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Deciphering plasmonic photocatalysis using
plasmon-enhanced Raman spectroscopy
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Plasmonic photocatalysis, which represents a paradigm-shifting approach to
solar-to-chemical energy conversion, has become a rapidly evolving research
field full of opportunities, challenges, and open questions. Plasmon-driven pho-
tocatalytic reactions are mechanistically complex, dictated not only by multiple
interplaying photophysical effects but also by local chemical environments at
the catalyst-adsorbate interfaces. This review article highlights the unique
value of plasmon-enhanced Raman spectroscopy in mechanistic studies of
plasmonic photocatalysis. Using plasmon-driven reductive coupling of
nitroarene derivative adsorbates as a model reaction system, this article elabo-
rates on how the rich information extracted from deliberately designed
plasmon-enhanced Raman spectroscopic measurements can be carefully ana-
lyzed and further rationalized to generate critical insights into the exact roles of
hot carriers, photothermal transduction, and catalyst-adsorbate interactions in
plasmonic photocatalysis.

Plasmonic photocatalysis: a paradigm-shift in heterogeneous photocatalysis

Metallic nanostructures have emerged as a class of subwavelength optical components that in-
teract strongly with incident light through resonant excitations of free electron oscillations,
known as plasmons. The plasmonic electron oscillations decay radiatively through photon scat-
tering, which results in large local-field enhancements near the nanostructure surfaces, or
nonradiatively through Landau damping (see Glossary), in which highly energetic electrons
and holes are created within 1-100 fs (Figure 1A) [1,2]. These photoexcited electrons and
holes are termed ‘hot’ carriers because their energy distribution profiles are far from thermal equi-
librium. Immediately following Landau damping, the photoexcited hot electrons undergo a carrier
relaxation process, typically within 100 fs to 1 ps, to redistribute their energies via electron—electron
scattering, approaching an incoherent Fermi—Dirac distribution of hot carriers at an elevated ef-
fective electron temperature. The relaxed hot electrons then interact with phonons and become
thermalized over a timescale of 100 ps to 10 ns, which causes temperature elevation in the material
lattices followed by dissipation of heat to the surroundings. The aforementioned plasmonic
photophysical effects can all be judiciously harnessed to drive or enhance intriguing chemical trans-
formations of molecular adsorbates on metal surfaces along unique pathways inaccessible by cat-
alytic reactions under thermal conditions [3-8]. Plasmonic photocatalysts also differ strikingly from
their conventional semiconductor counterparts in terms of photoexcitation mechanisms, charge
carrier properties, catalyst-adsorbate interactions, excitation power-dependency of reaction
rates, and molecule-transforming pathways [5,9,10]. Therefore, plasmonic photocatalysis repre-
sents a paradigm shift in heterogenous photocatalysis, creating unique pathways for solar-to-
chemical energy conversion. Recent progress in plasmonic photocatalysis has been documented
by a series of comprehensive review articles, which broadly cover various critical aspects concern-
ing energetics and dynamics of hot carriers [1,8,11-13], materials design principles [7,14,15],
in situ spectroscopic/microscopic techniques for mechanistic studies [16—18], and important
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chemical conversions directly relevant to clean energy and sustainability [19-21], such as CO, re-
duction, water splitting, and N, fixation. Controversial issues, open questions, and key challenges
in this research area have also been discussed by several thought-provoking perspective articles
[22-24].

The past decade has witnessed discoveries of a continuously expanding library of plasmon-
mediated photocatalytic reactions ranging from bond-cleaving molecular scissoring to bond-
forming coupling and polymerization reactions [3-5,8]. However, it often remains challenging
to fully elucidate the detailed reaction mechanisms. Local-field enhancements, hot carriers,
and photothermal transduction can all play crucial roles, either individually or synergistically,
in plasmon-mediated photocatalytic processes. When resonant with the plasmons in metallic
nanostructures, vibronic transitions in molecular adsorbates can be drastically enhanced due
to large local-field enhancements (Figure 1B), promoting the production of reactive species
populating the excited vibronic states [6,25,26]. Another key mechanism for plasmonic
photocatalysis involves formation of transient anionic intermediates through either indirect
metal-to-adsorbate transfer of hot electrons following Landau damping (Figure 1C) [6,27] or di-
rect excitation of electrons in an unoccupied adsorbate orbital through chemical interface
damping (CID) (Figure 1D) [6,28,29]. Both intramolecular excitation and hot electron injection
can significantly reduce the activation energy barriers for bond cleavage as the excited adsor-
bate molecules may either evolve along the potential energy surface of the excited electronic
state or relax to excited vibrational states in the ground electronic state (Figure 1E,F). It is note-
worthy that plasmonic hot holes can also be harnessed to drive photochemical transformations
upon transfer of electrons from molecular adsorbates to metallic nanostructures (Figure 1C).
Photothermal heating at metal-adsorbate interfaces enables deposition of thermal energy
into bond vibrations in molecular adsorbates (Figure 1G), offering an additional mechanism
for kinetic enhancements [6]. There is an urgent need to develop thorough understanding of
detailed reaction mechanisms from both photophysical and photochemical perspectives,
which will lay a solid foundation for rational optimization of plasmon-driven photocatalytic
molecule-transforming processes.

Plasmon-enhanced Raman spectroscopy: a powerful tool for mechanistic studies
When a molecular adsorbate resides in a hot spot on the surface of an optically excited plasmonic
nanostructure, its inelastic scattering signals can be dramatically amplified by multiple orders of
magnitude, an interesting phenomenon known as surface-enhanced Raman scattering (SERS)
[30,31]. The amplification of Raman signals is intimately tied to the local-field enhancements at
the metal-adsorbate interfaces [32], even approaching the single-molecule detection sensitivity
in certain hot spots [33]. Besides the electromagnetic enhancements, charge transfer between
molecular adsorbates and metallic substrates may provide additional contributions to the overall
Raman enhancements, an effect known as chemical enhancement of SERS [31]. The most
widely adopted strategies for constructing plasmonic hot spots exploitable for SERS involve ei-
ther creation of nanoscale interparticle gaps in deliberately assembled multi-nanoparticle systems
[34] or introduction of sharply curved surface features to individual metallic nanoparticles [35-37].
An alternative way to create hot spots involves placement of a metallic tip near a metal surface to
assemble tip-adsorbate-substrate junctions, a spectroscopic technique known as tip-enhanced
Raman scattering (TERS) [38]. Benefiting from a unique combination of its surface-sensitivity,
time-resolving capability, and molecular fingerprinting function, plasmon-enhanced Raman spec-
troscopy, including both SERS and TERS, has become not only an exploratory tool for discover-
ing new plasmon-driven reactions, but also an in situ spectroscopic tool for fine-resolving
dynamic molecule-transforming behaviors during plasmon-mediated photocatalytic reactions
[17,39-41].
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Glossary

Chemical interface damping (CID):
plasmon damping caused by chemical
species adsorbed on metallic
nanostructure surfaces. In plasmonic
photocatalysis, CID typically involves
direct excitation of an electron in an
unpopulated orbital of a strongly
coupled metal-adsorbate system,
which avoids the intermediate creation
of hot electrons in the metals.

Fano resonance: a type of resonant
scattering phenomenon signified by an
asymmetric spectral line-shape. The
Fano resonance line-shape results from
the interference between two scattering
amplitudes, one due to scattering within
a continuum of states and the other due
to a resonant excitation of a discrete
state.

Fermi-Dirac distribution: the energy
distribution of indistinguishable Fermions
at thermodynamic equilibrium. The
number of fermions in the ith energy
state (n)) is related to temperature (7),
energy of the state (), and total
chemical potential (u) through the
following equation:

1

where kg is the Boltzmann constant.
Landau damping: a quantum
mechanical process, in which the energy
of an incident photon is absorbed by a
metallic nanostructure to excite a single
electron-hole pair within the conduction
band over a timescale ranging from 1 to
100 fs.

1-Back donation: some molecular
adsorbates covalently interact with the
metal surface though Tr-back donation,
which involves electron back donation
from the valence band of the metal to an
antibonding T orbital of the adsorbates.
o-Donation: in the context of
chemisorption of molecular adsorbates
to a metal surface, o-donation refers to
the donation of lone-pair electrons in the
molecular adsorbates to the conduction
band of the metal, which forms o-type
covalent interactions between the
molecule and the metal.


CellPress logo

Trends in Chemistry

(A)

Excitation

Free electron oscillations

o y 4
Radiative Nonradiative
decay decay

0306

Fermi level

Landau damping

l\
-~ /\5’/

Carrier relaxation
100 fs — 1 ps

i’

Scattering
Field enhancements

Thermal dissipation
100 ps — 10 ns

(B) 4

Excitation

- +
- + %
- +
E
- f 2 A

(E)

Potential energy

Metal | Molecule

Excited state (F)‘

N

Potential energy

Ground state

¢? CellPress

(D) 4

Excitation

Reaction coordinate Reaction coordinate

Metal | Molecule Metal | Molecule
Transient (G) Mo'ecu'e
negative

Metal
Photothermal
heating
Bond
vibration
Ground state
Metal

Trends in Chemistry

Figure 1. Mechanisms of plasmonic photocatalysis. (A) Schematic illustration of optical excitation, radiative decay, and nonradiative decay (Landau damping) of
plasmon resonances in a metal nanoparticle. Schematic illustrations of (B) plasmon-enhanced intramolecular electronic excitations, (C) indirect hot carrier transfer
following Landau damping, and (D) direct electron injection in molecular adsorbates through chemical interface damping. Potential energy surfaces for a photocatalytic
reaction driven by (E) intramolecular electronic excitation and (F) hot electron injection. (G) Schematic illustration of a photothermally triggered reaction involving
deposition of thermal energy into adsorbate vibrations. (B-G) Adapted, with permission, from [6].

In several recently published review articles [17,39-41], a diverse range of plasmon-driven pho-
tocatalytic reactions discovered by SERS/TERS measurements have been summarized, along-
side some insightful knowledge about the underlying reaction mechanisms extracted from
steady-state and time-resolved spectroscopic results. Instead of providing a broad survey of all
types of plasmon-driven photocatalytic reactions ever reported in the literature, this review fo-
cuses on a prototypical reaction system involving reductive coupling of nitroarene derivatives
chemisorbed on nanostructured metal surfaces to showcase the latest advancements in devel-
opment of experimental methodologies and data-analysis strategies. By going through a selec-
tion of case studies, this review will elaborate on how to pinpoint the exact roles of plasmonic
hot carriers, distinguish thermal and nonthermal contributions, and elucidate the effects of
metal-adsorbate interactions on molecular reactivity through rigorous analysis of the rich informa-
tion provided by deliberately designed SERS/TERS measurements.
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Plasmonic hot electron-driven reaction mechanisms

Although SERS and TERS are both considered as noninvasive tools for molecular fingerprinting in
general, some plasmon-reactive adsorbate molecules may undergo interesting photocatalytic re-
actions during SERS/TERS measurements. One striking example is para-nitrothiophenol (oNTP)
chemisorbed on metal surfaces, which dimerizes to produce p,p'-dimercaptoazobenzene
(DMAB) with the aid of plasmons (Figure 2A) [42-46]. Time-resolved SERS results reported by
Kim and coworkers [47] provide compelling experimental evidence for a hot electron-driven reac-
tion mechanism. The samples for SERS measurements are composed of a self-assembled
monolayer (SAM) of pNTP sandwiched between an Ag nanoparticle (AgNP) and an Au thin film
(AUTF). When illuminated by a continuous-wave (cw) visible laser (633 nm), each AGQNP/pNTP/
AuTF junction serves as a dual-functional hot spot, providing hot electron flux for photocatalysis
and local-field enhancements for SERS (Figure 2B). At the initial stage of the reaction, the charac-
teristic nitro-stretching (Vos, 1342 cm™") peak of pNTP is rapidly down-shifted by ~6 cm™ before
its intensity starts to decay (Figure 2C,D), signifying the formation of an anionic radical, pNTPe™,
upon injection of a single hot electron into a pNTP molecule [47-49]. Further reduction of
PNTPe™ may occur upon injection of additional hot electrons, and the overall buildup rate of DMAB
is determined by the consumption rate of the anionic pNTPe™ rather than the neutral pNTP. The
pNTPe™-to-DMAB conversion is signified by intensity decay of the vyoo peak of pNTPe™ and
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Figure 2. Hot electron injection and mode-selective vibrational excitation. (A) Schematic illustration of plasmon-driven reductive coupling of para-nitrothiophenol
(PNTP) chemisorbed on a metal surface. (B) Schematic illustration of a pNTP self-assembled monolayer (SAM) sandwiched between an Ag nanoparticle (AgNP) and an Au
thin film (AUTF). (C) Temporal evolution of surface-enhanced Raman scattering (SERS) spectra collected from an AGNP/pNTP/AUTF junction. (D) Zoomed-in view of panel
(C) in the wavenumber range of 1300-1370 cm™" within the first 7 s of reaction. (E) Time-resolved Stokes and anti-Stokes SERS spectra collected from an AGNP/pNTP/
AUTF hotspot. Adapted, with permission, from (B-D) [47] and (E) [50]. Abbreviation: DMAB, p,p'-dimercaptoazobenzene.
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emergence of the azo (vyn, 1389 and 1430 cm™") and CN stretching (ven, 1143 cm™) peaks of
DMAB in SERS spectra (Figure 2C). Altthough several other intermediates remain spectroscopically
irresolvable, hot electron-induced formation of pNTPe™ has been clearly identified as a critical elemen-
tary step at the early stage of the multistep pNTP coupling reactions.

The transient anionic radical produced upon hot electron injection may relax to a vibrationally ex-
cited state after ejecting an electron back to the metallic substrate (Figure 1F). Such plasmon-
induced vibrational activation is particularly effective when the anionic state of the adsorbate
has a significantly modified and shifted potential energy surface in comparison to that of its neutral
counterpart. Kim and coworkers [50] have observed that the vyo, mode of pNTP in an AgNP/
PNTP/AUTF junction can be selectively excited via transient hot electron transfer to the lowest un-
occupied molecular orbital (LUMO) of pNTP, which is antibonding in nature. Upon initiation of the
reactions, vibrationally excited pNTP exhibits a pronounced anti-Stokes vyo2 SERS peak, which
vanishes within ~1 s (Figure 2E). The anti-Stokes vyoo peak decays more rapidly than its Stokes
counterpart (Figure 2E) consisting of overlapping spectral features of both pNTP and pNTPe™,
which suggests that the plasmons selectively excite pNTP but not the coexisting pNTPe™. A sig-
nificant fraction (~20%) of the vibrationally excited pNTP is in the overtone-excited states, as ev-
idenced by notable asymmetric broadening of the anti-Stokes w2 peak. Such overtone-excited
reactants are typically even more reactive than those in the first-excited vibrational states.

SERS-based ultrafast spectroscopy provides a unique means of correlating photophysical dy-
namics to chemical reactivity of molecular adsorbates in plasmonic hot spots over the picosec-
ond timescale, which is directly relevant to hot electron transfer processes. An ultrafast SERS
approach developed by Frontiera and coworkers [51] uses a femtosecond pump pulse to excite
the plasmons and a time-delayed picosecond pulse to probe the molecular vibrations of pNTP on
aggregated AgNPs (Figure 3A). Transient spectral features exhibiting the characteristic line-shape
of Fano resonances are consistently observed for all prominent pNTP and DMAB vibrational
modes in ultrafast SERS difference spectra (Figure 3B), which persist for approximately 10 ps
after plasmon excitation. Such Fano resonance line-shape originates essentially from the interfer-
ence between narrow-band Stokes-shifted Raman emission of adsorbate molecules and broad-
band plasmon-induced photoluminescence of Ag, which arises from radiative recombination of
hot electrons and holes. Fitting of the extracted amplitudes of the 1139 cm™" mode vyields a life-
time around 4 ps (Figure 3C), which matches the lifetimes of plasmonic hot electrons reported in
the literature. pNTP molecules in strongly photoluminescent hot spots (high hot electron popula-
tionin Ag) are observed to be significantly more reactive toward the coupling reactions than those
residing in weakly photoluminescent hot spots (Figure 3D,E). These ultrafast SERS results
strongly suggest that hot electrons are transferred from Ag to pNTP following Landau damping
rather than being directly excited in a pNTP orbital through chemical interface damping.

With the aid of metallic nanocatalysts, nitrophenyl derivatives can also be chemically reduced
through direct or transfer hydrogenation reactions with hydrogen gas or other hydrogen-
storing species, such as borohydride and formate, serving as the hydrogen donors [52-54]. In
contrast to the plasmon-driven reactions, catalytic (transfer)hydrogenation of nitroarenes under
thermal conditions may lead to formation of aniline derivatives, while the aromatic azo com-
pounds have been identified, in multiple cases, as critical intermediates in these multistep reduc-
tion reactions [55-57]. Interestingly, plasmonic hot electrons in metallic nanocatalysts can also be
harnessed to kinetically modulate the chemical reduction of nitrophenyl derivatives [58]. Results
of density functional theory (DFT) calculations further suggest that population of electrons in the
LUMO of nitrophenol elongates the N-O bond, which effectively triggers the N-O bond cleavage
and the subsequent stepwise hydrogenation processes [59].
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Figure 3. Correlation between hot electron population and molecular reactivity. (A) Schematic representation of ultrafast pump/probe surface-enhanced Raman
scattering (SERS) measurements. (B) Ultrafast SERS difference spectra (processed by subtracting SERS spectra taken with the pump pulse blocked from identical spectra
collected with the pump pulse present) taken at time delays ranging from —20 to +50 ps. (C) Fitted amplitude of the transient feature at 1139 cm™' shown in (B). Schematic
representation of (D) low reactivity and (E) high reactivity hot spots. Adapted, with permission, from [51].

To meet the energetic requirement for Ag-to-pNTP transfer of hot electrons, the wavelengths of
excitation photons must be shorter than ~700 nm because the LUMO energy of pNTP
chemisorbed to Ag is ~1.7 eV above the Ag Fermi energy [60]. Interestingly, the plasmon-
driven pNTP reduction can still occur on nanostructured Ag surfaces through alternative electron
transfer pathways even at excitation wavelengths longer than 700 nm. Employing SERS as an
in situ spectroscopic tool, Wang and coworkers [61] have studied the reductive coupling of pNTP
on individual Fes04@Ag photocatalyst particles under near-infrared cw excitations (785 nm) in an
atmosphere-controlled environment. Each photocatalyst particle is composed of a magnetite
(FesO4) core densely decorated with Ag nanocubes, a suprananostructure possessing broadband
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near-infrared plasmon resonances and highly abundant hot spots in the junctions between adjacent
nanocubes. Under near-infrared illumination, the pNTP coupling reactions proceed rapidly in an O»
atmosphere or in ambient air but get completely suppressed in an anaerobic N, atmosphere.
Benefiting from the close energetic alignment between the antibonding 211* orbital of O, and the
Fermi level of Ag, near-infrared light-excited hot electrons in Ag can be transferred to surface-
adsorbed O,, instead of the pNTP adsorbates, to generate transient O,e™ radicals [61-63], which
serve as a carrier-relaying species activating the pNTP adsorbates for the coupling reactions [61].

Distinguishing thermal and nonthermal effects

Both nonthermal plasmonic effects and photothermal heating can contribute to the kinetic en-
hancement of a plasmon-driven reaction. However, it remains an immensely challenging task
to unambiguously delineate the nonthermal and thermal contributions [22,64-69]. A widely uti-
lized experimental strategy involves careful examination of the dependence of reaction rate on ex-
citation light intensity [70,71]. As exemplified by multiple case studies, the reaction rates appear
linearly proportional to the excitation power (P,,) under moderate cw illumination but may switch
to a superlinear Pg-dependence when Pg, exceeds certain threshold values or under
femtosecond-pulsed laser illumination, an interesting phenomenon that may originate from mul-
tiple effects, such as photothermal heating at metal-adsorbate interfaces (Arrhenius-type tem-
perature dependence) [72], multiphoton absorption stimulated by high photon flux density
[4,9], and plasmonic modulation of activation energy (E,) [65,73]. To further quantify the thermal
and nonthermal contributions, the local temperatures at adsorbate-occupying active sites on me-
tallic photocatalyst surfaces must be precisely measured, ideally under operando conditions. The
light-induced thermal gradients over the photocatalyst surfaces, nonequilibrated thermal energy
partition, and intrinsic complexity and uncertainty associated with such nanothermometric mea-
surements have led to inconsistent or even contradictory conclusions drawn from previous stud-
ies, not only in the case of reductive pNTP coupling reactions [74-77], but also for a series of other
plasmon-driven photocatalytic reactions [65,78,79]. Plasmon-enhanced Raman spectroscopy
provides unique nanothermometric tools for probing the electronic temperatures in light-
illuminated metallic nanostructures and the vibrational temperatures in molecular adsorbates
[28,74,77,80-83], which may help clarify some widely debated controversies in the literature.
With recent advancements in high-resolution SERS/TERS-based nanothermometry, it has be-
come possible to precisely measure the local temperatures in single plasmonic hot spots [84]
and even the effective temperature of a single molecule in a hot spot [85].

Photon scattering from metallic nanostructures bearing Fermi-Dirac distribution of hot electrons
gives rise to a broad background in anti-Stokes SERS spectra, which provide information about
the local temperatures in metallic nanostructures (Box 1) [28,77,81,82]. For the pNTP coupling
reactions on aggregated Au nanoflowers under near-infrared cw laser illumination, the reaction
rates have been observed to exhibit Arrhenius-like behaviors with respect to both the local tem-
perature in nanoparticles (quantified by the anti-Stokes nanothermometry) and the externally con-
trolled reaction temperature [77]. Although the reactions cannot be activated solely by external
heating, the overall reaction kinetics are determined predominantly by photothermal heating
rather nonthermal plasmonic effects, strongly suggesting that plasmons can selectively lower
the E, of the initial photoactivation step, which most likely involves the injection of hot electrons
into molecular adsorbates, whereas the rate-limiting step (i.e., the bimolecular coupling of acti-
vated pNTP) remains thermally controlled.

The local temperature the molecular adsorbates experience, however, may differ substantially
from the electronic temperature in metallic nanostructures. In a normal Raman spectrum, the
ratio between anti-Stokes and Stokes peak intensities of a vibrational mode can be utilized to
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Box 1. Nanothermometry based on anti-Stokes background intensities

The local temperature in a light-illuminated plasmonic nanoparticle can be measured based on the intensity of the back-
ground signals in anti-Stokes SERS spectra [28,77,81,82]. The anti-Stokes background intensity is related to the rate
of anti-Stokes emission in response to the relaxation of hot electrons whose energy distribution profile follows the
Fermi-Dirac distribution. The equilibrated temperature in nanoparticles can be extracted by fitting the anti-Stokes back-
ground with the follow equation:

I - laso
aS,background = 57
exp (—ﬁﬂﬁ”) 41

Where /as packground IS the anti-Stokes background intensity at a Raman shift energy (Eraman), las,0 is the anti-Stokes back-

ground intensity at Eraman Of O, kg is the Boltzmann constant, and T is temperature.

However, as pointed out by Baffou in a perspective article [82], some controversies exist in the literature regarding the or-
igin of the anti-Stoke background in SERS spectra and the appropriate statistical models that should be used for the anti-
Stokes nanothermometry. The inelastic light emission from metallic nanoparticles may originate from electronic Raman
scattering or photoluminescence. It remains challenging to clearly distinguish the two mechanisms and the involvement
of one or the other may depend on the structure and morphology of the nanoparticles as well as detailed measurement
conditions. To describe the electron occupation f(E, T) near the Fermi level, Fermi-Dirac distribution is the natural occupa-
tion statistics widely adopted by the solid-state physics community for decades:

1

fFermi _piac(ET) =——F—~—
exp (&) +1

[

where E is the energy of the electrons relative to the Fermi energy. However, it was recently argued that the electrons near
the Fermi level follow Bose-Einstein statistics instead because of the electron—phonon interactions:

1
exp (,(S—T) -1

Such subtlety was further discussed by Orrit and coworkers [99], who noticed that the difference between the two statistic
models is rather insignificant within the experimentally measured spectral range of anti-Stokes shifts, except in the small
energy shift range below ~600 cm™". Therefore, both Fermi-Dirac and Bose—Einstein distributions can be utilized for curve
fitting in many cases and can even be substituted with the Boltzmann statistics for further convenience:

fBose - Einstein (E: T) = [|||]

fBo\tzmann (E.T) = exp ( - EET) (V]

calculate the temperature of molecular vibrations based on the Boltzmann distribution (Box 2).
However, in SERS/TERS spectra, the anti-Stokes-to-Stokes intensity ratios not only depend on
temperature but are also profoundly influenced by other factors, such as the non-equivalent
local-field enhancements at anti-Stokes and Stokes emission frequencies [74,83] and vibrational
pumping caused by electron injection into the adsorbates [28,29], which introduces substantial
complications and uncertainty to nanothermometric measurements. Choosing molecular probes
with intrinsically temperature-dependent SERS features provides a more straightforward and
reliable nanothermometry approach based solely on the Stokes Raman shifts without the need
to analyze the anti-Stokes signals [86-88]. Chen and Wang [89] have developed a
nanothermometry using thiophenol chemisorbed to Ag as a temperature-sensitive SERS probe.
AgNPs are assembled into hexagonally close-packed arrays, which serve as SERS substrates,
photothermal transducers, and plasmonic photocatalysts simultaneously (Figure 4A,B). The inten-
sity ratio between the oc (1000 cm™) and ves (1072 cm™") modes in the SERS spectra of
thiophenol exhibits a linear dependence on externally controlled temperature within the range of
20-120°C (Figure 4C,D), which enables real-time monitoring of local temperature evolution in hot
spots under light illumination. The photothermal heating appears significantly more efficient in
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Box 2. Raman thermometry based on anti-Stokes-to-Stokes peak intensity ratios

For a particular vibrational mode, the ratio of intensities at its anti-Stokes and Stokes frequencies in the normal Raman
spectrum can be used to calculate the vibrational temperature of the molecules based on a Boltzmann distribution of
the ground and first excited state populations. The temperature-dependence of anti-Stokes-to-Stokes intensity ratio
can be expressed by the following equation:

Ls _ (view)* _hwy
Is — (w_w)! P ( kBT) U

where /5 is the intensity of the anti-Stokes Raman peak, /s is the intensity of the Stokes Raman peak, v; is the frequency of
the excitation laser, v, is the vibrational frequency of the Raman mode, h is Planck constant, kg is Boltzmann constant, and
T is the temperature.

When extending this thermometric approach from normal Raman to SERS and TERS, the situation becomes substantially
more complicated. In SERS/TERS, the anti-Stokes-to-Stokes intensity ratios are determined not only by the temperature
but also by the nonequivalent local-field enhancements at anti-Stokes and Stokes emission frequencies and vibrational
pumping caused by electron injection into the adsorbates. In some nanoparticle/adsorbate systems, even ostensible plas-
mon-induced molecular cooling has been recently observed according to the anti-Stokes-to-Stokes scattering intensity
ratios in SERS spectra [100], strongly suggesting that such nanothermometric measurements of local vibrational temper-
atures in molecular adsorbates may be further complicated by some unrecognized plasmon-molecule interactions.

air than in water (Figure 4E), a direct consequence of different heat dissipation rates caused by
the difference in thermal conductivities of the reaction media (~0.60 W m™" K~ for water and
0.025 W m~" K~ for air). Changing the reaction medium from air to water significantly modifies
not only the apparent rate of the plasmon-driven pNTP coupling reactions, but also the Pg,-
dependence profile of the rate constant, kops (Figure 4F). When fitting the experimentally
measured Pgy-dependence of kqps, both nonthermal (linear Pe-dependence) and thermal
(Arrhenius relationship) contributions should be taken into consideration (see the equation in
the inset of Figure 4F, where B is a fractional coefficient, £, is the activation energy associated
with the rate-limiting step, R is the molar gas constant, T is the ambient temperature in dark in
the unit of K, and ¢ is a photothermal transduction coefficient carrying the unit of K mwW™"). The
values of E, extracted from curve fitting appear essentially independent of the thermal conduc-
tivity of the reaction medium (Figure 4F). These results shed light on the crucial roles that
photothermal heating may play in kinetic modulation of the rate-limiting steps in plasmon-
driven photocatalytic reactions.

Effects of metal-adsorbate interactions on molecular reactivities

Although driven by plasmonic hot electrons, the reductive pNTP coupling reactions are kinetically
limited by the dimerization step. TERS studies conducted by Ren and coworkers [90] reveal that
the bimolecular coupling between nitro groups is facilitated when pNTP adsorbates are oriented
at specific tilt angles with respect to Ag(111) and Au(111) surfaces. The structural flexibility of
surface-adsorbed pNTP directly determines the molecular reactivity because the dimerization
process involves rearrangements of adsorbate conformations on the metal surfaces. Combing
TERS imaging with scanning tunneling microscopy and DFT calculations, Zenobi, Kumar, and
coworkers [91] have investigated detailed structure-reactivity relationships for plasmon-driven
PNTP coupling reactions on a single-crystalline Au(111) surface and a polycrystalline, template-
stripped Au (TS-Au) substrate (Figure 5A). Kinetically driven disordered phase and thermodynam-
ically stable ordered phase of pNTP SAMs are constructed via drop-cast and immersion proto-
cols, respectively. A significantly higher catalytic efficiency is observed in the disordered phase
than in the ordered phase (Figure 5B). Interestingly, pNTP SAMs on locally curved TS-Au surfaces
are structurally less ordered than those on Au(111) surfaces, thereby exhibiting higher reactivity
toward the reductive coupling reactions. An interesting analog of pNTP is para-nitrobenzyl mer-
captan (pNBM), in which an additional methylene group is inserted between the thiol and the
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Figure 4. Nonthermal and thermal effects on plasmonic photocatalysis. (A) Schematic illustration of using close-packed Ag nanoparticle arrays as triple-functional
substrates for plasmonic photocatalysis, photothermal transduction, and surface-enhanced Raman scattering (SERS) measurements. (B) Scanning electron microscope
image of Ag nanoparticle arrays assembled on an Si substrate. (C) Representative SERS spectra of thiophenol on Ag nanoparticle arrays at various temperatures. The
intensities of the ves mode (1076 cm™) were normalized to 1 for comparison. (D) Temperature-dependence of the peak intensity ratios between the Bcc mode and the
Vos mode. (E) Temporal evolution of the local temperatures in the hot spots under continuous laser illumination (785 nm, 0.97 mW, and ~2 pm focal spot diameter) in

an agueous medium and in air. (F) Excitation power (Pey)-dependence of kops for plasmon-driven para-nitrothiophenol (oNTP) coupling reactions in air and in an
aqueous environment. Adapted, with permission, from [89].

nitrophenyl groups. Similar to pNTP, pNBM can also undergo plasmon-driven reductive coupling
reactions to produce 4,4'-dimercaptomethanazobenzene (DMMA). As reported by Bargheer and
coworkers [92], pPNBM chemisorbed on Au surfaces dimerizes more rapidly and efficiently than its
pNTP counterpart under identical light illumination conditions, because the methylene group
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Figure 5. Effects of metal-adsorbate interactions on molecular reactivity. (A) Schematic diagram of the tip-enhanced Raman scattering (TERS) setup used for
investigating reactive arrangement in photocatalytic coupling of para-nitrothiophenol (pNTP) on template-stripped polycrystalline Au substrates (TS-Au) and single-
crystalline Au(111) surfaces. (B) TERS spectra of pNTP-functionalized (upper panel) TS-Au and (lower panel) Au(111) surfaces prepared via drop-cast (blue trace) or
immersion (red trace) protocols. The Raman spectrum of pNTP powder (black trace) is also plotted for comparison. Characteristic p,p’-dimercaptoazobenzene (DMAB)
peaks at 1146, 1390, and 1442 cm ™" are highlighted in red. (C) Chemical structures of pNTP, para-nitrophenylacetylene (pNPA), para-nitrophenylisocyanide (pNPI), and
the aromatic azo compounds produced through the plasmon-driven reductive coupling reactions. (D) Scheme illustrating how the chemical nature of the metal-adsorbate
interactions modulates the plasmonic reactivity of nitrophenyl derivatives. (E) Experimentally measured normal Raman spectrum of pNPI and SERS spectra of pNPI
chemisorbed to Ag nanoparticle surfaces at pHs of 2 and 12. (F) Time-resolved SERS spectra collected from pNPI chemisorbed to Ag nanoparticle surfaces at pHs of
(upper panel) 2 and (lower panel) 12 under continuous illumination by a 785 nm laser at an excitation power (Pe,) of 2.64 mW. Adapted, with permission, from (A,B) [91]
and (C-F) [98].

endows pNBM with additional degrees of freedom for orientational rearrangements on Au sur-
faces. All these observations clearly reveal that the rate-limiting dimerization step in plasmon-
driven nitroarene coupling reactions can be kinetically boosted by enhancing the structural flexi-
bility of adsorbates.

The orientational arrangements and structural flexibility of molecular adsorbates are intimately tied
to the chemical nature of metal-adsorbate interactions. While thiolated molecules represent so
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far, the most intensively studied adsorbate system on metal surfaces [93], other nonthiolated
surface-anchoring groups, such as terminal alkyne [94], diazonium [95], N-heterocyclic carbene
[96], and isocyano groups [97], can also be utilized by organic molecules to form covalent interac-
tions with metallic substrates. Through SERS measurements, Chen and Wang [98] have charac-
terized the bonding nature of metal-adsorbate interactions in three representative nitrophenyl
derivatives, specifically pNTP, para-nitrophenylacetylene (oNPA), and para-nitrophenylisocyanide
(PNPI), and further compared their plasmonic reactivities toward the reductive coupling reactions
(Figure 5C). A chemisorbed pNTP molecule uses its thiol group to interact with AgQNPs through
o-donation, whereas the interactions between the ethynyl group in pNPA and AgNP surfaces
are dominated by strong 1r-back donation, which is evidenced by a significant spectral down-
shift of the C=C vibrational mode in SERS spectra. pNPA remains significantly less reactive than
pNTP under a broad range of reaction conditions, suggesting that switching the adsorbate-
binding mode from o-donation to TT-back donation leads to decreased molecular reactivity (see
schematic illustration in Figure 5D). The chemical nature of the interactions between the isocyano
group in pNPI and metallic Ag is found to be even more complicated and versatile than Ag-thiol
and Ag-ethynyl interactions, exhibiting T1-back donation characteristics in an alkaline environment
(downshift of N=C stretching mode) but switching to the o-donation mode (upshift of N=C
stretching mode) in an acidic environment (Figure 5E). Consequently, pNPI chemisorbed on
AgNP surfaces becomes more reactive when decreasing the pH of reaction medium (Figure 5F).
Switching the chemisorption mode from TT-back donation to o-donation not only optimizes the sur-
face orientations but also increases the structural flexibility of nitrophenyl derivative adsorbates,
which effectively accelerates the biomolecular coupling processes.

Concluding remarks

While the library of plasmon-driven photocatalytic reactions has continued to expand over the
past decade, many critical aspects concerning the detailed mechanisms involved in plasmonic
photocatalysis remain elusive due to the intricate interplay among multiple plasmonic
photophysical and photochemical effects over a broad range of timescales. Combining ultra-
high surface-sensitivity with molecular fingerprinting and time-resolving capabilities, plasmon-
enhanced Raman spectroscopy provides a vibrational spectroscopic tool, particularly useful for
detailed mechanistic studies of plasmonic photocatalysis. Through time-resolved SERS/TERS
measurements, dynamic transforming behaviors of molecular adsorbates can be fine-resolved
in real time, enabling unambiguous identification of critical transient intermediates and the under-
lying hot carrier transfer channels. In addition, integration of kinetic and nanothermometric mea-
surements using SERS/TERS provides a unique way to correlate detailed kinetic characteristics
to local temperatures at the active sites in hot spots, which paves the avenue toward quantitative
understanding of thermal and nonthermal effects. Furthermore, using SERS/TERS as in situ mo-
lecular fingerprinting tools, the plasmonic reactivity of molecular adsorbates can be directly cor-
related to the exact chemical nature of metal-adsorbate interactions. Although this review
focuses on a prototypical model reaction system, the experimental methodologies and data anal-
ysis strategies can be broadly applied to mechanistic studies of other plasmon-driven reactions
as well. The insights gained from deliberately designed SERS/TERS measurements form a crucial
knowledge framework guiding the rational design of catalyst-adsorbate systems with optimized
light-matter and plasmon-molecule interactions, based upon which improved light-harvesting ef-
ficiency, precise kinetic modulation, and targeted chemoselectivity can be achieved through plas-
monic photocatalysis. An intrinsic limitation of SERS and TERS is that they are only capable of
probing the transforming behaviors of molecules residing in localized hot spots, which account
for a small fraction of the molecular adsorbates over the entire catalyst surface, because the
spectroscopic signals are dominated by molecules experiencing the highest local field enhance-
ments. It also remains challenging to resolve the signals of transient intermediates exhibiting short
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Outstanding questions

How can we capture and identify
short-lived transient species in a multi-
step plasmon-driven photocatalytic re-
action through in situ SERS/TERS
measurements with desired time
resolutions?

How can we develop ultrafast SERS/
TERS approaches capable of
probing molecular responses at the
early stages of plasmon decay over
timescales ranging from femtoseconds
to picoseconds?

How can we develop generic SERS/
TERS-based nanothermometry for
precise and reliable measurements of
local temperatures in hot spots that
are broadly applicable to a diverse
range of metal-adsorbate systems?

How can we image the spatial
distribution of photocatalytically active
sites in hot spots with nanoscale
precision using super-resolution
SERS/TERS imaging approaches?

How can we resolve and analyze
plasmon-mediated dynamic
transforming behaviors of single
molecules or a few molecules in a
single hot spot through SERS/
TERS measurements?

How can we utilize SERS/TERS to
study plasmon-driven photocatalytic
reactions on the surfaces of non-
metal plasmonic materials, such as
degenerately doped semiconductor
nanostructures?
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lifetimes, intrinsically low Raman cross-sections, and spectroscopic features that overlap with
those of the reactants and products. Further advancement in fundamental understanding of plas-
monic photocatalysis relies critically on development of new SERS/TERS spectroscopy/imaging
tools with desired temporal and spatial resolutions, streamlined high-throughput data analysis,
and deliberate control over both materials structures and local chemical environments in plas-
monic hot spots (see Outstanding questions).
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