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ABSTRACT: Catalysis stands as an indispensable cornerstone
of modern society, underpinning the production of over 80% of
manufactured goods and driving over 90% of industrial chemical
processes. As the demand for more efficient and sustainable
processes grows, better catalysts are needed. Understanding the
working principles of catalysts is key, and over the last 50 years,
surface-enhanced Raman Spectroscopy (SERS) has become
essential. Discovered in 1974, SERS has evolved into a mature
and powerful analytical tool, transforming the way in which we
detect molecules across disciplines. In catalysis, SERS has
enabled insights into dynamic surface phenomena, facilitating
the monitoring of the catalyst structure, adsorbate interactions,
and reaction kinetics at very high spatial and temporal
resolutions. This review explores the achievements as well as

the future potential of SERS in the field of catalysis and energy conversion, thereby highlighting its role in advancing these

critical areas of research.
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1. INTRODUCTION

Marking its 50th anniversary since its discovery in 1974,
Surface-enhanced Raman spectroscopy (SERS) has emerged as
a powerful analytical method for understanding natural
phenomena at the metal-molecule interface but has also found
applications in various aspects of life and materials sciences.””*
Initially observed as an enhancement phenomenon in which
Raman scattering occurred from molecules adsorbed onto
roughened metal electrodes, SERS has evolved significantly over
the past few decades. The early 2000s saw the development of
nanostructured substrates, such as colloidal nanoparticles and
lithographically nanostructured surfaces, leading to a large
enhancement in Raman signal intensities. This breakthrough
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facilitated applications across diverse disciplines, ranging from
life sciences to natural sciences including materials science.

In chemistry, SERS enabled molecular detection, enabling
ultrasensitive analysis of trace substances, and facilitating the
study of molecular structures and interactions at surfaces.” In
biology, SERS found utility in label-free detection of
biomolecules, aiding in diagnostics,lo’11 drug discovery, and

Received: May 10, 2024
Revised:  September 18, 2024
Accepted: September 20, 2024

https://doi.org/10.1021/acsnano.4c06192
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrei+Stefancu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Aizpurua"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivano+Alessandri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilko+Bald"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeremy+J.+Baumberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucas+V.+Besteiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Phillip+Christopher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Phillip+Christopher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+Correa-Duarte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bart+de+Nijs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angela+Demetriadou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Renee+R.+Frontiera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomohiro+Fukushima"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomohiro+Fukushima"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naomi+J.+Halas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prashant+K.+Jain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zee+Hwan+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitry+Kurouski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Holger+Lange"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Holger+Lange"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian-Feng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luis+M.+Liz-Marza%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivan+T.+Lucas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alfred+J.+Meixner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kei+Murakoshi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Nordlander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Nordlander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+J.+Peveler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raul+Quesada-Cabrera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emilie+Ringe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="George+C.+Schatz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sebastian+Schlu%CC%88cker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sebastian+Schlu%CC%88cker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zachary+D.+Schultz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emily+Xi+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong-Qun+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lingzhi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bert+M.+Weckhuysen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bert+M.+Weckhuysen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xing+Yi+Ling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinlong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhigang+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ru-Yu+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emiliano+Corte%CC%81s"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emiliano+Corte%CC%81s"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.4c06192&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c06192?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c06192?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c06192?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c06192?fig=tgr1&ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.4c06192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Nano

Review

SHINERS -
Shell Isolated

www.acshano.org

Semiconductors AE
[ ]

Hybrid Catalysts

g Picocavities

N
N7 TN

%333 PIERS -
TERS - Tip- 2999  Atomic Vacancies
Enhanced —— 2393

Batteries and

Ultrafast Energy Materials
SERS rOb

1990 ____ Single Atom

Single Catalysts
Molecule — L] !
SERS

g —— Chiral Catalysis

—— Machine Learning

Electrochemical
SERS

1974 - SERS discovery —— Industrial-scale SERS

Figure 1. Progress of surface-enhanced Raman spectroscopy for monitoring catalytic processes. Since the discovery of SERS in 1974, numerous
important techniques and materials have been developed for its application in catalysis. Notably, the past 20 years have witnessed rapid
advancements in the field, with many emerging areas and topics promising further advancements in the integration of SERS for real-time
monitoring of energy conversion processes. In this Figure, we summarize a selection of the most important milestones and developments of

SERS in the field of catalysis over the last 50 years.

understanding cellular processes. In physics, SERS provided
insights into plasmonics and nanophotonics, enhancing our
understanding of light-matter interactions on the nanoscale.
Across applications, SERS sensing has been demonstrated for a
wide variety of analytes, including pollutants, toxins, and drugs,
with high sensitivity and specificity. It also has advanced drug
delivery systems by characterizing nanocarriers and monitoring
drug release kinetics. Moreover, in energy research, SERS has
contributed to the development of efficient photovoltaic devices
and photocatalysts for energy conversion processes. Overall,
SERS continues to drive many scientific and technological
innovations across disciplines, oftering high capabilities for
molecular analysis—including single-molecule and single-
particle detection - and related surface characterization.

While numerous comprehensive and outstanding re-
views'>™'* delve into the fundamentals of SERS and its
application across various fields," ™" this focus review article
concentrates on the distinctive and significant opportunities that
SERS presents to the field of catalysis and energy conversion
(Figure 1). Catalysts are ubiquitous in today’s society, being
involved in the production of over 80% of all manufactured
products and over 90% of all industrial chemical products.”!
Catalysts are also key in transitioning toward a more sustainable
and circular chemistry because they minimize waste production
and maximize the selective transformation of feedstock
molecules into the fuels, chemicals, and materials of the future,
thereby reducing the energy and material demands, as well as the
burden on the environment.”*~**

Notwithstanding, big gaps remain in our understanding of the
working principles of catalysts, especially when they are studied

in their real working environment. Today it is widely recognized
that the structure and composition of heterogeneous catalysts is
not fixed, but changes dynamically during a chemical reaction,
inﬂuencin§ the overall activity, selectivity and stability of the
catalyst.”®”” At the nanometer scale, the catalytic activity is
influenced by a plethora of dynamic phenomena such as
molecular adsorption/desorption, surface reconstruction, alloy-
ing-dealloying processes, as well as active surface poisoning and
activation.”®™"” Many efforts have been made to tackle these
challenges, by taking “snapshots” of catalysts in situ and
operando, much like a high-speed camera captures a fast
transient event.”>>° For example, X-ray absorption spectros-
copy (XAS), small-angle X-ray scattering (SAXS) or X-ray
absorption near edge spectroscopy (XANES) can capture under
operando conditions the electronic, compositional and struc-
tural properties of solid catalysts, but they usually require
synchrotron radiation to achieve a sufficiently high time and
spatial resolution.*®*’ Likewise, electron microscopy can
uncover the structural features that drive for example the
efficient energy conversion of catalyst materials.”*~** On the
other hand, spectroscopies making use of visible or infrared light,
such as Raman or IR spectroscopy offer a high molecular
specificity and can identify with high spatial and temporal
resolution the adsorbed species, interadsorbate interactions,
local environment, or metal oxide species.‘“‘42 Different
methods to couple these experimental techniques, including
optical methods (e.g., UV—vis, fluorescence, and luminescence
spectroscopy), X-ray absorption techniques, such as X-ray
absorption spectroscopy (XAS)) and X-ray diffraction and
scattering methods (X-ray diffraction (XRD), small-angle X-ray
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Figure 2. Computational modeling of plasmonic nanocavities and molecules. a) Two metallic nanostructures at close proximity form a strong
field enhancement in the gap between them. b) A picocavity made of a single atomic protrusion from one of the metallic nanostructures leads to
stronger and spatially inhomogeneous field enhancement. c) The molecular orbitals of a molecule within a plasmonic gap.

scattering (SAXS), and wide-angle X-ray scattering (XAXS),
have been implemented to gain an exhaustive and often very
detailed view of catalysts under operando conditions.*

In this context, the benefits of SERS in the various fields of
catalysis, such as thermal, photocatalysis, electrocatalysis, and
photoelectro catalysis cannot be understated. After all, in the
original SERS paper, Raman spectroscopy was used to monitor
the structure of the electrical double layer on Ag electrodes and
adsorbate—adsorbate interactions.” For SERS, subwavelength
metal nanoparticles (NPs) are employed, which focus light
below the diffraction limit due to the collective oscillations of
their free electrons, a process called localized surface plasmon
resonance (LSPR). Consequently, the generated high local
electro-magnetic (EM) fields enhance the inelastically Raman
scattered light by factors of ~10° or more. This level of
sensitivity makes it possible to detect reagents, reaction
intermediates and products, with high molecular specificity
and with subsecond time resolution.”’”** Even monitoring a
chemical reaction at the single molecule level has been possible
in specific cases due to the capabilities of SERS.*" Since the
LSPR is a surface-confined effect, SERS signals decrease sharply
as the distance between the molecule and the surface of the NPs
increases, scaling generally with r2fora single NP. As a result,
the acquired molecular and chemical information has a high
spatial localization. Furthermore, SERS peaks in the low
wavenumber region allow the monitoring of dynamical
adsorbate—metal catalyst bonding and the transient formation
of surface metal oxide species.””*" These features of SERS have
facilitated, for example, tracking atomic defects and their impact
in catalysis.* A further advantage of SERS over other in situ or in
operando spectroscopies, which often goes unmentioned, is its
adaptability and accessibility. X-ray spectroscopies often require
high brilliance sources (such as synchrotron radiation sources)
for which there is competition for measurement time through
beamline applications. On the other hand, SERS requires
relatively simple experimental equipment that can be easily
adapted to fit different catalytic reactors. Recent developments
in the synthesis of metal nanomaterials with chiral geometries
and enhanced optical activity can yield selective detection of
intermediates in asymmetric catalysis, by either using SERS or
its derivative surface-enhanced Raman optical activity
(SEROA).*

In this Focus Review, we offer an overview of both past
accomplishments and prospects regarding the utilization of
SERS as an analytical tool to advance our understanding across
various domains related to energy conversion, extending beyond
the field of classical heterogeneous catalysis (see Figure 1).
Encompassing a spectrum of length scales, from atomic to
single-molecule levels, as well as ensembles and devices, we
focus on the analysis of kinetics, thermodynamics, and current
SERS advancements toward examining chemical reactivity and
the dynamics and functionality of energy conversion materials,
thereby not being limited to the fields of thermal, electro-
catalysis, photocatalysis, and photoelectro catalysis. Hence, we
explore in the last section of this Review the potential of
emerging scientifical and technological innovations in the fields
of machine learning, chiral catalysis, batteries, and other energy-
related aspects to advance significantly with the help of SERS.
We anticipate that this comprehensive exploration will act as a
true “catalyst” itself for the emergence of applications and
discoveries in SERS within the wide field of energy conversion,
thereby spurring the necessary discoveries to make our daily life
operations more sustainable and circular. Moreover, we do hope
that scientists currently less familiar with the SERS method will
feel encouraged to make use of its wide variety of possibilities,
thereby exploring science and technologies in the broad field of
catalysis and energy conversion.

2. THEORETICAL MODELING OF PLASMONS, SERS,
AND CATALYTIC REACTIONS

Although metallic surfaces generate strong evanescent fields at
metal-dielectric interfaces (Figure 2a), which amplify the Raman
signal of molecules, plasmonic nanoantennas can further
significantly boost the electromagnetic field enhancement.
Such plasmonic nanoantennas, particularly those with nanosized
gaps, enable the detection of SERS signals, even from single
molecules. Plasmonic nanoantennas, particularly those with
nanosized gaps, significantly boost electromagnetic field
enhancement, enabling the detection of SERS signals,18 even
from single molecules. 74748 Agan example, picocavities, made
from single gold atoms protruding in a plasmonic gap (see
Figure 2b), produce inhomogeneous fields and can probe
specific molecular bonds within a single molecule.”” The
applications of picocavities in SERS and catalysis are highlighted
in Section 3 of the review. The field enhancement of such
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Figure 3. Optical properties of picocavities. a) Atomic protrusions inside plasmonic nanogaps provide subnanometric field localization
(picocavities), enabling single molecule sensing. Figure adapted with permission from ref 49. Copyright 2016 American Association for the
Advancement of Science. b) Atomic scale features provide lightning rod effects which act as a field multiplier with possible mode volumes below
1 nm. Figure adapted with permission under a Creative Commons CC BY-NC license from ref 72. Copyright 2018 American Chemical Society.
c) Such small features possess resonances based on the aspect ratio of the protrusion. Figure adapted with permission from ref 73. Copyright
2017 Royal Society of Chemistry. d) Griffiths et al. demonstrated the resulting significant wavelength dependence of picocavities. Figure
adapted with permission from ref 75. Copyright 2021 American Chemical Society. e) Hyper resolved single molecule mapping using “scanning
Raman picoscopy”. Figure adapted with permission under a Creative Commons CC BY license from ref 83. Copyright 2019 National Academy
of Science. f) The submolecular scale fields from picocavities drop rapidly with distance and, as a result, SERS signals depend highly on the
position and orientation of nearby molecules probed. Figure adapted with permission under a Creative Commons CC BY-NC license from ref
85. Copyright 2021 Wiley. g) Example of the strong dependence observed in vibrational spectra on the adatom position with respect to the
molecule in nanocavities. Figure adapted with permission from ref 86. Copyright 2018 American Chemical Society. h) Systematic investigation
of the formation and destruction rates show that the energy barrier can be optically suppressed and is highly dependent on molecular functional
tip. Figure adapted with permission under a Creative Commons CC BY-NC license from ref 87. Copyright 2022 American Association for the
Advancement of Science.

nanogaps is typically calculated using classical numerical capture behavior derived from the quantum nature of the
methods that solve Maxwell’s equations, where typically metals electrons in the bulk and at interfaces, namely, (i) dynamical
have a local linear response and sharp boundaries. screening, (ii) electron spill-out, (iii) Landau damping, and (iv)
However, small plasmonic nanogaps deviate from the classical atomistic effects. These approaches include early hydro-
picture. For example, electrons can spill out of the metal dynamical descriptions,”””* more advanced generalized non-
boundary by ~0.5—1 nm, creating a “fuzzy” boundary, and local optical response (GNOR) models,” and quantum
plasmonic nonlocality emerges due to the electron Coulomb hydrodynamic descriptions.”> A notable example is the surface
repulsion.”” For the precise understanding and modeling of response formalism,”® which incorporates quantum surface-
these nonclassical effects, first-principles calculations based on response corrections in classical Maxwell’s equations, through
time-dependent density functional theory (TDDFT) have been the effective Feibelman parameters. These capture the position
employed (Figure 2c), including both jellium and ab initio of the charge centroid and its surface damping for a given metal-
atomistic descriptions. Although jellium descriptions are well dielectric interface at each excitation energy. Other effective
suited to address the optical response of the free electron gas in methods bring together quantum mechanical and classical
the metals (usually Na and Al), ab initio atomistic descriptions descriptions to model the electron spill-out and tunnelling
further address the strong influence of d-electrons for Au and across a plasmonic gap.”” All these methods bring quantum
Ag.51 First-principles calculations are computationally expensive mechanical information into classical plasmonic calculations,
and are therefore limited to nanostructures of a few tenths of a using empirical elements, and show that the quantum nature of
nanometer. Hence, various methods have been developed to electrons in metals tends to reduce the field enhancement in
D https://doi.org/10.1021/acsnano.4c06192
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plasmonic gaps, without significantly distorting the spatial
profile of the field enhancement.>®

Despite these complexities, molecules placed in plasmonic
nanogaps experience extreme field enhancement, thereby
amplifying their Raman signal and allowing for low concen-
tration analyte detection, even reaching the single molecule
limit.>” The Raman signal enhancement near a metallic interface
of physisorbed molecular species is related to the product of the
intensities of the local field enhancements at the incident
wavelength and the outgoing wavelength (Stokes or anti-
Stokes). Frequently, this product neglects the difference
between incoming and outgoing wavelengths and approximates
the enhancement factor as the fourth power of the local field.
This local field factor can be as high as several orders of
magnitude (up to ~1000) in extreme plasmonic gaps. On the
other hand, chemical binding with a metallic surface involves
electron and orbital sharing with gold atoms, altering the
molecule’s Raman signal with usually new Raman vibrational
modes emerging, compared to the same molecule in solution or
in vacuum. Additionally, the inhomogeneous illumination of the
molecule from an evanescent plasmonic field, and in particular
from pico-cavities, can also lead to the emergence of new Raman
lines, due to the influence of the surface selection rules.*’

The Raman tensor of a molecule provides basic information
about its vibrational fingerprints. This tensor can be calculated
with TDDFT, which considers the atomistic structure of the
molecule and its electronic structure. To consider the molecule’s
Raman tensor, i.e. the chemical effects arising from binding to
the metal interface, one can attach several metal atoms (typically
gold or silver) to the TDDFT modeling of the molecule. ¢ Small
silver clusters of just 20 atoms also provide a realistic description
of plasmonic states that extrapolates smoothly with cluster size
for the electrodynamic behavior of 20 nm nanoparticles.’!
Resonance Raman calculations at the plasmon frequency of such
clusters can be used to generate SERS enhancements in
adsorbed molecules that include both electromagnetic and
chemical enhancements. The Raman tensor (with or without
metal binding) of a molecule, together with the effective mode
volume of the nanocavity, are key elements in the description of
surface-enhanced Raman scattering as an optomechanical
process,”*** which allows for addressing nonlinear Raman
signals under sufficiently strong illumination.**

In principle, one can use the molecule’s SERS signal to track
photocatalytic reactions. The theoretical description of
plasmon-driven photocatalysis has primarily been provided
using electronic structure methods applied to structures that
include a metal particle or surface interacting with the reacting
molecules. A key consideration is the alignment between the
Fermi energy of the metal and energy levels in the molecules
leading to dissociation (or other reactions) after electron
transfer because this determines which plasmon excitation
energies will promote reaction.’® Another approach has involved
the use of real-time TDDFT or tight-binding (DFTB)
calculations to directly simulate plasmon excitation leading to
electron transfer and reaction in a system consisting of a metal
cluster with hundreds of atoms plus one or many adsorbed
molecules.”® This approach has recently been adapted to
calculate SERS spectra,”” which means that the same method
can be used for both SERS and photocatalysis.

Of particular interest is the determination of Raman spectra
for transient intermediates in time-resolved photocatalysis
experiments. Ideally this would involve measurements using
SE-FSRS (surface enhanced femtosecond stimulated Raman

scattering)®® where subpicosecond time-resolved observations
are accessible. The electrodynamic theory of SE-FSRS has been
developed,”” but so far no experimental results have been
reported.

3. FUNDAMENTALS OF PICOCAVITIES AND THEIR
INTERACTION WITH MOLECULES

SERS substrates are composed of nanostructured metals that
give rise to highly localized plasmonic hot-spots. Since SERS
signal strengths scale favorably with field enhancements
(approximately as IEI*),”" significant contributions to SERS
spectra arise from these small regions. This can lead to poor
reproducibility in signal intensity but also enables few or single
molecule sensing, even in ensembles of molecules, where
otherwise their dynamics would be averaged out. As already
pointed out in the previous Section, the most extreme examples
of these re%ions are atomic scale protrusions in metal surfaces
(adatoms).”" The protrusions generate subnanometric hotspots
termed picocavities,*””*”* which can provide additional field
enhancements up to |E*l ~ 10? on top of the preexisting field
confinement (Figure 3a).*””>”* The enhancements consist of a
broad nonresonant contribution (arising from “lightning rod”
effects, Figure 3b,c), and a strong resonant contribution
(dependent on aspect ratio, Figure 3¢,d).”””*”> An analytical
description within classical electromagnetism of these optical
properties has been introduced’* (Figure 3d), which agrees with

uantum-corrected and ab initio models reasonably faith-
fully.”®”” Such atomic features are also credited with facilitating
hyper-resolved sin%le molecule mapping in scanning tunneling
microscopy,””’*™" and tip-enhanced Raman scattering
(TERS), covered in Section S of the review, which enables
single molecule investigations (Figure 3e).*'~*> The submo-
lecular size of these mode volumes means the orientation and
position of nearby molecules greatly influence the vibrational
spectra in SERS measurements, and the strong field gradients
even allow otherwise Raman inactive modes to become
predominant (Figure 3f,g).*>**%

In plasmonic nanogaps (e.g., such as that of the “nanoparticle-
on-mirror”, NPoM®") containing molecular monolayers with
widths <5 nm and thus very strong initial field enhancements,
picocavity formation is identified by the stochastic appearance of
transient but intense lines in the SERS spectrum.*”*” These can
coincide with existing lines but also appear at new vibrational
energies, either as a result of shifts in energy arising from
interactions with the adatom or from Raman inactive/weak
modes now probed by the picocavity. The energy and strength
of these new Raman lines are highly dependent on the relative
position of the adatom with respect to the molecule (Figure
3g).*¥*% Using analyte molecules with distinct functional
groups on each end allows identification of the adatom approach
direction. For BPT-CN (4’-mercapto-[1,1’-biphenyl]-4-carbon-
itrile) as the spacer molecule the adatom is found to originate
from the thiolated side in 80% of instances, and indicates a
strong influence from the local chemistry.”” Monitoring the
picocavity formation rates at varying laser powers and for
different spacer molecules, Lin and Hu et al. showed that energy
barriers for formation and destruction of picocavities are
optically suppressed, and dependent on the molecular spacer
functional groups (Figure 3h)." Combining this method with
large picocavity data sets (isolated through machine learning)
allows for estimates of relative adatom positions (with respect to
the molecule), and reveals how an atomic monolayer of Pd can
suppress picocavity formation on either side.”!
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Figure 4. Picocavity dynamics and catalysis. a) Using picocavity spectra and density functional theory (DFT) modeling, the combined motion of
molecules and adatoms can be reconstructed. Figure adapted with permission under a Creative Commons CC BY-NC license from ref 89.
Copyright 2021, Springer Nature. b) High-speed measurements reveal fast dynamics with the fastest intensity fluctuations attributed to
molecule-in-hotspot effects and “slower” (>10 us) processes to surface atom movements. Figure adapted with permission from ref 97.
Copyright 2023 American Chemical Society. c) Using nanolenses on NPoM geometries allows for yis regime spectra to be collected, revealing
strong shifts in picocavity SERS peaks. Figure adapted with permission from ref 99. Copyright 2020 National Academy of Science. d) Schmidt et
al. showed fast SERS intensity fluctuations that exhibit either: both Stokes and anti-Stokes, partial Stokes, entire Stokes, or mostly anti-Stokes
intensity fluctuations. Figure adapted with permission from ref 100. Copyright 2023 American Chemical Society. e) Picocavity-assisted
dehydrogenation of primary amide. Figure adapted with permission from ref 101. Copyright 2022 American Chemical Society. f)
Dehydrogenation of aromatic methyl groups using picocavities. Figure adapted with permission under a Creative Commons CC BY license
from ref 102. Copyright 2023 Royal Society of Chemistry. g) Tracking single carboxylic acid functional group (de)protonation and interfacial
binding dynamics. Figure adapted with permission under a Creative Commons CC BY-NC license from ref 103. Copyright 2021 American
Association for the Advancement of Science. h) Weakening of molecular bonds in intense optical fields of picocavities. Figure adapted with

permission under a Creative Commons CC BY-NC license from ref 104. Copyright 2023 Springer Nature.

In the results above, picocavity formation is enhanced by light
illumination but only stochastically. Thus, there is interest in
reproducibly creating them on demand. There are also chemical
routes toward forming adatoms using, e.g, N-heterocyclic
carbenes (NHCs).”” These compounds form complex bonds
with a single metal atom, pulling them from a smooth surface.””
SERS experiments on “NHC roughened” nanoparticles show
strong signal modulation with orientation of the NHC
controlled through the ligands.”* It will be of interest to
compare how these adatoms behave in carefully constructed
nanogaps (such as NPoMs) and how their properties compare
to those of optically induced picocavities. Other interesting
routes toward possible picocavity formation and stabilization
might come though electromigration, as this too can control the
migration of metal atoms at the interface.”” A more detailed
chemical intuition toward the explanation of these combined
observations is provided by Kim et al.”®

Atomic-Scale Dynamics of Picocavities. The intense
local fields around adatoms can promote charging, diffusion,
conformational changes, and photo/electro-chemistry of the
neighboring molecules.”””® These changes give rise to the
observed shifts and intensity fluctuations in the associated
picocavity lines and can be used to reveal how molecules interact
with the metal surface. For example, Griffiths et al. showed that,
by comparing shifts in picocavity peaks with extensive DFT
modeling, a 3D reconstruction can be made of how BPT-CN
interacts with an adatom, at 0.1 s temporal resolution (Figure
4a).*” However, subsequent studies showed that much faster
dynamics also occur in the picocavity and on the nanoparticle
surface, meaning high-speed acquisition is required for full
characterization of the dynamics (Figure 4b).77 100 Although it
remains challenging to pinpoint the origin of specific spectral
fluctuations, by comparing dry and aqueous hotspots, Lindquist
et al. were able to assign highest-speed fluctuations (<10 ys) to
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Figure S. Monitoring single-molecule reaction events and vibrational activation by surface-enhanced Raman scattering. a) Proposed pathway
for CO, photoreduction on Ag nanoparticles under plasmonic excitation as deduced from SM-SERS probing. C, O, and H atoms are colored
gray, red, and white, respectively. Adapted with permission from ref 113. Copyright 2018 American Chemical Society. b) SM-SERS trajectory of
4,4’ -dimercapto-azobenzene (DMAB) product from 4-nitrobenzenethiol, showing discrete single-molecule reaction events. Reprinted with
permission from ref 120. Copyright 2016 American Chemical Society. c) Evaluation of molecular vibrational excitation through analysis of anti-
Stokes and Stokes SERS peak intensities. d) The vibrational occupation number (n) for four vibrational modes of 4-nitrobenzenethiol in a
hotspot, plotted relative to thermal reference (n'*), showing the selective nonthermal excitation of the symmetric N—O stretching (VNO) mode.
Adapted with permission from ref 122. Copyright 2023 American Chemical Society.

molecule-in-hotspot effects while adatom rearrangements
accounted for longer fluctuations (10 us — 1 s).”” Kamp et al.
showed that adding a nanolens onto NPoM geometries
improved in- and out-coupling efliciencies, enabling picocavity
SERS spectra to be collected in the us regime, thereby revealing
strong submillisecond vibrational shifts (Figure 4¢).” Schmidt
et al. showed that such fast picocavity events can be detected in
aggregates of nanoparticles as well, with typical events lasting
between 107°—107% s (note that maximum durations are limited
by number of frames).'”’ They reported how SERS intensity
fluctuations occur with various distributions across the SERS
spectra: in Figure 4d (from top to bottom): (i) both Stokes and
anti-Stokes (an inelastic light scattering processes where either a
phonon is generated (Stokes) or absorbed (anti-Stokes),
resulting in a red- or blue shift, respectively), (ii) only partial
Stokes, (iii) entire Stokes, and (iv) only anti-Stokes. These
varying enhancement mechanisms suggest a range of dynamics

can occur at these time scales such as molecular motion and
reconstruction in the metal surface, with the authors suggesting
the latter to be the most likely contributor.

Picocavities in Catalysis. The atomic protrusions that give
rise to picocavities are also important features in heterogeneous
catalysis. Undercoordinated adatoms on metal surfaces are
important binding sites. An example was reported by Bjork et al.
where adatoms were shown to facilitate the initial dehydrogen-
ation and subsequent C—C bond formation in cyclodehydroge-
nation reactions.'”” Single gold atoms are also extensively
studied as single atom catalysts (SACs), though often in
combination with various nonmetallic supports.'*>'®” As such,
picocavities will offer a powerful tool because they directly
report on molecule-metal interactions at the single molecule
level. Moreover, the high temporal resolution allows reaction
intermediates to be tracked and allows for the characterization of
complex surface binding dynamics. Picocavities can thus offer
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potentially valuable insights into reaction pathways, rate limiting
steps, and how undesirable byproducts are formed and the
mechanistic working of molecular catalysts.'*® Early examples of
studies monitoring such catalytic processes using picocavities
are the tautomeric switching of individual molecules optically
tracked on an atomic level using STM;'®” the dehydrogenation
of primary amides and aromatic methyl groups (Figure 4e,f
respectively);'*"'%? and the hopping between protonation,
deprotonation and surface bound states for individual carboxylic
acid groups (Figure 4g).'" Finally, picocavities exhibit strong
optomechanical coupling to molecules, often observed as
unusually intense anti-Stokes peaks with a nonlinear power
dependence.*”''? Jakob et al. showed how in intense optical
fields, molecular bonds are weakened due to a ‘giant opto-
mechanical spring effect’ (Figure 4h).'”* This brings opto-
mechanics in the nanoscale regime enabling different avenues
toward molecular technologies and light assisted chemistry.
These can include directed catalysis through optically weakened
molecular bonds, single molecules acting as opto-mechanical
switches, and molecular scale memristive devices where states of
individual molecules can be optically read out.

4. SINGLE-MOLECULE PROBING OF CATALYTIC
MECHANISMS

SERS Probing for Single-Molecule-Level Elucidation of
Elementary Steps and Intermediates of Catalytic and
Photocatalytic Reactions. In this section, we pick up from the
concept of picocavities and single-molecule and single particle
SERS and discuss the unparalleled capabilities of SERS for
tracking single-molecule reaction dynamics and elucidating the
plasmon-driven reaction mechanisms. Heterogeneous catalysis
involves numerous elementary reaction steps and various
intermediates, presenting a challenge for ensemble-level spec-
troscopy in resolving these components. Single-molecule SERS
(SM-SERS)"""""* allows the formation and disappearance of
individual, unlabeled molecules to be tracked in real time from
their vibrational spectra. This enables the elucidation of fleeting
intermediates and determination of elementary steps in the
catalytic pathway, information that is often obscured in
ensemble-averaged kinetic measurements. The use of Ag
nanoparticle aggregates provides Raman enhancement factors
on the order of 10°, large enough to allow the single-adsorbate-
molecule sensitivity required for such mechanistic elucidation of
catalytic reactions.'"> Using SM-SERS, Jain and co-workers' "
have been able to capture discrete reaction events in CO,
photoreduction on Ag nanoparticles under plasmonic excitation
(Figure Sa). Some of the discrete SERS spectra acquired from
individual aggregates captured a critical intermediate in CO,
photoreduction: the HOCO® radical formed by le”, 1H*
transfer to adsorbed CO,. The HOCO- radical is further
transformed either into CO or into HCOOH, which is also
detected. By in situ SERS spectroscopy in a CO,-saturated liquid
water medium and automated assignment of SM-SERS spectra
in 500-frame movies from single hotspots, a comprehensive
catalog of adsorbates, intermediates, and products was
determined from thousands of single-molecule events.’”"'"*
Detected species include butanol, which is a liquid hydrocarbon,
and oxalic acid, which is an intermediate in natural photosyn-
thesis. The SERS probing approach is applicable to a wide range
of catalytic reactions beyond plasmon-induced CO, reduction,
owing to the ubiquity of Raman scattering as a molecular
fingerprint that obviates the need for labeling. For instance, in
situ SERS probing has been used to elucidate the dynamics of

the oxygen evolving complex (OEC) of Photosystem II in the
course of water oxidation''* and to probe the plasmon-induced
oxidation of ethylene on Ag nanoparticles, where an unusual
photocondensation to form graphene fragments has been
observed."'®

SM-SERS has been successfully validated, including the
statistical confirmation of the single-molecule origin of SERS
signals,l 17,118 quantification of signal enhancement, '’ and real-
space visualization'*” of electromagnetic hotspots for SM-SERS.
These studies indicate that a signal enhancement of 10°—10° is
sufficient'*”"*" for recording SM-SERS spectra of both on- and
off-resonant'?’ organic molecules, and such an enhancement
can readily be attained with plasmonic gap structures featuring a
~1 nm gap distance. However, a significant challenge in studying
catalytic mechanisms arises from the spectrotemporal fluctua-
tions of SM-SERS that are unrelated to the chemical reaction
itself. These fluctuations stem from molecular diffusion,”
reorientation, and dynamic metal-molecule charge transfer.
Despite these challenges, recent work by Choi et al.'* has
demonstrated that, for plasmon-assisted chemical reactions
occurring at well-defined hotspots, the temporal dynamics and
statistics of discrete jumps (or steps) in SM-SERS trajectories
(Figure Sb) of products accurately reflect single-molecule
reaction events. This validation underscores the utility of SM-
SERS for studying catalytic reaction kinetics with a single-
molecule resolution. Further advancements in hotspot design,
precise placement (or immobilization) of reactants, and
utilization of vibrational markers hold promise in mitigating
some of the limitations associated with SM-SERS. Conse-
quently, these improvements may expand the utility of SM-
SERS in catalysis research.

Quantifying Nonthermal and Thermal Activation in
Plasmonic Catalysis through SERS. In plasmon-induced or
plasmon-enhanced catalytic reactions, a significant amount of
energy can be transferred from the photoexcited nanoparticle to
an adsorbate; the assessment of the transferred energy may offer
valuable insights into nonthermal and thermal mechanisms of
adsorbate activation. The ratio (p) of the intensity of the anti-
Stokes (I,5) SERS peak to that of the Stokes (Ig) peak (Figure
Sc) for an adsorbate vibrational mode, p = I¢/I, can provide
such information,'** because:

3
—A Vy+ v n
P Vp—Vv) n+1l (4.1)

where v, and v are the frequencies of the excitation light and the
molecular vibration, respectively. The parameter A accounts for
the unequal enhancements of the Stokes and anti-Stokes peaks
by the plasmon-induced near-field."*> With a properly calibrated
A, the measured p allows determination of the vibrational
occupation number, n, which represents the average number of
vibrational quanta that an adsorbate in a hotspot possesses.
Boerigter et al.'”* observed wavelength-dependent p for
methylene blue on silver nanoparticles, which was interpreted
as a signature of direct charge transfer. Keller et al.'** conducted
ultrafast time-resolved p-measurements on 4-nitrobenzenethiol
(NBT) adsorbed onto gold nanostructures, observing subpico-
second buildup of a vibrationally excited population. The time
scale of the excitation rules out photothermal heating being
responsible for adsorbate activation. Shin et al.'** measured p of
NBT in plasmonic gap structures, observing a highly mode-
specific vibrational excitation (Figure Sd), which could be
explained by hot-electron mediated energy transfer from the

https://doi.org/10.1021/acsnano.4c06192
ACS Nano XXXX, XXX, XXX—-XXX


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c06192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

www.acshano.org

Review

ACS Nano
/a) High
Low
b)
600-:-”65, cm™! —
1 Z.6nms F <2.6nmn
4004 /f\i.*
herttf O ey
oo 3 i
~ 2004 L
P
g 11,590 cm™! .
< 9003 I
z i A Fa
2 C’OO;;%. G L0 RIS, B35 S
S f 1] 3. I '
€ 300 e E i
A ]
&
- 1,995 cm™!
3004
<
5
R
- =
Tip position (nm)

c)

X Intens_uty (a. 94)

4 4TBPOT

1583

48P

1000 1200 1400 1600

Raman shift (cm™)
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distribution of 4-BTP (d), TP (e), and 4,4’-BPDT (f). g) An overlay TERS map of all chemical maps. Panels c)—g) adapted with permission

from ref 150. Copyright 2023 Royal Society of Chemistry.

plasmonic nanostructure to adsorbates in the gap. The authors
of this study further deduced that the excitation rate is as large as
10's7", with an incident light intensity of ~100 kW/cm? at 633
nm.

The same method can also be utilized to probe the vibrational
temperature of the adsorbate.'**™"*® Park et al.'*” employed the
self-referencing method to calibrate the bias A in eq 4.1, and
quantified the extent of local photothermal heating of small
organic molecules adsorbed on plasmon-excited nanoparticle
aggregates. A closely related approach comprises determining
the local electronic temperature of metal from the anti-Stokes
continuum emission of hotspots.129 Here, the continuum
emission spectra are fit to the energy distribution of electron—
hole pairs to obtain the local temperature of metal.

Further refinement of this method may provide a complete
description of the vibrational quantum state distribution of
reactants, thereby revealing the detailed mechanism of metal—
molecule energy transfer in catalysis.

5. TIP-ENHANCED RAMAN SCATTERING (TERS) FOR
VISUALIZING VIBRATIONAL ACTIVATION AND
CHEMICAL REACTIONS ON A MOLECULAR SCALE

Similar to picocavities, discussed in Section 3, TERS is an
excellent tool to study plasmon-driven reactions at the single
molecule level and visualize the dynamics of single chemical
bonds in adsorbed molecules. TERS is capable of both
quantifying reaction rates and yield, as well as providing
information about the catalytic properties of different surface
sites of analyzed materials including edges, corners, vacancies

and adatoms."?°7'3? Therefore, TERS is the perfect tool for
investigating the mechanisms of plasmon-driven chemical
reactions that were discussed in the previous Section 4, such
as direct hot electron transfer or thermal/nonthermal vibrational
activation. One example of a plasmon catalyzed chemical
reaction demonstrated both by SERS and TERS was the
dimerization of p-nitrothiophenol (pNTP) to 4,4-dimercaptoa-
zobenzene (DMAB) on Ag, Au, and Cu surfaces." %7 At low
concentration of pNTP when dimerization is not possible, the
dissociation of pNTP to TP indicates an intramolecular reaction,
which usually requires UV light, whereas on a gold nanoparticle
the activation barrier is lowered such that the reaction can take
place under 632.8 nm irradiation.'*® For surface-bound
molecules, hot electrons created by nonradiative plasmon
decay, can indeed be shifted by a low bias voltage applied
between substrate and tip into the molecule.'*”"*

TERS was used to investigated plasmon-driven redox
conversion of 4-mercapto-phenyl-methanol (4-MPM) and 4-
mercaptobenzoic acid (4-MBA) on mono and bimetallic
nanostrucutres (Figure 6).'*' Li and Kurouski found that
Au@Pt NPs could oxidize 4-MPM to 4-MBA, whereas Au@Pd
NPs enabled the reduction of 4-MBA to 4-MPM. Such redox
reactions could not be observed on Au NPs, which instead
caused the decarboxylation of both 4-MBA and 4-MPM into
thiophenol. These findings demonstrated that Pt determines
oxidation, whereas Pd determines the reduction properties in
bimetallic nanostructures. Using TERS, Kurouski and El-
Khoury groups observed ionization of 4-nitrobenzenethiol to
4-nitrobenzothiolate (4-NBT~) on the surface of Au NPs."®
This conclusion was made by an observation of the shift of 1335
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cm ™! vibration of 4-NBT to 1305 cm™ of 4-NBT™."® Gogotsi’s
group used TERS to analyze single-layer and few-layer flakes of
Ti;C,T, MXene deposited on a gold substrate.'*” The
researchers found that the intensity of TERS responses from
the single- and few-layer flakes of Ti;C, T, could be used to track
early stages of degradation, well before significant morphological
changes appear. Using STM-TERS at ultrahigh vacuum, in
combination with cryogenic temperatures, submolecular reso-
lution could be achieved. Hou and Jiang were able to probe weak
molecule—substrate interactions and conformations of molec-
ular analytes on metallic surfaces.'**~"*” Jeong and co-workers
employed TERS to investigate defects in @- and f-domains and
edges of single-crystalline WS, nanosheets.'**'*” The research-
ers observed shifts of Alg and D modes on the W- and S-edges of
the a-domains, respectively. Patil and Kurouski investigated the
extent to which Ni-based bimetallic nanostructures could be
used to perform dimerization of aromatic halides."*’ They
fabricated Ni@Au NPs that were able to dimerize molecular
analytes forming BPDT. Using TERS, the researchers
demonstrated that the highest yield of BPDT was observed on
Ni nanoislands on the surface of these bimetallic nanostructures.

Over the past decade, substantial advances have been made in
electrochemical TERS (EC-TERS). Kurouski and co-workers
showed that TERS could be used to monitor redox reactions of
nile blue (NB) on an indium tin oxide coverslip.””' The
researchers recorded EC-TER spectra consecutively as a
function of the potential in cyclic voltammetry, showing a
reversible intensity decrease of the vibronic peaks in the
fingerprint region upon protonation of NB, in a reduction and
oxidation cycle. Recently, Ren et al. have used EC-TERS to
study the electrochemical reduction process of 4-nitrophenyl
isocyanide (4-NPIC) on a well-defined Pd/Au(III) single crystal
surface and observed a negatively charged intermediate which
cannot be clearly identified by SERS.">” The reduction of the
nitro group leads to a cathodic current peak in the potential scan
from 0.6 V to —0.675 V. The reaction could directly be observed
by monitoring the disappearance of the C—NO, vibrational
mode in subsequent TERS spectra recorded at —0.66 V and at
—0.71 V. Furthermore, the vibrational mode of —NO, at 1333
cm™! gradually shifted to smaller wavenumbers and lost intensity
in the spectra recorded at —0.36 V to —0.66 V whereas the C=C
bond at 1596 cm™ shifted to lower wave numbers, associated
with an intensity decrease while at the same time a peak
reappeared at 1614 cm ™. Theoretically calculated TERS spectra
showed that the voltage dependence of these specific bands is
associated with negatively charged 4-NPIC™ intermediates on
the AuyPd, metal cluster.

In a recent proof-of-concept study, Zenobi et al. have shown
the plasmon induced photochemical [47, — 47,]-cycloaddition
of 7z-stacked anthracene pair.'> In this example, the tip plays a 2-
fold role: (i) precise control of plasmon-mediated polymer-
ization and (ii) via enhanced Raman scattering to monitor in situ
the photocatalytic process for exploring the reaction mechanism.
The sample consisted of a self-assembled monolayer of
anthracene-trimer units of three anthracene molecules arranged
in a star-like fashion arranged and connected at their ends by a
triptycene core forming in the center of the trimer. The trimers
were regularly arranged in a hexagonal pattern in the monolayer,
in such a way that the anthracene blades of the trimers could
interact face-to-face. The photochemical [47, — 47,]-cyclo-
addition of the #-stacked anthracene units were triggered when
the junction of the tip and the substrate was illuminated with 633
nm (ca. 1.96 V) radiation. To carry out the plasmon-induced

reaction, the tip was held at a fixed position over the anthracene-
trimer monolayer using tunneling current feedback, whereas the
junction was illuminated for 120 s under continuous laser
illumination and the progress of the polymerization was
monitored by continuously recording TERS spectra. The
spectra clearly revealed the 2D polymerization because typical
anthracene breathing modes at 1425/1445 cm™" disappeared,
accompanied by the appearance and increase of the newly
formed CC-stretching modes between adjacent anthracenes.
DFT calculations suggested that the cycloaddition of two 7-
stacked anthracene units is plasmon-induced and occurs when
the plasmon energy matches the lowest unoccupied molecular
orbital (LUMO) of the monomer such that the hot electrons can
be inelastically transferred from the gold surface to the
anthracene units, although they were only weakly interacting
with the gold atoms. The authors estimated the diameter of the
area with the strongest plasmon enhancement in the gap to
about 10 nm with about 50 trimers. By connecting adjacent
trimers, a two-dimensional polymer a two-dimensional network
could be formed.

Advantages of using tip-enhanced spectroscopy in combina-
tion with chemical reactions are the possibility to apply very
locally a specific stimulus such as an electric charge, extremely
high electrical fields, pressure, temperature, or mechanical forces
and directly observe spectroscopically the molecular changes
induced by this external perturbation without ensemble
averaging. Similarly, the combination of the optical tip with
ultrashort laser pulses is a field to explore for ultrahigh time
resolution. Also, the use of an illuminated probe tip in a liquid or
in a diluted gas in combination with high resolution optical
detection is an avenue to explore. However, these techniques
require additional specialized instrumentation, which is
currently being developed and is still far from routine
applications. Specifically, plasmonic scanning probes used in
TERS have a relatively short lifetime. This requires the
continuous fabrication of such scanning probes by etching
metallic wires (STM-TERS) or by evaporation of plasmonic
metals on commercially available silicon tips (AFM-TERS).
Furthermore, during TERS imaging, scanning probes can easily
adsorb molecular analytes from the sample, which results in their
contamination. Although such contaminations could be easily
detected via “tip-on” vs “tip-off” experiment, they drastically
complicate TERS experiments. Finally, TERS suffers from
fluctuations in the intensities and often frequencies of
vibrational bands. Such fluctuations may complicate unambig-
uous interpretation of vibrational spectra and, consequently,
experimental results. Therefore, computational simulations
based on DFT are often required to fully understand the
molecular origin of chemical transformations that are detected
by using TERS.

6. TRACKING REACTION KINETICS WITH SERS

In this Section, we take a step back from the single-molecule and
single-particle SERS techniques discussed in the previous three
Sections and focus on tracking chemical reaction kinetics and
pathways in ensembles of molecules, a situation closer to real-life
applications. SERS has been used to monitor reaction kinetics by
determining changes in the reactant or product concentrations
over time. The direct chemical fingerprint detected through
Raman scattering identifies reactants, intermediates, and
products over time. SERS enables detection at concentrations
below the limits of spontaneous Raman. SERS provides
extremely high sensitivity down to the single-molecule level,
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Figure 7. Quantifying reaction kinetics by surface-enhanced Raman scattering. a) Illustration of vibrational modes used to determine
intermediate species in the reduction of CO, on Cu,O over Ag nanostructures. b) The spectral changes could be modeled by 2 components (C1
and C2) using multivariate curve resolution (MCR). c) C2 is observed to be initially present and decays as C1 increases over the reaction. Panels
a)—c) adapted with permission from ref 157. Copyright 2023, American Chemical Society. d) Raman spectra of NTP on AuNPs recorded with a
633 nm laser and a laser power of 10 mW with 1 s of integration time after different illumination times. The yellow bar marks the NO, stretching
vibration at 1337 cm ™' of NTP, and the red bar marks the ag mode of DMAB at 1445 cm™". e) Raman signal intensity of the two bands marked in
panel a plotted as a function of the illumination time. f) Observed reaction rates determined from the fractal kinetics equation (see the text of
this section) fitted with a power-law function. g) Observed reaction rates at 1 s are plotted as a function of the laser power for different laser
wavelengths. Error bars are given from the standard deviation of three to five independent measurements. Panels d)—g) adapted with
permission from ref 175. Copyright 2019 American Chemical Society.

but the physical effects that provide the high sensitivity also
make it challenging to directly correlate the signal intensity and
molecular concentration. The variance in the SERS signal
intensity arises from the convolution of the number and
orientation of molecules in varying enhancement regions on the
nanoparticles. Experiments that assess field enhancement along
with the surface reactions can help elucidate these complex
phenomena.'*® Nevertheless, the SERS signals can be attributed
to specific molecular species, including short-lived intermedi-
ates, existing on the nanoparticle surface. Hence, SERS is often
used to monitor chemical changes occurring over time, often
with resolution of milliseconds to seconds. The time dependent

change in SERS signals attributed to a particular molecular
species can then be used to determine (phenomenological) rate
constants. A detailed analysis of time-dependent signals can give
access to reaction orders and accurate information about the
reaction mechanisms.

Reaction Monitoring. The increased sensitivity provided
by SERS has been used to monitor the reaction kinetics in
heterogeneous catalysis. Electrified metal interfaces are
commonly used for reactions such as carbon dioxide"’~"’
and nitrate reduction,'® and have been investigated on SERS
active metals. Modern instrumentation enables SERS to monitor
these reactions on relevant time scales, which provides insight
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into the chemical species and intermediates governing reactions.
For example, in the CO, reduction reaction different adsorbed
CO species were observed on a Cu,O layer deposited over silver
nanostructures (Figure 7a)."*” The SERS spectrum was
modeled by 2 components using multivariate curve resolution
where C1 and C2 correlated with C, and CO species,
respectively (Figure 7b—c). The SERS signal showed these
adsorbed CO species evolving along with the observation of C—
O and C—C functional groups that correlated with inter-
mediates along the reaction pathway to produce acetate.
Blocking surface sites with an alkylthiol altered the observed
SERS kinetics, indicating that lateral surface interactions were
important for the C, product formation mechanism.

An interesting approach proposed more than 25 years ago was
to deposit thin films of catalytically active metals (e.g., thodium,
platinum, and palladium) over SERS active surfaces (e.g.,
roughened silver), such that the Raman signals of the reactants,
intermediates, and products can be enhanced during the
reaction.'®"'®> This “SERS borrowing” approach continues to
be used today. In a study of the oxygen reduction reaction
(ORR), the mode attributed to peroxide intermediates
(*OOH) binding to the surface was observed at smaller
Raman shift as the amount of Ni increased in a PtNi alloy
catalyst deposited over gold nanoparticles.'*

In other implementations, SERS has been combined with
other catalysts to monitor the reactions. Intermediates in the
nitrogen reduction reaction were also observed on porous
palladium—silver nanoparticles to optimize electrolysis of N, to
form ammonia.'®* To further capitalize on the enhanced Raman
signal for reaction monitoring, SERS active gold bowties were
lithographically printed onto the surface of core/shell SiO,/
TiO, oxide beads to monitor the degradation of species on the
bead surface.'®® An interesting observation of this study is that
the visible laser used for SERS also accelerates the degradation of
molecules on the bead surface, suggesting an additional
plasmonic mechanism associated with the chemical activity.
The use of SERS for reaction monitoring invariably involves
plasmon excitation, which may influence reactions in
unexpected ways.

Kinetics in Plasmonic Catalysis. The field is of plasmonic
catalysis is very well studied because the signal-enhancing
material is at the same time acting as catalytically active material
making it straightforward to initiate a reaction by the same laser
as used for SERS to follow the progress of a reaction.'® The
oxidation of aminothiophenol (ATP) and the reduction of
nitrothiophenol (NTP) to dimercaptoazobenzene (DMAB)
have been well studied (Figure 7d,e).'°® Apart from the
formation of DMAB, the kinetics of other plasmon-induced
reactions have been characterized by SERS, e.g., the trans-
formation of thiophenol derivatives (with functional groups
such as carboxylic acid, boronic acid and halogens),167_ 70 the
hydrodehalogenation of brominated adenine and guanine,'”" or
the dimerization of benzamine.'””

Many studies have focused on the identification of products
and critical reaction conditions that are required for a
transformation; however, kinetic studies can quantify reactivity
by determining rate constants.' > The accurate determination of
rate constants is however not trivial due to the heterogeneity of
the SERS substrates and the fact that in plasmonic catalysis the
signal enhancement is convoluted with the catalytic activity, i.e.,
the catalytic activity must be assumed to be higher in the SERS
hot-spots than at the less signal-enhancing regions. Fractal
kinetics are one approach that provides a quantitative

description of reaction rates.'”* In this approach, a time-
dependent experimental rate constant is introduced, taking into
account that reactions proceed faster in highly enhancing
regions (hot-spots), while they are slower in other regions of the
SERS substrate: k,,, = k-t ™", with h being the fractal dimension of
the system (Figure 7fg)."”

Quantitative rate constants also enable deduction of the
underlying reaction mechanisms. In plasmonic photocatalysis,
the question persists whether plasmon-induced heating or
charge transfer is driving a chemical process.'’® The
determination of rate constants helps to distinguish between
these mechanisms by recording excitation-power-dependent
rate constants. A linear increase of rate constants with excitation
power points toward nonthermal reaction pathways, while a
superlinear increase indicates significant thermal contribu-
tions.'”” Nevertheless, it is necessary to analyze power-
dependencies carefully, and it is likely that in many reactions
both hot charge transfer and temperature play a role for the
reaction and the reaction kinetics."”® The molecular temper-
ature can also be directly measured by SERS from the ratio of the
anti-Stokes to Stokes intensities, and recently it was shown that
the molecular temperature exceeds the nanoparticle temper-
ature significantly due to nonthermal transient hot charge
transfer.'**> From temperature-dependent rate constants,
activation energies can be determined, which were shown to
depend significantly on the excitation wavelength and power as
well as the strength of hole scavengers, although these have not
been probed by SERS yet."””

The strength of SERS to detect intermediates by carefully
tracking the time evolution of transient signals relies on
conditions, where only very low concentrations of reactants or
single reaction sites are probed, because otherwise transient
signals get averaged out.'*”'®' Ideally, single-molecule con-
ditions are applied, which have been demonstrated for the case
of NTP reduction in the gaps of NPoM arrangements, as
discussed in Section 3 of this Review.'”” The authors showed
that plasmon-induced reactions of single molecules can be
followed in real time and that relevant intermediates can be
identified by SERS. In another example, the detailed reaction
mechanism of a plasmon-induced dehydration of an aromatic
primary amide was investigated at the single-molecule level
using nanoparticles on an Au electrode and the role of
picocavities for the SERS signal generation was emphasized.'"!

7. ULTRAFAST SERS AND CATALYSIS

If the previous section focused on chemical reaction kinetics on
the millisecond to second time scale, here we delve deeper and
discuss the applications of SERS in monitoring molecular
vibrations in the picosecond and subpicosecond time scale.
During catalytic reactions, molecular change proceeds on
picosecond to subpicosecond time scales of electron and
nuclear motion, making ultrafast measurements crucial for
fundamental understanding of molecular reactivity.'**™"**
Ultrafast SERS measurements, including those making use of
both spontaneous and stimulated Raman probing, are insightful
in that they can directly track charge transfer and energy transfer
between the catalytic material and proximal adsorbates.*~"*”

On the picosecond time scale, photoinduced reactions can be
tracked by spontaneous surface-enhanced Raman probing
following photoexcitation. This approach, which typically
involves a femtosecond photoexcitation pulse and a picosecond
spontaneous Raman probing pulse, has been used to examine
multiple facets of photocatalysis. In the context of plasmon-
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probed after a delay At by the coinciding Raman pump and Stokes pulses. Panels a)—c) reprinted with permission under a Creative Commons
CC BY-NC license from ref 188. Copyright 2023 National Academy of Sciences.

driven catalysis, this technique was used to successfully monitor
gold-nanoparticle-to-molecule electron transfer, proving that
some plasmon-derived electrons have reduction potentials in
excess of 310 mV (Figure 8a—c)."*® This work also showed that
some of the reduced species survive for tens of minutes on the
gold surface, suggesting that select regions of a heterogeneous
catalytic surface can stabilize charge-transferred species.

Ultrafast SERS can easily be combined with Raman
thermometry to separate electron and energy transfer
contributions to reaction rate enhancements in, e.g., plasmon-
molecule systems. Raman thermometry involves probing both
Stokes and anti-Stokes scattering,lzz’lgg’lgo which combined
with the time resolution afforded by pump—probe measure-
ments, can track how the ultrafast processes vibrationally excite
molecular species. This approach was first used to quantify the
extent of energy transfer in plasmonic systems, showing that
even with exceedingly high photoexcitation powers, the
transferred energy was relatively modest compared to many
catalytic processes, indicating that heating is not a major
contributor to plasmonic photocatalysis.125 In more recent
work, ultrafast SERS thermometry was used to find that
intermolecular energy transfer between surface adsorbates is a
significant channel for molecular cooling, suggesting that
catalysis may actually be more efficient at low surface
coverage.

To access intermediate details of proceeding reactions, a
higher time resolution may be necessary. Then, stimulated
Raman techniques are useful for tracking, e.g, plasmon-
molecule interactions.'”” Provided high photon densities, the
Raman scattered light retains coherence, and several techniques
can be applied: in coherent anti-Stokes Raman scattering
(CARS), a pump pulse and a Stokes pulse are mixed. If the
energy difference between pump and Stokes photons equals the
energy of a normal mode (reaction coordinate), coherent
emission at the anti-Stokes energy is induced when mixed with a
second pump photon (Figure 8d). In stimulated Raman
scattering (SRS), a high intensity pump pulse is combined
with a Stokes probe pulse such that the energy difference
between the photons corresponds to the energy of a normal
mode: w, — w, = w, (1). The use of a second laser pulse to
stimulate the interaction leads to orders of magnitude higher
signals, as compared to spontaneous Raman scattering. For
femtosecond stimulated Raman scattering (FSRS), the pump
pulse is broadband and of femtosecond duration such that (1) is
fulfilled for the complete spectrum, which is thus accessible. To
then monitor chemical reactions on sub—picosecond time
scales, a three-pulse configuration is applied. A first pump pulse
initiates the (photo)chemical reaction and the Raman pump and
Stokes probe pulses arrive simultaneously at a specific delay,
probing the progress of the reaction (cf. Figure 8).
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The improvement of the sensitivity of Raman spectroscopy by
surface enhancement can also be applied to the coherent Raman
scattering techniques CARS and SRS, resulting in surface-
enhanced coherent anti-Stokes Raman spectroscopy and
surface-enhanced femtosecond stimulated Raman spectrosco-
py."*'"® These techniques can reach single molecule sensitiv-
ity,194 including 2014 work on time-resolved CARS with
vibrational coherences monitored on a subpicosecond time
scale.'” Recently, a report of time-resolved impulsive
stimulated Raman spectroscopy (ISRS) showed that it is
possible to extract dynamical information on a coupled
molecular-plasmonic system with ~100 fs time resolution.'”®
This work examined trans-1,2-bis(4-pyridyl)ethylene and found
evidence of a short-lived charge transfer. Future efforts will
undoubtedly apply similar surface-enhanced CARS, FSRS, and
ISRS techniques to the mechanistic studies of plasmonic
photocatalysis.

8. MONITORING NANOSCALE (ELECTRO)CHEMICAL
REACTIVITY WITH SERS

SERS and SHINERS in Electrocatalytic Interfaces and
Processes. Electrochemical surface-enhanced Raman spectros-
copy (EC-SERS)'”” has become one of the mainstream
spectroelectrochemical methods, enabling the detection of
electrocatalyst evolution, validation of active sites, and
recognition of adsorbed intermediate species at electrified
interfaces on specific nanostructured metal surfaces. Since a
strong SERS effect is often observed on roughened coinage
metal surfaces such as gold, silver, and copper, the core—shell
nanoparticles-enhanced Raman spectroscopy, by coating
transition metals or metal oxides with high electrocatalytic
activity outside, was developed and commonly referred to as a
borrowing strategy.'”® Owning to its outstanding surface

sensitivity and selectivity, EC-SERS has widespread use in
various interfacial electrochemical processes.

To move beyond the restriction of coinage metals and specific
morphology, shell-isolated nanoparticle-enhanced Raman spec-
troscopy (SHINERS) was invented in 2010."”” In this strategy,
an ultrathin but compact and pinhole-free silica shell is coated
over the Au or Ag core, termed as SHINs. The inner core acts as
a Raman signal amplifier by generating a strong electromagnetic
field. The silica shell avoids direct contact between the core and
the external chemical environments, enabling direct acquisition
of signals free from interference. According to practical
requirements, appropriate shell materials can be selected
(Si0,, TiO,, ALO;, CeO,, MOF, Graphene, etc.) for better
stability and the shape or size of the core can be tuned for greater
enhancement. By simply dispersing SHINs on substrates,
electrochemical processes can be probed in situ on basically
any subject. In EC-SHINERS studies, the enhanced Raman
signals principally originate from the hotspots between two
SHINS or between the SHINs and the substrate. The SHINERS-
satellite strategy was then developed for the in situ character-
ization of nanocatalysts.””’ The practical nanocatalysts are
assembled over the surface of SHINs, and the Raman signals of
the catalytic particle surfaces are greatly enhanced. EC-
SHINERS made it possible to study electrochemical processes
on surfaces, such as single crystal surfaces”' and practical
nanocatalysts, further enriching our knowledge of atomic scale
mechanism research on interfacial electrochemical pro-
cesses.” > 2%

In Situ Monitoring of Electrochemical Reactions and
Intermediates. With the progress of EC-SERS and EC-
SHINERS, many original achievements were obtained, giving a
full picture of interfacial electrochemical processes under
practical conditions. Unraveling the identity of the intermediate
species is paramount for elucidating the mechanisms underlying
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electrocatalytic reactions. The borrowing-SERS strategy has
been applied to study the key intermediates during oxygen
reduction reaction (ORR),>%*"’ hydrogen oxidation reaction
(HOR),'32%8 hydrogen evolution reaction (HER),***'° and
oxygen evolution reaction (OER),”'' by constructing well-
structured Au core-transition metal (Pt, Pd, etc.) shell
electrocatalysts. EC-SERS can also be utilized to elucidate the
complex structure and chemistry underlying interfacial
processes in lithium-based batteries. Xu et al. explored Li,O,
desorption from the electrode surface with SERS.”'> They
highlighted the essential role of Li,O,* desorption in sustaining
electrochemical ORR processes in Li—O, batteries by
facilitating dynamic equilibrium, which dictates electrode
potentials and ORR product concentrations with guaranteed
stability.

EC-SHINERS, especially Au@SiO, nanoparticles, have been
extensively applied to single crystals and model catalysts with
atomically flat and well-defined surfaces. Schematically depicted
in Figure 9a, Dong et al. studied the ORR process, which plays a
vital role in proton exchange membrane fuel cells (PEMFCs), on
low-index Pt single crystal surfaces.”"” They observed distinct
spectral evidence of the ORR intermediates under acid and
alkaline conditions. In acidic environments, distinct Raman
peaks indicated the presence of different intermediates on
different facets. The *OOH at 732 cm™' was obtained on
Pt(111), whereas only *OH at 1080 cm™' was observed on

Pt(110) and Pt(100). Moreover, in alkaline conditions, similar
ORR pathways were suggested across these surfaces, with a
notable Raman peak at 1150 cm™" corresponding to O, species.
They further extended the investigation on high-index Pt single
crystal surfaces,”'* elucidating that the augmented adsorption
energy on Pt(311) hampers the dissociation of OOH* and
compromises its ORR performance, shown in Figure 9b.

EC-SERS offers a distinctive advantage in elucidating
intermediate species and probing the adsorbates with excep-
tional sensitivity and resolution in intricate electrochemical
processes, such as CO, reduction on Cu, Cu-based electrolytes,
and other electrocatalysts.”'>*'® The electrochemical reduction
of CO, or CO gas holds promise for realizing the carbon cycle on
a local scale with the ability to effectively convert greenhouse
gases into high-value products. However, the reaction pathways
and reaction intermediates are complex and depend on the
nature of catalysts and practical reaction environments.
Chernyshova and co-workers elucidated the initial step in CO,
electroreduction, revealing the first intermediate on copper as a
carboxylate anion *CO,~, coordinated via a C—O bond.”"”
Utilizing operando SERS, the research suggested that the
conversion of #*(C, 0)—CO,” to CO and formate involves
specific electronic interactions and is influenced by the
electrostatics with hydrated Na* and Cu atoms, highlighting
its significance in enhancing the selectivity, activity, and
efficiency of CO, electroreduction.
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The different structures of water molecules at electrolyte—
electrode interfaces have fascinated but confounded researchers
for many years. EC-SERS and EC-SHINERS play significant
roles in probing structural changes of the electrochemical
interfaces.””" Integrating advanced ab initio molecular dynamics
(AIMD) simulations with EC-SHINERS, Wang and co-workers
studied the dynamic structure of interfacial water molecules and
its implications for HER.*'®* As shown in Figure 9c, the
interfacial water was divided into three configurations, which are
four-coordinated hydrogen-bonded water (4-HB-H,0) from
3100 to 3300 cm ™', two-coordinated hydrogen-bonded water
(2-HB-H,0) from 3300 to 3500 cm™, and Na* ion hydrated
water (Na-H,O) at around 3540 cm™". Their findings highlight
that Na-H,O aligns its vibrational dipole moments more parallel
to the electric field than the other two configurations. This
alignment predisposes Na-H,O toward a more ordered
structure. The enhancement of the peak at 550 cm ™" at negative
potentials, attributed to the vibrational mode of water, also
confirmed the ordering of interfacial water. Additionally, Na-
H,O exhibits a shorter Pd—H distance, facilitating electron
charge transfer and boosting the water dissociation efficiency.

Probing Electrified Interfaces at the Nanoscale and
Single-Molecule Level. Successful SERS or SHINERS
monitoring of the reaction intermediates was developed by
studies on the electrode—electrolyte interfacial design based on
fundamental principles. In principle, the enhancement of the
Raman scattering of molecules can be induced by the
electromagnetic effect”’”** and the charge transfer (CT)
effect.'»**'7*** The degree of CT interaction can be also
controlled by the electrochemical potential.”***** Therefore,
understanding the charge-transfer interaction, which can also be
understood as the strong light-matter interaction at the
electrified interface, can be an important factor for the
electrochemical SERS studies. CT interaction can be often
found in the pyridine-based molecules from a historical point of
view.” Osawa et al. discussed by comparing the SERS and
surface-enhanced infrared spectroscopy. These CT effects can
be discussed along with the observation of reaction
intermediates, but can also originate from the CT interaction,
due to strong and enhanced SERS signals.zw’227 A small number
of the molecules can be also observed from polarized SERS
spectroscopy.”>” Polarized Raman spectroscopy can also be
utilized to depolarize the SERS signals, originating from the
strong light-matter interaction at the electrified interface.”*’ In
addition, CT-based strong light matter interaction can be also
used for the optical tra;)ping of the small molecules at an
electrified interface.”*" "%

This strong light-matter interaction can also be observed as a
nondiagonal interaction from SERS. Strong light confinement
environments can be created from the electrode surface by
mechanically controllable break junction methods. Strong SERS
signals were observed from the exotic Raman enhancement with
the nondiagonal Raman excitation. These exotic enhancements
can be used to create light-matter interactions (Figure 10a).>*
The strong localization of the plasmonic fields can be used for
the breakdown of the selection rule in SERS. For example,
carbon nanotubes were localized between plasmonic nanostruc-
tures, showing a strong dependence on the radial breathing
mode in their Raman spectra. From theoretical and experimental
analyses, it was concluded that a strong electric field gradient can
be utilized for the selection-rule breakdown in SERS under
strong light-matter interaction (Figure 10b).”** The strong
light-matter interaction can be utilized for the nonzero

wavevector based on the observation of nominally forbidden
Raman bands. These results can be also utilized for the
generation of the energy distribution of holes and electrons in
the graphene structure.”*®

The strong light-matter interaction has recently been
conceptualized as polaritonic chemistry.”*® Interestingly, similar
concepts have been proposed by electromagnetic theory.” The
understanding of the origin of the light-matter interaction via
Raman spectroscopy can be informative for evaluating the
polaritonic character in future studies such as modification of
chemical reactivity”””** and charge transport.”**~**' The
understanding of the polariton character from Raman spectros-
copy can be useful for understanding strong coupling. Nagasawa
et al. reported the Raman enhancement of polariton formation.
Dye molecules were used for the electronic strong coupling state
due to their high oscillator strength. The maximum Raman
enhancement was obtained at the resonant energy between the
hybrid states and the excitation (Figure 10c).” The Raman
enhancement in the strong coupling regime allows us to observe
the vibrational structure in the new hybridized molecule
states.”** The utilization of the polariton can be also important
for the detection of Raman enhancement and understanding of
the electronic structure under polariton formation.

SERS technology markedly advanced detection sensitivity
and product selectivity, which are pivotal in examining
electrified interfaces. The advent of SHINERS and molecule
polaritons has expanded research opportunities into electro-
chemical reactions at both the nanoscale and single-molecule
levels. These methodologies yield important insights into
reaction mechanisms, providing more precise control over the
targeted electrochemical reactions.

9. HYBRID NANOPARTICLE CATALYSTS FOR SERS

In this section, we continue the idea introduced in the previous
Section through SHINERS, that of using different materials
which combine the plasmonic properties of the coinage metals
with the catalytic properties of the transition metals of groups
8—10. The advantages of exploiting SERS for label-free
monitoring of surface-catalyzed reactions are obvious: surface
selectivity and chemical specificity with molecular information
about bonding and interactions combined with high sensitivity.
However, merging SERS with heterogeneous catalysis was not as
straightforward as it may seem today. Both usually employ
metals; however, they are typically different classes of metals:
SERS largely relies on the physical, in particular optical,
properties of the coinage metals of group 11 (Cu, Ag, Au),
whereas heterogeneous catalysis relies on the chemical proper-
ties of transition metals of groups 8 to 10 (Fe/Co/Ni, Ru/Rh,
and Os/Ir/Pt). This initial dilemma stimulated ideas on how to
introduce SERS as a powerful vibrational spectroscopic
technique into heterogeneous catalysis, an important field in
chemistry. Historically, achieving this for solid SERS substrates
by overl?rer deposition strategies was introduced by Wea-
ver”**~*** and continued by Tian with the strategy of borrowing
SERS activity.”****

We summarize in this section the development of strategies
for colloidal SERS: the design of hybrid nanoparticle catalysts
that integrate both plasmonic and catalytic properties into a
single bifunctional nanoparticle entity. To maintain a clear focus,
we restrict ourselves 2-fold: (i) Focus on hybrid systems where
there is either a chemical and/or a physical interaction between
the plasmonic and the catalytic component. (ii) Focus on SERS
as a passive spectator of chemical processes, ie., light has
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Figure 11. Surface-enhanced Raman scattering in hybrid catalysts. Four facets of bifunctional hybrid nanoparticles as hybrid catalysts for label-

free SERS.

exclusively a passive role for interrogating the chemistry using
SERS and does not itself actively promote it. In contrast, in
plasmon-induced chemistry hot carriers such as hot electrons
and hot holes are included as “reactive species” that are actively
created by light.”*’

What can be learned from applying hybrid catalysts in
combination with SERS? Figure 11 shows an overview of four
aspects that are covered in this perspective: reaction kinetics,
intermediate species, catalytic sites, and electron transfer.

Kinetic studies are helpful in evaluating the catalytic activity of
nanoparticles (NPs). This is based on the hypothesis that the
higher the chemical reactivity of a catalyst, the faster the reaction
kinetics. A widely used model reaction for assessing the catalytic
performance of metal NPs is the reduction of 4-nitrothiophenol
(4-NTP) to 4-aminothiophenol (4-ATP) since it can easily be
monitored by UV/vis absorption spectroscopy.””’ However,
only a color change from yellowish to transparent is observable.
In contrast, label-free SERS with the power of vibrational Raman
scattering can provide much richer chemical information about
functional groups and their interaction with the surface of the
catalyst. Replacing oxygen by sulfur for chemisorption to the
surface of the hybrid catalyst enabled label-free SERS
monitoring of the 4-NTP to 4-ATP reduction. The report on
label-free SERS monitoring of the 4-NTP to 4-ATP conversion
employed Au/Pt/Au nanoraspberries as a hybrid NP catalyst:

Au core and protuberances for SERS and a Pt shell for
catalysis.”>" Due to the direct contact between Au core, Pt shell,
and Au protuberances, there is both a chemical interaction
between the two metals (charge transfer) and a physical
interaction between gold core and protuberances, in which the
large plasmonically active gold core borrows plasmonic activity
to the small gold protuberance with low intrinsic plasmonic
activity (plasmonic coupling). In this proof-of-concept study,
both the educt (4-NTP) and product (4-ATP) were
characterized by SERS. At low concentrations of the reducing
agent sodium boron hydride (NaBH4), the formation of the
photoproduct dimercaptoazobenzene (DMAB) by reductive
coupling can be observed. However, with increasing NaBH,
concentration, the rate of the 4-NTP to 4-ATP conversion is
increased such that the formation of the photoproduct is
minimized. In the next step, to avoid the formation of the
photoproduct DMAB, a different design was employed for the
hybrid nanocatalyst: Au/Au superstructures comprising a large
Au core that is isolated by a thin dielectric silica shell.”** After
the thiol functionalization of the silica shell with MPTMS, small
Au satellites were assembled onto the core. Thus, the chemical
interaction between core and satellites was minimized, while the
physical interaction via plasmonic coupling still exists and is
required for obtaining high SERS enhancements for 4-NTP/4-
ATP chemisorbed on the small satellites. Control experiments
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demonstrated that this electric insulation of the catalytically
active satellites from the plasmonically active core avoids
formation of the photoproduct DMAB. The 4-NTP to 4-ATP
reduction kinetics occurred on a time scale of 1—3 h and thus
could be conveniently observed in conventional cuvette
experiments. Smaller S nm Au satellites led to faster reaction
kinetics compared with larger 10 nm Au satellites due to their
larger catalytic activity. In contrast, the reduction kinetics for
Au/Pt/Au nanoraspberries from the proof-of-concept study””"
was too fast to be observed in conventional cuvette experiments
due to the exceptional catalytic activity of the Pt shell
Continuous (or stopped) flow methods are routine methods
in chemical reaction kinetics on the macroscale. Applying them
to kinetic SERS monitoring of the 4-NTP to 4-ATP reduction
required some adaptations. To this end, a microfluidic reactor
for rapid mixing of the reactants 4-NTP@Au/Pt/Au protuber-
ances and NaBH, with the ability for subsequent label-free
kinetic SERS monitoring using confocal Raman microscopy was
designed and built.”*® In addition to increasing the temporal
resolution down to the millisecond regime, this microfluidic
approach has two advantages: (i) it avoids the formation of the
photoproduct by quickly removing the reactants out of the laser
spot of the confocal Raman microscope, and (ii) it enables the
recording of SERS spectra at defined reaction times with a high
signal-to-noise ratio since measurement times are only limited
by the available amount of reactants.

The concept of core/satellite superstructures as hybrid
catalysts for SERS***>* was soon recognized to be generic
because the catalytic activity can easily be modified and
controlled by using other metal NPs as satellites. This is highly
relevant because it avoids the former intrinsic limitation of SERS
to plasmonically active coinage metals Ag, Au, and Cu. It also
soon became clear that it is necessary to go beyond the 4-NTP to
4-ATP model reaction for additionally demonstrating the variety
of molecules and reactions that can be studied by hybrid NP
catalysts and SERS. Many important reactions are catalyzed by
transition metals, such as Pt and Pd. The Pd-catalyzed Suzuki-
Miyaura reaction, a C—C cross-coupling reaction, is such an
important reaction in metallorganic chemistry and therefore was
a nice example for being studied with SERS.”**

The identification of reaction intermediates is important,
because it is a necessary requirement for resolving the
underlying reaction mechanism. The examples in this paragraph
are reactions that are highly important in the field of chemical
energy conversion: water splitting for hydrogen production
(oxygen and hydrogen evolution reaction, HER/OER) and the
inverse process of using hydrogen as a fuel in fuel cells (oxygen
reduction reaction, ORR). An early study on identifying
intermediates in water splitting by SERS used the following
hybrid catalyst: a monolayer of anatase TiO, nanoplates
decorated with Pt cocatalyst nanoparticles and silver nano-
particles protected by a thin layer of alumina prepared by atomic
layer deposition to prevent charge transfer between Ag and the
reaction system. Peroxo, hydroperoxo, and hydroxo surface
intermediate species could be identified by SERS.””” Subsequent
studies by other groups adopted the core/satellite approach
introduced above, again by using a shell-isolated core and
catalytically active satellites.””” Specifically, small 2.5 nm RuNP
satellites were assembled on a large 55 nm Au core, enabling
label-free SERS detection of adsorbed hydrogen (*H) and
adsorbed OH species (*OH). The inverse reaction of water
formation in fuel cells, specifically ORR, was also studied by
SERS. Again, the hybrid catalyst was a core/satellite system

comprising small catalytically active Pt;Co satellites.”*® Bridge
adsorbed oxygen (b-O,*) and *OOH reactant intermediates on
Pt sites were both directly detected in acidic and basic solutions,
while adsorbed *OH was detected on Co sites in a basic
solution. Two other important reactions, in which satellite
hybrid NP catalysts were employed, are highlighted here. The
first one is CO oxidation. By using a plasmonically active gold
core and either monometallic Pd or bimetallic PtFe as satellites
in conjunction with SERS, active species, such as surface oxides,
superoxide/7peroxides, and Pd—C/Pt—C bonds were directly
observed.”®” The last example is the Ni-catalyzed Ullmann cross
coupling reaction, for which the intermediate dehalogenated aryl
compound was detected by SERS using gold core/NiNP
satellites as hybrid NP catalyst.”*®

Due to its surface selectivity, SERS enables not only the
detection of intermediate species but also the identification of
catalytic sites. In this section, we highlight three types of
reactions: OER* and ORR,*® which were studied by SERS
using the core/satellite hybrid NP catalyst approach, as well as
the 4-NTP model reaction that was studied by SERS using
conventional core/shell NP.”°" In OER, by using Ni;FeO, NPs
as catalytically active satellites, a dual Fe and Ni site was
identified by SERS as the catalytic site.”>” In ORR, by employing
small AuCu bimetallic NPs as catalytically active satellites in
conjunction with a large gold core, ordered sites were found to
be more beneficial due to their lower affinity to adsorbed OH.**’
Finally, in the 4-NTP to 4-ATP conversion, single Pd atoms
were identified as the catalytic site on an Au core with a TiO,
shell.***

In the section on kinetic studies, the chemical interaction
between the two metals was mentioned; however, no
experimental evidence or even quantitative results were
presented. This is the topic of the fourth aspect highlighted
here: electron transfer (cf. Figure 11). Generally speaking, the
electronic structure of the catalyst is very important. In hybrid
NP-based catalysis, there is the opportunity to combine two or
more metals into a single entity with properties different from
those of the isolated metal NPs. In the examples of core/satellite
hybrid NP catalysts discussed above, the core was intentionally
isolated from the satellites by a thin dielectric shell for a clear
separation of labor: the small satellites are responsible for
catalytic activity, while a large plasmonically active core is
required for SERS detection. The thin dielectric shell avoids
chemical interactions between the two and prevents molecules
from being adsorbed on the core. We highlight here that the
chemical interaction between the core and the satellites indeed
provides many opportunities. Upon contact between the
satellites and the core, contact electrification occurs, which
shifts the Fermi level, in particular, that of the catalytically active
satellites. Thus, contact electrification as a purely physical
phenomenon directly leads to an altered chemical reactivity. The
concept of contact electrification-controlled chemical reactivity
was demonstrated for Au core/Pd satellites using the C—N triple
bond stretching vibration of an isocyanide as a potential-
sensitive vibrational probe in conjunction with electrochemical
SERS as a reference method.”®> Two different core/satellite
particle systems were employed: a gold core with a thin silica
shell and either gold or silver NP satellites. Both types are
characterized by SERS and XPS experiments as well as
supporting DFT calculations, indicating the transfer of electrons
from Pt to Au and from Ag to Pt. This charge transfer leads to
different overall catalytic activities in HER, where protons must
approach the catalyst surface for reduction to hydrogen: in the
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case of the Ag core/Pt satellite particle, the HER activity is
increased due to the higher electrostatic attraction of the
protons, while for the Au core/Pt satellite particle, the opposite
is observed.

In summary, the combination of core/satellite hybrid NP
catalysts in conjunction with SERS as a powerful analytical
technique offers kinetic monitoring of surface-catalyzed
reactions and the identification of intermediates and catalytic
sites. Contact electrification adds another dimension of control
over the catalytic reactivity by tuning the Fermi level of the metal
catalyst.

10. SERS IN DIELECTRIC/SEMICONDUCTOR
PHOTOCATALYSTS

Expanding on the previous Section of hybrid catalysts, here we
focus exclusively on dielectric and semiconductor materials,
without a plasmonic metal. Dielectrics and semiconductors play
a fundamental role in photocatalytic processes, where they can
act either as supports for metallic centers, directly as catalysts, or
both. Obtaining direct information about the processes
occurring on the surface of photocatalysts and studying their
structure and evolution under real operating conditions is
extremely important for understanding the reaction mechanisms
and enabling rational design of catalysts. Surface-enhanced
Raman spectroscopy can be very useful in this regard and is the
subject of intense research activity.'**>%*** However, the use of
plasmonic metals can significantly perturb the reactivity of the
investigated system because of the generation of hot electrons

and localized heat resulting from ohmic losses, which can
produce undesired byproducts or alter the course of the
reaction.”***®> Dielectrics or semiconductors can overcome
these limitations, especially if the enhancement of the Raman
signal is achieved through the exploitation of phenomena such as
total reflection, multiple scattering, and morphological optical
resonances (Mie modes), which have the overall effect of
multiplying the optical path length of light and, consequently,
the number of Raman photons, without concentratin§ the
electromagnetic field directly on the target molecules.”*® An
example of these systems is represented by the so-called “T-rex,”
which are core/shell structures of SiO,/TiO, or hollow TiO,
nanoshells that have allowed monitoring the progress of
different reactions,””>*’ included the photodegradation of
organic pollutants (Figure 12).””% The main advantage of these
systems is that they can be prepared as individual microspheres
with sizes commensurate with the beam size of a Raman
microscope. Thus, it is possible to draw a quantitative
comparison between the photodegradation processes of differ-
ent molecules using the same colloidal platform and study the
behavior of a reaction in multiple photocatalytic cycles,
exploiting the possibility of cleaning the TiO, surface through
UV-ozone cleaning or thermal treatment. T-rex structures also
enable the detection of adsorbed gases (N,, CO,, CO, O,, NO,,
etc.) on the titania surface with extreme sensitivity””' and can be
used for multimodal detection of chemical reaction products,
using them as active substrates for MALDI-MS and Raman,
without the need for organic ionization matrices.”’> Another
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example of dielectric substrates used for multimodal monitoring
of catalytic reactions is represented by SiO,/ZrO, core/shell
structures (ZORRO).273 These microresonators present WGM
modes that can be directly observed in the spectral output of a
Raman measurement. The high sensitivity of WGM modes to
the presence of adsorbed molecules on the surface has allowed
monitoring of the effectiveness of functionalization processes
and the anchoring of azo-dyes inside molecular receptors, with
sensitivity in the order of attomoles. In perspective, these
strategies, which combine Raman molecular identification with
optical sensing, could enable precise characterization of active
sites and accurate quantification of catalytic turnover under real
operating conditions. Over the last 15 years, there have been
several extensions of this type of active nonmetallic SERS
substrates based on the effective trapping of light in optical
cavities or photonic crystals, in the form of inverse macroporous
opals,””**”> yolk—shell structures of Fe;0,@CeO,,””® ZnO
spheres,277 SiNWs,>”® and even chiral carbon nanotubes loaded
with TiO,.””* Tittl and co-workers”* recently demonstrated the
use of TiO, metasurfaces for all-dielectric SERS, which could
advance the investigation of photocatalytic reactions. On the
other hand, systems based on graphene, graphene oxide and
other 2D mate1‘ials,266’281 MXenes,”” MOFs,”* and sub-
stoichiometric oxides, such as W;gO,,,”** are more commonly
used to promote charge transfer-based SERS.

Moreover, Raman spectroscopy is also an important tool to
access information regarding oxygen species adsorbed on the
surface of a photocatalyst, such as superoxides, peroxides, and
hydroxyl groups, which often play a fundamental role in photo-
oxidation reactions.”*® For example, multiple scattering surfaces
of TiO, have been recently exploited to demonstrate the role of
active oxygen species in interpreting the mechanism of p-
aminothiophenol photo-oxidation in the absence of plasmon-
derived hot electrons.”*

Despite the development of numerous semiconductor-based
SERS substrates, some of which have been aplplied to achieve
self-monitoring of photocatalytic processes, *******” many
efficient photocatalytic systems are based on composites of
semiconductors and noble metals. This is because such
composite systems, due to the presence of Mott—Shottky
junctions, facilitate the separation of photogenerated charge
carriers more effectively. Under illumination, both metals and
semiconductors can be excited. Optimizing the separation
efficiency, as well as rational control of the migration direction of
photogenerated charge carriers, is crucial for improving
efficiency and selectivity. However, most designs of metal—
semiconductor systems are based on trial-and-error methods
and often yield unsatisfactory performance. Currently, there is
ample research indicating the significant advantages of SERS in
understanding the migration behavior of charge carriers between
metal—semiconductor interfaces. This advantage mainly stems
from SERS allowing for monitoring of charge carrier migration
behavior under actual reaction conditions, such as ambient
temperature and pressure in aqueous environments. This is
difficult to achieve with many conventional in situ tracking
methods. For instance, synchronous illumination X-ray photo-
electron spectroscopy requires a vacuum environment, " while
fluorescence detection requires fluorescent molecules as
probes.**’

Monitoring under reaction conditions allows researchers to
study the influence of different atmospheres, solvent conditions,
and dielectric types on charge carrier migration, including the
migration direction and distance. These studies are typically

based on core—shell systems with noble metals as the core and
dielectrics as the shell. For example, Tian et al. used the
oxidation of PATP as a model reaction, tracking SERS signals of
Au@TiO, and Au@SiO, under different atmospheres to
understand the migration behavior of photogenerated carriers
on Au, confirming that TiO, can achieve more effective carrier
extraction.'”*”" They further demonstrated the extraction of
hot electrons under aerobic conditions and hot holes under
anaerobic conditions. Furthermore, Li et al. confirmed the
migration distance of hot carriers in semiconductor shell layers
by varying the shell thickness, revealing that electrons can
migrate over 10 nm in TiO, and Cu,O shell.

On the other hand, for semiconductor-noble metal systems
combined through loading, since the noble metals are not
encapsulated, they can directly contact reactants such as gases or
liquids. Therefore, SERS can help understand the migration
trends of photogenerated charge carriers to different dielectrics
including semiconductors and reacting molecules. Camargo et
al. investigated the impact of excitation wavelength on
photogenerated carrier migration within an Au/TiO, system,
using PATP oxidation as a model reaction.””" Their findings
revealed that UV light exposure significantly enhances PATP
oxidation in the presence of TiO,, as opposed to that of pure Au
systems, resulting in PNTP formation. This enhancement is
attributed to the efficient transfer of electrons from both Au and
TiO, to O,, leading to increased superoxide radical production
and, thus, promoting PATP oxidation. Upon UV light cessation,
DMAB regeneration occurs due to PNTP’s lower molecular
energy level, facilitating the acceptance of hot electrons from Au.
Furthermore, Wang et al. studied the influence of Au size on
electron transfer efficiency to TiO,.”"” Size affects the Fermi
level position of metal nanoparticles, impacting the electronic
states of the Mott-Shottky heterojunction at the metal/
semiconductor interface. Despite this knowledge, there remains
a significant gap in understanding how size optimization can
enhance the photocatalytic activity and selectivity of metal/
semiconductor composites. They used PNTP reduction as a
model reaction, exploring the influence of size on electron
transfer kinetics and direction at the Au/TiO, interface using
SERS. By tracking and analyzing SERS spectra of Au
nanoparticles and TiO, with inverse opal photonic structures,
they revealed size-dependent unidirectional/bidirectional trans-
ter of light-induced electrons at the Au/TiO, interface. Based on
the above findings, they designed a Au/TiO, system with two
different sizes of Au nanoparticles. This design enables a
directed flow of electrons from larger Au particles to TiO,, and
subsequently to smaller Au particles, thereby enhancing the
separation efficiency of the charge carrier.

SERS has made significant progress in photocatalysis
monitoring, but current monitoring of photocatalytic reactions
generally relies on oxidation—reduction reactions involving
model molecules with specific functional groups like -SH. There
has not been a real breakthrough in detecting small molecule
reactions such as CO, reduction, water splitting, H,O, synthesis,
nitrogen fixation, and VOC degradation, despite reports based
on plasmonic systems like Ag for CO, reduction. Plasmonic
catalysis occupies a small proportion in photocatalytic systems,
requiring expanding monitoring to metal/semiconductor and
pure semiconductor systems, necessitating improved sensitivity
of semiconductors to match the activity of metal substrates
during the evolution of small molecules, such as CO,, H,0, and
O,. Recently, Ye et al. developed ZnO@ZIF-8 based on core—
shell structures,”” achieving detection of toluene based on
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nonchemical adsorption. This strategy utilizes the MOF shell to
extend the electromagnetic field enhancement region generated
on the ZnO surface, simultaneously enriching and analyzing
molecules, thus enhancing detection of volatile organic
compounds through nonchemical adsorption. This strategy
holds the promise of enabling the application of nonplasmonic
resonance substrates in catalytic monitoring in a way similar to
the SHINERs strategy.

PIERS—Monitoring Oxygen Vacancies in Semicon-
ductors. Further exploration of the metal—semiconductor
interface involves electrochemical and catalytic systems based
on defected metal oxides, where charge diffusion, injection, and
extraction are influenced by the presence of point defects, such
as oxygen vacancies and interstitial ions. Establishing a
correlation among oxygen vacancies and catalytic activity
under practical working conditions is challenging, particularly
in photocatalytic reactions where oxygen vacancies can act as
dynamic active sites on the photocatalyst surface.””* In 2016,
Ben-Jaber et al. observed a transient signal boost for various
Raman reporters, beyond that of typical SERS, induced upon
high energy UV light irradiation of metal—semiconductor
hybrid materials.””> The effect was termed as photoinduced
enhanced Raman spectroscopy, or PIERS, and it was originally
correlated with the formation of surface oxygen vacancies. The
PIERS boost would last up until surface healing in contact with
aiy 284296297

The mechanism of Raman enhancement has been closely
studied over recent years with a wide variety of scanning
probe,””® time-resolved optical and X-ray techniques.””” Despite
the popularity of band alignment arguments (MLCT/LMCT),
Simpson and co-workers showed a change in polarizability of the
surface bound analyte on irradiation, enabled by photoinduced
electron transfer, as a key factor for PIERS enhancement.*”’
Brognara et al. proposed an additional mechanism for systems
containing metal nanoparticles embedded in the semiconductor,
attributed to the narrowing of the depletion zone after UV
irradiation, with creation of Ti** defects.>* Dagdeviren et al.
studied how the dynamics of hole mi§ration are influenced by
photoinduced oxygen vacancies.”””’°" These and other
mechanistic studies have led to further work on how to optimize
the geometry and construction of PIERS substrates to best
couple the metal and semiconductor with oxygen vacancy
creation for a long lasting defected (Raman enhancing) state.

While the utility of this method for measuring trace levels of
analyte with high sensitivity is now widely recognized,’”
attention has turned to PIERS’s utility in analyzing the
semiconductor substrate itself.”*>*** The use of an analyte on
metal nanoparticles deposited on a semiconductor and probed
by PIERS enables the study of defect dynamics in a range of
different metal oxides (TiO, WO,, ZnO, SnO,, and many
others have been assessed).””®*” Glass and co-workers used
PIERS to correlate formation and lifetime of oxygen vacancy
concentrations and photocatalytic behavior of standard ZnO
thin films and TiO, nanoparticles. It was found that there was a
“goldilocks zone” where oxygen vacancies were most long-lived
and gave the highest substrate activity."’

Future studies may examine oxygen-vacancy induced material
behavior beyond catalysis, such as ferroelectric properties.”””
Major technical developments in the use of Raman spectroscopy
as an exploratory technique of catalytic systems under in situ/in
operando conditions have been reviewed recently. Beyond metal
oxides, organic semiconductors,®”® as well as MXenes**” and
metal—organic frameworks (MOFs) have also been shown to

undergo a PIERS like effect,’®® and similar enhanced Raman
approaches may well enable study of these exciting nonoxide
catalytic materials in future.

11. EMERGING TOPICS IN SERS FOR ENERGY
CONVERSION—PERSPECTIVES

In this final section, we intend to highlight emerging directions
in energy conversion for which SERS could prove a relevant tool,
from lithium-ion batteries to single atom catalysts and chiral
catalysis. Therefore, this section not only reviews the existing
literature but also addresses future perspectives for SERS in the
field of energy conversion.

11a. Machine Learning-SERS for Catalysis. Machine
learning (ML) has conquered most areas of science, offering
powerful tools for data analysis, pattern recognition, and
predictive modeling that are promising in addressing complex
scientific challenges in multiple domains.’*”~*'* For instance,
ML is utilized to predict chemical properties,*'**'* identify and
characterize (nano)materials with desired properties,*'>*'>3'¢
and optimize chemical synthesis to accelerate organic and
inorganic material discoveries for applications in energy,
catalysis, and pharmaceutics.”””*'>*'”*'® In brief, supervised
and unsupervised learning are two fundamental approaches in
ML with different techniques, goals, and prospective applica-
tions. In supervised learning, the algorithm learns from labeled
data, where each example in the training data set is associated
with an input-output variable pair and then deduces a mapping
function from the input (features) to the output (labels).
Supervised classifiers or regressors predict either a discrete label
or a continuous value. In unsupervised ML models, the
algorithm learns from unlabeled data to elucidate hidden
patterns, structures, or relationships in the data. They include
clustering, which groups similar data points; dimensionality
reduction, which reduces features while preserving important
information; and association rule learning, which discovers
relationships between variables. For catalysis, ML-driven SERS
aids in understanding 1) reaction mechanism by extracting
chemical information, 2) dynamics and kinetics by linking
chemical and temporal information, and 3) catalyst structure—
reactivity relationships using chemical and spatial information,
significantly reducing the laboratory toil hours needed for trial
and error (Figure 13). We discuss the synergistic role of ML in
these three approaches below and the ultimate goal of realizing a
predictive model to predict catalytic reactions.

Elucidating Reaction Mechanisms with SERS and Machine
Learning. SERS can be employed to elucidate reaction
mechanisms in catalysis by unraveling intricate chemical
information; however, the SERS signal is often low and noisy
due to the low abundance of chemical intermediates or products,
especiallz at the detection limits.””>*"* ML’s ability to efficiently
denoise,”*° demix,**' resolve sgectral overlaps,322 and extract
molecule-specific information’>~*** from complex multiplex
spectra, can help to automatically identify and quantify
intermediates/products in catalytic reaction mixtures and push
the limits of detection.”**™**® Critically, this fundamental
capability to analyze complex, noisy, and multiplexed SERS
spectra is central to ML’s utility in addressing the challenges in
catalytic reaction monitoring. By building a robust database
from experimental data, density functional theory, or both, we
can construct an ML model to identify rapidly and accurately
“known” and “unknown” reaction intermediates or products. In
this aspect, “known” chemical species are those whose spectra
are trained in the ML model and can be automatically classified,
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Figure 13. Machine-learning-enabled surface-enhanced Raman
scattering for catalysis: using machine learning in SERS for
predictive modeling of catalytic reactions through elucidating
reaction mechanisms, understanding reaction dynamics and
kinetics, and deducing structure—activity relationships of catalysts.

given their spectra. Such ML-driven SERS applications have
been implemented in the trace detection of ions, small
molecules, and structural analogs.322"”23’327’329’330 Besides
identifying “known” species, a hierarchal SERS-based ML
framework has been used to identify “unknown” species
whose spectra are not trained in the model and elucidate their
chemical structure.””" Such forward predictive capability in
SERS is critical for comprehensive interrogation and identi-
fication of the full panel of intermediates and products
participating in the catalytic reactions, even those we do not
anticipate to be present, to elucidate reaction mechanisms.

Understanding Reaction Dynamics and Kinetics with SERS
and Machine Learning. ML can also be used to understand
reaction dynamics and kinetics for reaction optimization by
synergizing temporal and chemical information in time-resolved
SERS spectra. SERS has been demonstrated to track the
structural evolution of surface species in real-time in milli-
second-time-resolved SERS studies of electrochemical redox
processes”~ and carbon dioxide reduction reactions on copper
electrodes.”” Moreover, cross-correlation analysis made it
possible to follow the evolution of groups of vibrational modes
belonging to a particular chemical species and even observe their
transient resonance forms.>* Evidently, time-resolved SERS of
interest to catalysis and since most of the time-resolved SERS
data can be presented in the form of colormaps, convolutional
neural networks (CNN) could be a good ML tool as they are
generally successful at image processing.”** Furthermore, ML-
SERS has the potential to monitor the reaction progress and
deduce the reaction kinetics. Recently, it was shown to
simultaneously identify eight metabolite gradients from cell
surfaces.””” This can be translated to the identifying product
mixture gradients near catalytic surfaces, and given that the rate
of diffusion of the various analytes can be calculated,
probabilistic ML models can be employed to elucidate the
reaction rates.

Structure—Activity Relationships of Catalysts with SERS
and Machine Learning. Besides spectral analysis, ML-driven
SERS/TERS can provide invaluable spatial and chemical
information about the catalytic surfaces and interfaces to unlock
structure—activity relationships and build better catalysis
materials.”**** Specifically, ML can correlate the spatial and
chemical information in SERS/TERS spectra to identify the 1)

electronic states of surface ligands, 2) physical phenomena that
affect catalyst behavior, 3) dynamic changes to the catalyst
structures and active sites, and 4) compounds that contribute to
the catalyst poisoning effect. For instance, the molecular
structure and the interface between the molecule and the
conducting lead or catalyst are critical in molecular electronics
and electrocatalysis. Fishing-mode TERS was demonstrated to
successfully probe the molecule—metal—molecule junction
during electron transport.”*® This is especially informative for
chaotropic/cosmotropic surface agents in emerging water-
splitting nanoelectrocatalysis.”> We postulate that ML can
accelerate the electron transfer rates vs. structure calculations
using TERS data as input to simultaneously provide chemical
and conductance information that can be related to the catalytic
activity. This is because ML has been demonstrated to speed up
the calculation of electron transfer,”'* hot electron lifetimes,>*
as well as the valence electron density and its relationship to the
optical properties of plasmonic structures,”*' which are
important in plasmonic catalysis. Recently, a ML framework
was developed to predict compressive strain with site-specific
precision, rationalizing how strain on Pt core—shell nano-
catalysts can enhance oxygen reduction reactions.’"? Moreover,
operando—TERS/SERS mapping can track the dynamic
compositional,”** topological,”* and structural changes*”***
to the nano/microstructure of catalytic surfaces as the reaction
progresses, including identifying local defects and observing
dynamic restructuring of surfaces. Similarly, shell-isolated
nanoparticle-enhanced Raman spectroscopy revealed the sur-
face-selectivity of hydroxide adsorbates to single crystal facets,
where Au(100) < Au(110) < Au(111), which is inversely
correlated to the oxygen reduction reaction (ORR) activity,
leading to the postulation that hydroxide ions formed on the
catalytic surface retards the ORRs.”** Incorporating ML for
rapid correlation and interpretation of TERS/SERS data in real-
time can yield the relationship between the structure—reactivity
and surface-selectivity to provide real-time feedback at every
step of the way to better guide catalyst performance
optimization.

Predictive Modeling on Catalytic Reaction Design.
Currently, a vast majority of catalysts and their reaction
performance are tested and discovered via trial-and-error
methods, which lack predictability even for domain ex-
perts.*>***** We envision that ML capable of multicorrela-
tional analysis can be trained on a variety of data, including
SERS/TERS, to build generalizable and comprehensive
predictive models for catalysis in terms of catalyst design and
reaction outcomes, including rates, yield, and selectivity. At
present, ML has achieved some success in adjacent fields to
discover catalysts or rediscover catalysts with certain composi-
tions with optimal performance. For instance, ML trained on
density functional theory data discovers that the Ni—Ni bond
length is the main descriptor linked to hydrogen evolution
reaction activity, highlighting that nonmetal dopants that induce
a chemical;pressure—like effect on the Ni;-hollow sites impact its
reactivity.’ ® Moreover, a promising ML-augmented chem-
isorption model trained on ab initio adsorption energies predicts
[100]-terminated multimetallic alloys with improved efficiency
and selectivity for CO, electrochemical reduction to C,
species.”*” Similarly, an ML model can be trained to identify
spectral features and/or anomalies using time-resolved and
operando SERS data obtained in real-time during catalytic
reactions and then rank the spectral feature in order of
importance to deduce the most essential reaction parameter
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that experimentalists should focus on optimizing. This data-
driven approach allows an objective and holistic understanding
of reaction pathways, dynamics, kinetics, and catalyst perform-
ance to facilitate high-throughput catalyst and reaction screen-
ing. Once rigorously cross-validated with new and old
experimental data from the literature, comprehensive predictive
models can be used to predict catalytic reactions.

11b. SERS for Single Atom Catalysis. Single atom
catalysts (SACs) are a class of catalytic materials that have
gained recent interest, wherein the active catalytic site is
atomically dispersed in or on a host.'’® While this definition
could also describe Bronsted acid sites in zeolites, recent interest
has primarily focused on atomically dispersed late transition
metal active sites that have historically been studied in the form
of active sites on nanoparticles and extended surfaces. The
excitement surrounding SACs derives from the potential to
maximize precious metal utilization efficiency and control
reactivity by enigineering the coordination environment of the
active site.”***"” Realizing this potential requires synthetic
approaches to control active site structures and characterization
tools that facilitate the development structure—function
relationships.”” SACs have been applied for range of chemical
conversions as thermocatalysts, photocatalysts, and electro-
catalysts, and thus the composition of SACs is variant in terms of
the active site and support.”" It is interesting to consider how
and where SERS characterization of adsorbed molecules could
contribute to the field of SACs.

For SACs consisting of precious metal active sites on oxide
supports, focus has been given to the development of
characterization tools that can detect small quantities of metallic
clusters that could drastically influence reactivity.”>>*>* SERS
could be applied using probe molecules to identify the existence
of metallic clusters and single atoms by differentiating the
vibrational fingerprints of molecules bound at these different
types of sites with different structures and oxidation states. The
challenge is the lack of electromagnetic field enhancement for
oxide-supported single metal atoms. This has been addressed by
SHINERS that contain single atom active sites localized in the
near fields of plasmonic antennas.'*®*°13%* For example, the
existence of Pd nanoparticles and/or single atoms on Pd/TiO,
catalysts (deposited on Au nanoparticles) was characterized
using phenyl isocyanide probe molecule SERS, Figure 14.
Further, this SHINERS approach was used to assess differences
in reactivity of Pd atoms and nanoparticles by in situ
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Figure 14. Surface-enhanced Raman scattering for monitoring
single atom catalysis. a) SHINERS spectra of phenyl isocyanide
(PIC) adsorbed on Pd SAs and NPs. b) Illustration of Raman studies
of the growth of Pd species from SAs to NPs. Figure reprinted with
permission from ref 261. Copyright 2021 Wiley.

measurements of the conversion of p-NTP to p-ATP.**!

Interestingly, similar nanostructures have been adopted for
plasmon photocatalysis and have been called “antenna-reactor”
photocatalysts, suggesting that SERS may be inherently
(requiring no additional material modifications) useful for
studying the structure and reactivity of such systems that contain
single atom active sites.”>”

There are classes of SACs that should be well suited for
characterization via SERS. For example, it was reported that Au
single atoms on amorphous C;N, supports can exhibit 10*
enhancements in SERS signals for adsorbed molecules, which
was attributed to the local environment enhancing the
polarizability of molecules.**® Furthermore, single atom alloys
(SAA) are a class of catalysts where late transition metal atoms
(e.g, Pd, Ni) are alloyed into coinage metals (e.g., Ag, Au, and
Cu) hosts at dilute quantities, such that the transition metals are
atomically dispersed. SAAs offer interesting reactivity and
selectivity for a wide range of reactions and inherent SERS
activity as they are typically composed of coinage metal
nanoparticles.”>’

Given the potential impact of SERS measurements for either
characterizing the structure of SAC active sites (via probe
molecule measurements) or reaction mechanisms on SACs (via
in situ studies), it is interesting to consider why this tool has not
been widely adopted. This is likely due to broad success of FTIR
spectroscopy for similar studies as could be performed with
SERS, the familiarity of the heterogeneous catalysis community
with FTIR and the applicability of FTIR based characterization
for most SACs materials (i.e, signal enhancement is not
needed).**® This suggests that SERS will most likely be used for
characterizing SACs in circumstances in which FTIR fails. SAC
applications requiring low concentration sensitivity (extremely
low metal loading catalysis or low concentration adsorbed
species),359 operation in aqueous media as is common for
electrocatalysis and environmental catalysis,***™*** and for
SACs with inherent signal enhancement seem most prime for
characterization via SERS.

11c. SERS in Photocatalysis for Sustainability. It was
recently demonstrated that plasmon-enhanced photocatalysis
can provide technologically viable solutions for a range of
important reactions, such as hydrogen production and
release,**"*> destruction of toxins,**° and decomposition of
environmentally undesirable chemicals.****%” The fundamental
reason for the advantages of this strategy is that the plasmon
excitation heats only the electrons in the system, which are
mediators of bond dissociation and associative recombination in
chemical transformations. While the highly nonequilibrium state
of hot carriers only lasts for a few picoseconds before
thermalization, resulting in heating, this time period is sufficient
for initializing the bond-transformation process in chemical
reactions.””” The recent development of the antenna-reactor
plasmonic photocatalyst provides a path for modular systematic
optimization of photocatalytic processes.’*® In the antenna-
reactor geometry, light harvesting is accomplished by a
plasmonic nanoparticle: typically a noble or simple metal with
good plasmonic properties but inert to most reactants. Through
near-field coupling to an adjacent reactor particle made of a
material with an affinity for the reaction of interest, the excited
antenna channels energy into the reactor particle, enhancing its
catalytic activity. This antenna-reactor geometry has recently
been demonstrated in highly efficient chemical reactions of
direct importance for society.364’3’65’367
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Figure 15. Surface-enhanced Raman scattering for monitoring a catalyst’s composition. a) (i) Schematic of the compositional dependence of the
Cu,Ru, photocatalyst with respect to coke resistance: pure Cu. (ii) Raman spectra of pure Cu photocatalyst at the spot of light illumination
before (black lines) and after (red lines) 2 h photocatalysis under 19.2 W-cm™> white light illumination. (iii) Schematic of the compositional
dependence of the Cu,Ru, photocatalyst with respect to coke resistance: low Ru loading. (iv) Raman spectra of Cu, g gRu, o, photocatalyst at the
spot of light illumination before (black lines) and after (red lines) 2h photocatalysis under 19.2 W-cm ™2 white light illumination. b) (i)
Schematic showing the Au plasmonic photocatalyst for the H,S dissociation reaction. (ii) Raman spectra of the catalyst bed after photocatalysis
in the sulfur-deposited area (blue) and laser-illuminated area (red). Peaks with * label is consistent with the in-plain movement of the S—$
bonds in 7-S8. A control group of catalyst that was annealed in H,S at 573 K for 60 min was also measured (green). c) (i) Transmission electron
micrograph (TEM) image of single Al NC with the native oxide layer observable around the edge of the particle. (ii) TEM image of single Al
NC@MIL-53(Al). (iii) Raman spectrum of AI@MIL-53(Al). d) (i) Schematic of graphene on a field of Pd nanocones. (ii) Raman spectra of
pristine monolayer graphene on top of Pd nanocones (black line) and bare Pd nanocones (dark yellow line). Characteristic G and 2D peaks of
graphene are observed, together with a very small D band. (iii) Raman spectra of the hydrogenated graphene on a representative spot where a

significant increase of the D band is observed. Figure adapted with permission from refs 364, 372—374. Copyright 2020 Elsevier, 2019 and 2022

American Chemical Society, 2019 The American Association for the Advancement of Science.

Most chemical reactions proceed through a variety of
intermediate steps. The optimization of a catalyst will involve
selecting the ideal catalyst for each of these steps: a difficult task.
Many of the intermediate states may be radicals or transient
negative ijon states or weakly bound species. The overall
efficiency of the catalyst determines how the intermediates
interact with the catalyst surface. Here SERS can play a crucial
role in identifying the intermediate steps, aiding in the selection
of the right catalyst for a given reaction. The catalyst does not
have to be a single substrate. In a recent experiment, we
demonstrated that a trimer, consisting of an “antenna” particle
surrounded by two reactor particles consisting of two distinct
materials, an iron and a Pd nanoparticle, provided a highly
efficient substrate for hydrogen exchange in ammonia.’*” Here
the Pd reactor provided the Hydrogen, while the Fe provided the
binding site for ammonia. This simple reaction provides direct
evidence of the importance of optimizing the catalyst for all
relevant intermediate reaction steps. SERS can play a central role
in determining these aspects of catalytic antenna-reactor design.

For chemical reactions that are highly relevant to the energy
transition and to green, decarbonization chemistry, SERS can
provide useful insight into the identification of reaction

pathways, the development or suppression of side reactions,
and the extent to which photothermal effects contribute to the
overall reactivity of a plasmonic photocatalyst for a specific
chemical reaction of interest. For example, SERS is particularly
useful in identifying reaction products in plasmonic photo-
catalysis, particularly for species that remain bound to the
photocatalyst following a chemical transformation.*®” Time-
resolved SERS can be used to study chemical reactions in real
time, to elucidate reaction mechanisms of photocatalytic
transformations on surfaces.”’” Stokes and anti-Stokes analysis
provides real-time thermometry, which, when applied to
molecules on surfaces, enables the detection of energy transfer
processes at time scales not yet achievable by other experimental
methods.””’

The most important reactions for the transition to the
Hydrogen economy involve creating Hydrogen inexpensively
from resource-abundant sources, such as methane, CO, and
H,S. These chemicals are also highly deleterious to the
environment, as potent greenhouse gases. Plasmonic photo-
catalysts offer a path toward cheap Hydrogen, using high-
efficiency light sources (such as light-emitting diodes, LEDs) as
opposed to fossil fuels for thermal reactions at high temper-
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atures.”””*”® For these three molecules, the catalyst design
involves some specific challenges. Both carbon and sulfur can
bind to the reactive surfaces, polymerizing and poisoning (S) or
coking (C) the catalyst surface, preventing the catalytic process
from proceeding. In the development of an optimized catalyst
for these reactions, it is crucial to monitor the presence of these
types of impurities. SERS has been successfully used in several
applications involving these reactions. In methane dry
reforming, SERS was used to quantify the degree of coking on
catalysts of various compositions, leading to the conclusion that
the optimal stoichiometry of the catalyst involves single-atom
reactive sites (Figure 15a).*** SERS was also used to identify the
reaction mechanism in a recent photocatalytic decomposition of
H,S for Hydrogen production (Figure 15b).**” SERS can also be
used to verify the composition and integrity of the catalyst. In a
recent study of the catalysis promotion properties of a metal—
organic framework (MOF) grown on a plasmonic Al nanocrystal
antenna, SERS was used to accomplish this goal (Figure 15¢).””*
Finally, we highlight the use of SERS in identifying the outcome
of a plasmon-induced chemical reaction: the hydrogenation of
graphene (Figure 15d).””” This is an important step in the
development of graphene as an electronic material. The
hydrogenation of graphene introduces a bandgap, requisite for
device functionalities. Changes in the Raman signature of
graphene before and after hydrogenation provide a clear
signature of this chemical transformation.

A less commonly used variant of SERS is surface-enhanced
coherent antistokes Raman spectroscopy. With an intensity
scaling as |EI® of the local field enhancement, a properly designed
substrate can easily provide single-molecule sensitivity, even for
nonresonant molecules.””® This approach would be ideal for
studying chemical reactions at the single-molecule level,
allowing for intermediate steps and conformational changes as
reactions progress, driven by incident light or temperature.

Finally, we note that SERS may not be a nonperturbative
probe of adsorbate molecules in photocatalysis or as a general
approach for chemical sensing. As is well-known, plasmon
excitation results in hot carrier generation.”*” These hot carriers
can chemically modify the analyte. For instance, hot carriers can
incite vibrational pumping,377 leading to an artificially enhanced
effective temperature of the adsorbate. Hot carriers can transfer
into the analyte/adsorbate and induce chemical transforma-
tions, which could drastically change the cross section of the
various vibrational modes. The magnitude of these changes
could be quite large and would be physically indistinguishable
from the “chemical effect” discussed in previous studies. Hot
carriers can also desorb the analyte, resulting in lower analyte
concentrations at the surface and thus a reduced SERS signal
compared with the results obtained under passive (non-
plasmonic) illumination conditions.

11d. SERS in Batteries: Operando Monitoring and
Reactions at Interfaces. The control/taming of interfaces and
of electrode/electrolyte interfacial processes in electrochemical
energy storage devices is key to the development of new-
generation batteries (Li-ion (LIB) but also Na-ion (NIB),
aqueous Zn-ion, Li-metal, Li—air, Li—S, All-solid-state, etc.).
The operation and performance of LIB relies on the formation of
stable semipassive layers on the surface of the electrodes upon
contact/polarization with anhydrous organic electrolytes. The
high voltage operation of LIB, ca. 4.5 V, beyond the stability
window of the electrolyte, triggers oxidative and reductive
decomposition reactions of the electrolyte components (organic
carbonate solvent mixture and LiPFg salt) at the electrodes

surface. This results in surface precipitation as a multilayer
inorganic/organic film with components randomly distributed
over the surface (“mosaic” model’”®), the so-called solid
electrolyte interphase (SEI), which acts as an effective barrier
to the electron transfer to the electrolyte. The characterization of
the SEI (ex situ, in situ, operando) has been the focus of intense
research efforts’””** because its structure, composition and
formation/dissolution dynamics are strongly dependent on the
electrode material, on the electrolyte, and on the operating
voltage of the electrode. The Raman characterization of the thin
battery interfaces under LIB cycling conditions has been
achieved first on silver’®*** and gold****** electrodes, then
using various SERS configurations.”****'® Although various
interfacial events have been captured with SERS (e.g,, electric
double layer (EDL) formation, Li accumulation, Li (de)-
solvation®****” or formation and dissolution of species®®), the
demonstration of operando SHINERS in 2014°°%**” to assess
compositional SEI dynamics was a game changer, both in terms
of chemical inertia and tunable sensitivity under the
experimental conditions specific to LIB operation. Since then,
only a handful of studies have been conducted on both negative
and positive electrodes,””* ™" the operando monitoring of thin
and buried interfaces in LIB systems being particularly
challenging.

As for any other operando experiment, the main concerns
regarding the use of enhanced Raman (ER) for the character-
ization of interfacial processes are (i) the implementation under
realistic conditions, i.e., as close to actual battery systems, (ii) the
possible interference of the ER platform with the studied
systems (photothermal damages, chemical interferences), and
the translation of the Raman signature into chemical
information especially at thick multilayer interfaces whose
structure evolves with time.

Strategies for “unburying” interfaces in LIBs (i.e., to increase
the ER sensitivity) while maintaining realistic operating
conditions need to be pursued. The design of the spectro-
electrochemical cell is of paramount importance in LIBs as the
ratio of electrolyte volume to electrode area (ie., flooding
factor) is known to impact dramatically affect the very nature
and extent of the interfacial processes.””” Successful SHINERS
studies have been reported in small volume cells both on the
back (window) side®””***~**® and on the front (separator) side
of the electrode®*****>*% on relatively flat electrodes (thin
films or flattened composites). Interfaces can also be virtually
unburied, by boosting the signal intensity originating from the
interface while minimizing the Raman signal of the underlying
electrode material (high Raman cross-section materials such as
graphite, amorphous carbon, or TMOs) and most importantly
the fluorescence background signal of the LIB baseline
electrolyte (e.g, 1 M LiPF, salt in organic carbonate solvent
mixtures). To this aim, near-infrared (NIR) excitations (785
nm)**>**33% should be combined with aggregates of SHIN's on
the electrode surface to create a large number of hot-spots.*””
Suitable NIR plasmonic resonators (large anisotropic SHINs
with sharp tips, e.g, bipyramids'”’) and optimized SHIN
deposition processes (wet™”'#"> or dry*”*) may be desirable to
achieve higher sensitivities. It has not yet been established
whether mixing SHINs with the electrode slurry (carbon
conducting agent, polymeric binder, and active material) would
be beneficial on composites. Methods that can be applied to
powders of active materials®®® without additives should also be
pursued.
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Due to the multilayer structure of the SEI and its thickness,
which is comparable to SHIN dimensions, SEI components
cannot be resolved across the SEI, unless SHINERS is combined
with SERS (see depth-sensitive plasmon-enhanced Raman
spectroscopy DS-PERS™®). Post mortem analyses of cycled
electrodes have revealed SHINGs either floating-like on the SEI or
embedded within thick SEIs,*”” challenging the interpretation of
real-time analyses of SEI composition and of its evolution upon
cycling. Importantly, extinction of the SHINERS signature can
be observed when thick SEI developed (e.g., Sn in contact with
EC, EMC LiPFs**®) and may deserve further attention.
Although a detailed composition of the SEI with SHINERS
seems difficult to establish, its application for the detection of
specifics events is still relevant (e.g, formation of soluble
compounds,”” reduction mechanism related to electrolyte
additives®”****). For an unbiased interpretation of the interfacial
signatures, the systematic use of chemometrics (e.g., principal
component analysis (PCA)) on large data sets as well as spectral
databases of synthetic analogues of (in)organic SEI components
should be privileged to avoid the propagation of misconceptions
in the field (see the SEI identity crisis related to LEMC and
LEDC components®”**"”).

As mentioned above, the SEI chemistry is strongly material
dependent (very distinct dynamics of SEI compositions®”> have
been observed on gold and tin electrodes decorated with Au@
SiO, SHIN), but the actual SHIN chemical inertia under LIB
conditions especially during long-term cycling, is a recurring
question that has not yet been fully addressed. Dissolution of
silica can be expected in the LIB baseline electrolyte especially at
elevated temperatures,"*”**" due to the generation of HF upon
decomposition of the PF4~ salt anion. The possible reactivity at
very negative polarization of the SHIN in intimate contact with

the electrode (despite the high contact resistance), is also a
recurring question as SiO, is known to be as an efficient
alternative to the silicon electrode in LIB.***

Finally, the liquid electrolytes used in LIB are not only highly
volatile but also air- and water-sensitive and prone to beam
damage (photothermal degradation), causing artificial SEI on
the electrode surface, especially at hot-spots. The combined
effect of illumination and electrical polarization at large negative
or positive potentials may further enhance this process. Methods
to control of beam damage (e.g., scanning beam®”?) should be
developed, and dose thresholds of LIB electrolytes established.

The development of SHINERS applied to the character-
ization of LIB interface is still at its infancy, and the possible
interference of the SHINERS probe (SHIN stability in LIB
conditions, beam damage at the electrolyte/electrode interface)
remains to be addressed especially in long operando experi-
ments. The second major challenge concerns the interpretation
of the SHINER signatures given the complicated and evolving
structure of the SEI (mosaic, multilayer structure) and the
comparable dimensions of the SHIN (or SHIN aggregates) and
the lack of spectral database for the (in)organic components of
the SEI (Figure 16). There is no doubt that SHINERS will
continue to grow in the coming years together with other
operando tools, studies coupling optical fibers****** with
SHINERS to access operando characterization of real battery
packs (pouch cells) or coupling SHINERS with complementary
analytical techniques (electrogravimetry,”® microscopy**) for
accurate interfacial depiction or for rapid SEI composition
screening”® can be expected.

11e. Chiral Catalysis Monitored by SERS. Precise control
and accurate monitoring of molecular stereochemistry during a
chemical reaction are of paramount importance, particularly in
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Figure 17. Examples of enantiosensitive SERS techniques and enantioselective photocatalytic strategies. a) Principle of an inspector recognition
mechanism (IRM) implemented on a SERS chiral imprinted platform. Filled cavities block the inspector to access the Raman reporter on the
substrate.*'' b) (Left) Schematic description of plasmon-active SERS substrates with coupled chiral active shuriken and cluster-like Ag layer,
which exploits the interaction between near-chiral field and molecule for differentiating the enantiomers. (Right) Example of enantiomers
content determination in L/D-cysteine mixtures using measurements on LH- and RH-S3/Ag SERS substrates, contrasted with the known
concentrations in the sample.*'” ¢) (Left) Using CPL and chiral plasmonic nanoparticles to enantioselectively initiate the homolysis of a chiral
organic probe (alkoxyamines) and the formation of radicals (Left, bottom). (Right) normalized reaction rate constants, obtained via utilization
of L- or R-AuNPs, L- or R-light polarization (or nonpolarized light, labeled “0”), and different organic probes (with “0” labeling samples with
negligible optical activity.*”” d) (Top) Schematic diagram of the enantiselective optical trapping combining coaxial plasmonic apertures and
CPL. (Bottom) Trapping potentials for the enantiomers in a cavity under light-handed CPL.** e) (Left) Schematic illustration of the
photocyclodimerization of 2-anthracenecarboxylic acid mediated by metal NHs. (Right) HRTEM images of the surface of LH-AgNHs and RH-
AgNHs with a pitch of ~5 nm, with colored dot overlay indicating the wavelike chiral lattices affecting the dimerization.*>> Adapted or
reproduced with permissions from ref 411, Copyright 2022 Springer Nature under a Creative Commons CC BY license; ref 412, Copyright
2023 The Authors, Royal Society of Chemistry under a Creative Commons CC BY license; ref 427, Copyright 2023 American Chemical Society
under a Creative Commons CC BY license; ref 429, Copyright 2016 American Chemical Society; and ref 432, Copyright 2020 Springer Nature.

organic chemistry and drug development. This becomes crucial for its exceptional sensitivity and selectivity, SERS offers a
when handling chiral compounds within a biological or medical versatile platform that can be effectively utilized for enantio-
framework because different enantiomers of the same meric discrimination. This is often achieved by using plasmonic
compound may exhibit completely different effects within an substrates decorated with chiral molecules, which act as
organism, often with one enantiomer being curative and the enantioselective sites.*”” However, ongoing research has
other extremely toxic. These effects are directly connected to the demonstrated enantiomeric discrimination without chiral
homochiral properties inherent in most biomolecules that are molecular linkers, e.g., using tailored substrates with enantiose-
crucial for life on our planet. In this context, enantioselective lective adsorption (Figure 17a),"'*'" or analyzing the distinct
catalysis is required to synthesize compounds with the required optical response of molecules under plasmonic near-fields with
handedness as well as having reliable and sensitive techniques to strong optical chirality (Figure 17b).*'**'* The former of the
monitor the enantiomeric ratio of products in a reaction. For the two requirements listed above, ie., controlling the stereo-
latter purpose, SERS emerges as a promising avenue. Renowned chemistry of products, simply invokes the study of asymmetric
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synthesis, a rich field of research using different types of catalysts
to constrain the synthesis at the molecular scale to achieve
enantioselectivity.” * In search for more general techniques to
drive enantioselectivity, researchers have appealed to using
circularly polarized light to photocatalyze the reaction, in a way
that preferentially excites one reaction path to—or from, in
enantioselective photodegradation—one of the enantiomers.*"
Given that SERS requires the contribution from plasmonic
nanomaterials, its application in photocatalysis naturally invites
us to focus on the plasmonic material as a contributor to the
photoreaction, a topic of great current interest.*'°

Whereas examples of chiral light-driven reactions have been
reported for over a century,”  research in asymmetric
photocatalysis has seen significant progress during the past few
decades, leading to large values of enantiomeric excess. 8419
However, achieving such a high yield for a wide range of
reactions is a pending challenge because of the relatively small
circular dichroism (CD) of molecules. Molecular CD is
fundamentally small because of the significant difference in
spatial scales between the wavelength of absorbed light and the
chiral stereochemistry of the molecules. In contrast, large CD
values can be obtained with nanophotonic systems, including
plasmonic nanostructures, because their geometry can be
tailored to showcase strong chiral asymmetry at wavelengths
in and above the UV range,"”’ and especially strong when
considering in-plane 2D chirality of metasurfaces.”*' Interest-
ingly, an emerging path for creating chiral plasmonic
nanostructures parallels enantioselective photocatalysis, in that
it has been shown that circularly polarized light (CPL) can
develop chiral features in originally achiral systems through
photocatalytic growth.””””*** One can in principle see
plasmonic nanostructures as having three major features of
interest for chiral photocatalysis: they work as photocatalysts
and photosensitizers exploiting their strong coupling with light;
the tunability of their plasmon resonances offers an extra degree
of control over their chiral response, and they can enable
operando monitoring of the reaction as SERS platforms.
However, there is a critical gap between a plasmonic
photocatalyst being chiral, thus sensitive to the polarization of
incident CPL,*** and offering reaction enantioselectivity,
because the interaction between a plasmonic resonator and a
nearby molecule is local and can therefore be “blind” to the
overall chiral response of the nanostructure.

Extending bridges across this gap holds great scientific and
technological interest, presenting an invitation that is being met
by a variety of strategies to engineer intermediate-scale systems
to connect incident CPL with chirality at the molecular scale in a
causal cascade.””® Recent explorations of this idea include an
experimental study demonstrating asymmetric homolysis using
CPL and chiral plasmonic NCs, uncovered by the systematic
evaluation of the interplay between the handedness of molecular
sample, plasmonic NCs, and CPL (see Figure 17¢).*” Another
family of approaches use superchiral fields to manipulate
molecules in an enantioselective manner, either to preferentially
excite one enantiomer,”” or to induce enantioselective optical
trapping—using nonchiral cavities excited with CPL to create
chiral cavity modes that preferentially trap one enantiomer—to
then optically drive the evolution of the reaction inside the cavity
(Figure 17d).**"=*" Other relevant works exploit plasmonic
modes of colloidal nanoparticles, both chiral and nonchiral. In
an example of the former, a study found that chiral gold helices
induce enantioselective molecular dimerization, attributing this
effect to the chiral arrangement of the metal surface atoms

AB

(Figure 17e).*** Using nonchiral colloidal plasmonic systems, it
has been shown that aggregated Ag NPs can induce chiral
NaClO; crystal growth under CPL illumination.*”® Other
perspectives include the possibility of leveraging the phenom-
enon of chirality induced spin selectivity (CISS) to affect
injection rates of spin-polarized electrons into different
molecular enantiomers or driving enantioselective polymer-
ization of achiral monomers.**** Overall, enantioselective
photocatalysis using plasmonic nanostructures is a relatively
young area of research that is explored with a combination of
great expectation and cautious skepticism, in recognition of both
its potential and the challenges it poses. Progress on techniques
to monitor the enantiomeric composition of products obtained
with a photocatalyst can clarify aspects of the mechanisms
driving the reaction and identify avenues to improve upon them.
It may be of special interest to develop real-time monitoring of
enantiomer production/destruction with SERS substrates
integrated with the photocatalysts, allowing to analyze the
reaction dynamics and, e.g., discriminate between nonenantio-
selective processes and enantioselective processes that undergo
subsequent racemization.

12. CONCLUSIONS

In catalytic processes, the journey toward operando spectros-
copy began long before the advent of SERS, primarily driven by
techniques like IR spectroscopy with its larger cross sections
compared to Raman spectroscopy. However, the discovery of
SERS marked a shift, enabling insights into chemical reactions
through the analysis of SERS spectra, including even the
observation of single-molecule reactivity. This breakthrough has
contributed to our understanding of kinetics, reactivity, and
active sites across photocatalysis, thermal catalysis, electro-
catalysis and photoelectrocatalysis, fostering the design of
materials to enhance chemical transformations and energy
conversion. We have tried to summarize in this focus review
article the impact of SERS in the fields of catalysis and energy
conversion over the last 50 years.

Looking ahead, the future of SERS in catalysis holds
significant promise. From harnessing machine learning to
exploiting single-atom catalysts, advancing the development of
batteries, and enabling chiral catalysis, SERS presents many
opportunities. We have dedicated the last part of this Focus
Review article to discussing these emerging applications in more
detail. We stand at the threshold of an era for SERS, poised to
unlock its full potential in the upcoming decades. SERS has
firmly established itself as a sensitive and valuable analytical tool
in materials science for scrutinizing chemical transformations
and energy dynamics.

Nonetheless, for all of its potential, SERS also possesses some
challenges that need to be addressed to make it part of standard
industrial catalytic processes. Precisely because of the high
sensitivity of SERS, it is prone to molecular contaminants, and
one must be extremely careful in assigning the observed Raman
peaks, including their exact intensities as well as their band
positions and widths, to reaction intermediates or products. As
possible solutions for the future, we highlight the use of more
advanced theoretical tools for calculating the Raman tensor of
adsorbed molecules and possible reaction intermediates or
products. More recent approaches involve using machine
learning tools for spectral deconvolution, denoising, and
automatic identification or validation of molecules. Another
hurdle that SERS needs to surpass is to move away from being a
purely research tool toward becoming an industrially applied
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tool. For this, SERS must be applied in relevant catalytic or
energy-conversion systems under true operando conditions
thereby not only working on “test” systems with well-defined
and known behavior and properties, such as the reduction
reaction of 4-NTP. For example, gas-phase reactions or high
temperature and/or pressure reactions represent big milestones
for the field. These areas pose significant challenges, but
overcoming them could elevate the role of SERS in catalysis and
energy research. Addressing these challenges could substantially
enhance the practical applications of SERS, driving advance-
ments in both fundamental research and industrial processes.
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VOCABULARY

Localized surface plasmon resonance:the collective oscillation of
the free metal electrons when metal nanostructures of roughly
100 nm or less are irradiated with a specific light energy; Surface
enhanced Raman spectroscopy:the enhancement of the Raman
signal emitted by molecules adsorbed on metal surfaces due to
the excitation of surface plasmon resonances and the subsequent
enhancement of the local electromagnetic field; Catalysis:the
increase in rate of a chemical reaction due to an added substance
known as a catalyst; Dielectric medium:an electrical insulator
that can be polarized by an applied electric field; Energy
conversion and energy storage:Energy conversion represents the
conversion of one form of energy into another (for example
photons into electrons) while energy storage represents the
storage of energy in different forms, such as chemical energy or
thermal energy.
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