factors such as the size and morphology of the photocatalysts, reaction conditions, intensity, power and wavelength of irradiation conditions, hence the reproducibility and consistency in obtaining the results is necessary.145 In addition, varying one parameter at a time and keeping others constant is important to carefully study the factors affecting the yield of a chemical reaction. A discussion on the activation mechanism should also be distinguished amongst various factors including generation of hot electrons, near-field effects, elastic scattering and heating effects.136 Furthermore, the development of theoretical models and approaches to study the plasmonic photoexcited states in order to decrease their activation energy barrier is essential to advance the rate of reaction and tune the selectivity of the reaction.141 Another idea for future research directions is to target single-particle plasmonic excitation in order to localize photothermal reactions in combination with plasmonic NPs.145 To carry out a visible-light-driven catalytic reaction, it is essential to extend the absorption wavelength in the visible-NIR region of the spectrum. This can be achieved by increasing the size of plasmonic NPs or by combining them with suitable support material or active co-catalysts. However, increasing the size of NPs to a large extent can decrease the intensity of plasmonic absorption so, the size and morphology should be tailored and studied carefully.
There is a possibility that the formation of intermediate species under plasmonic excitation in multielectron reactions can vary under thermal conditions. The significance of using light and the generation of intermediates and surface adsorbates should be explored to correlate the differences in the catalytic activities in the presence and absence of light irradiation conditions. The methods and tools to study the mechanistic interactions would be beneficial in modeling the engineering of the plasmonic catalysts. The operando methods will further assist in enhancing the knowledge on the charge distribution and their interaction with the substrate molecules and semiconductor species. The fundamental information will definitely facilitate in expanding the optimization and efficiency of plasmon-assisted catalytic reactions for various applications. It might be possible to directly observe the plasmon-enhancement phenomenon by the development of microscopic techniques. The synergistic implementation of the photonic characteristics and plasmonic properties can lead to improved quantum efficiencies. The preparation of plasmonic photocatalysts with a higher transport rate of photogenerated charge carriers and lower recombination rate will create a desired transition to develop photocatalysts for practical applications. The application of plasmonic nanocatalysts is a rapidly growing research field and continuous efforts will bring significant contribution towards energy and environmental remediation.   
In this section, we have proposed a few possible directions for future research, however, there can be many different perspectives because the field is still in its infancy and awaiting many innovations and inventions in the coming years. Moving forward, we hope that such strategies and techniques will continue to be explored and implemented for large-scale applications. There are still problems related to scaling up the method of preparation of plasmonic NPs and use them for industrial applications. We envision that combining the operando techniques with advances in plasmonic catalysis and working on the challenges identified in this section, will bring several breakthroughs and open up a new era in the field of plasmonic catalysis for industrial applications.
6. Conclusions
Noble metal nanostructures provide promising prospects to exploit the plasmonic excitation of visible light irradiation to design photocatalytic materials for solar energy utilization.56 The basic understanding of the light-matter interactions and the ability to mimic the photosynthetic process by plasmonic excitation makes this research more captivating for researchers to unfold its potential for various applications. The recent examples and studies presented in this article prove that plasmon-mediated catalysis and related spectroscopic techniques will hold strong potential and place in the design and development of photocatalyst materials.140 The series of complicated processes occurring within the plasmonic enhancement phenomenon, for example, scattering, electron collision and localized heating, project it as a fascinating topic for researchers to continue exploring and investigating this research field.143 The non-radiative decay of plasmonic excitation can form high energy charge carriers i.e., hot electrons and hot holes, which can drive the chemical reactions by thermal and non-thermal reaction pathways.131
In this article, we have summarized the characterization techniques and noble metal-based nanostructures for plasmonic catalysis that are available at the current stage in plasmon chemistry. The article has been written with the purpose to establish the structure-property relationships of plasmonic nanostructures along with presenting a detailed discussion on the spectroscopic advances in the field of plasmonic catalysis. The structural characterization techniques including UV-Vis, XAS and XPS were introduced by citing examples of Ag and Au-based hybrid NPs supported on TiO2, SBA-15, single-site Ti-oxide and CeO2 modified SBA-15, MOFs, CeO2 and NaNbO3. The spectroscopic studies were reviewed by transient absorption spectroscopy, dark-field measurements, SERS, PL and electromagnetic enhancement simulation studies. The plasmonic catalysis in the hydrogen generation and CO2 reduction reaction was discussed with the case studies of multifunctional and multimetallic Ag and Au-based metal NPs immobilized on TiO2, silica, C3N4, Al2O3, MOF and MnO2 where the significant reaction yields were obtained by Au@Pd@UiO-66-NH2-0.5 (3737 μmolg-1h-1) in CO2 reduction and Ag/AgVO3@CdS/BiVO4 (105,541 μmolg-1) for the hydrogen generation from water. The formation of a selective product, especially in CO2 reduction, in plasmonic catalysis depends largely on the modulation of light property, use of alloys and the composition of support materials. By altering the size, shape and dielectrics of the environment, the LSPR properties can be modulated which affects the activity and selectivity of the reaction. Furthermore, the synergistic cooperation between the supports and introduced functionalities can play a key role in enhancing product selectivity. By overviewing this holistic approach of summarizing the characteristics and catalysis of plasmonic nanomaterials, we are in a better position to further design and control the tunability of nanoarchitectures in order to maximize their catalytic performance and enhancements under solar light irradiation for hydrogen generation and CO2 reduction reactions. We hope that understanding of the underpinning details of the design of new materials and their exact mechanistic pathway will assist in creating a clearer picture and moving a step closer towards efficient solar energy utilization.
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