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CONSPECTUS: Hot carriers are highly energetic species that can perform a large spectrum
of chemical reactions. They are generated on the surfaces of nanostructures via direct
interband, phonon-assisted intraband, and geometry-assisted decay of localized surface
plasmon resonances (LSPRs), which are coherent oscillations of conductive electrons. LSPRs
can be induced on the surface of noble metal (Ag or Au) nanostructures by illuminating the
surfaces with electromagnetic irradiation. These noble metals can be coupled with catalytic
metals, such as Pt, Pd, and Ru, to develop bimetallic nanostructures with unique catalytic
activities. The plasmon-driven catalysis on bimetallic nanostructures is light-driven, which
essentially enables green chemistry in organic synthesis. During the past decade, surface-
enhanced Raman spectroscopy (SERS) has been actively utilized to study the mechanisms of
plasmon-driven reactions on mono- and bimetallic nanostructures. SERS has provided a
wealth of knowledge about the mechanisms of numerous plasmon-driven redox, coupling,
and scissoring reactions. However, the nanoscale catalytic properties of both mono- and bimetallic nanostructures as well as the
underlying physical cause of their catalytic reactivity and selectivity remained unclear for decades.
In this Account, we focus on the most recent findings reported by our and other research groups that shed light on the nanoscale
properties of mono- and bimetallic nanostructures. This information was revealed by tip-enhanced Raman spectroscopy (TERS), a
modern analytical technique that has single-molecule sensitivity and subnanometer spatial resolution. TERS findings have shown
that plasmonic reactivity and the selectivity of bimetallic nanostructures are governed by the nature of the catalytic metal and the
strength of the rectified electric field on their surfaces. TERS has also revealed that the catalytic properties of bimetallic
nanostructures directly depend on the interplay between the catalytic and plasmonic metals. We anticipate that these findings will be
used to tailor synthetic approaches that are used to fabricate novel nanostructures with desired catalytic properties. The experimental
and theoretical results discussed in this Account will facilitate a better understanding of TERS and explain artifacts that could be
encountered upon TERS imaging of a large variety of samples. Consequently, plasmon-driven chemistry should be considered as an
essential part of near-field microscopy.
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1. INTRODUCTION
Illumination of noble metal nanostructures (NMNS) with
electromagnetic radiation induces collective oscillations of
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conductive electrons on their surfaces.5,6 These collective
electron oscillations are called localized surface plasmon
resonances (LSPRs). LSPR energies depend on the nanoparticle
size, shape, and material as well as the local dielectric
environment.7 LSPRs drastically enhance the local electric
field (E) near metallic nanoparticles, up to 100−1000 times the
incident electric field (E0), leading to enhancement of Raman
signals by up to 108.8 This physical phenomenon is the
underlying principle of surface-enhanced Raman scattering
(SERS).9 The broad tunability of LSPRs across the visible region
of the electromagnetic spectrum facilitates the manufacture of
highly efficient SERS substrates that are capable of single-
molecule detection.10 It should be noted that in addition to the
electromagnetic enhancement, charge transfer between molec-
ular analytes and the metal surface,7,8 which is also known as
chemical enhancement, contributes to the overall signal
enhancement observed in SERS. The charge transfer contribu-
tion remains a subject of active discussion. Nevertheless, an
elegant experiment performed by the Van Duyne and Schatz
groups suggested that chemical enhancement adds only a factor
of 10 to the reported 108-fold enhancement.11 Thus, charge
transfer is likely to be a minor contributor to the SERS
phenomenon.
NMNS can be also be formed at the apex of the scanning

probe used in scanning tunneling microscopy (STM) or atomic
force microscopy (AFM).12 This is typically achieved by
electrochemical etching of gold or silver wire (in STM) or by
deposition of noble metals on commercially available silicon or
silicon nitride scanning probes (in AFM). If such a probe is
positioned above a sample of interest and illuminated with
electromagnetic radiation, LSPRs formed on NMNS enhance
the Raman scattering from molecules located directly under the
probe. The advantage of this method, known as tip-enhanced
Raman spectroscopy (TERS), is that the probe location can be
precisely controlled over the substrate surface.12 Consequently,
collecting spectra at different sites of the sample facilitates the
development of a chemical map of the analyzed specimen. Thus,
in addition to the benefits of SERS (single-molecule
sensitivity),13 TERS also provides subnanometer14 spatial
resolution.
LSPRs decay via both radiative and nonradiative damping

pathways. Radiative damping is typical for large NMNS; energy
is dissipated through the elastic scattering of incident
photons.15,16 Nonradiative damping leads to the formation of
hot carriers through either direct interband, phonon-assisted
intraband, or geometry-assisted transitions. These hot carriers
are highly energetic species that persist for a few tens of
femtoseconds to picoseconds (Figure 1a,b).17 Hot carriers can
further decay via electron−electron or electron−phonon
scattering, or they can populate unoccupied orbitals in
molecules located near metal surfaces. In the latter scenario,
hot carriers can be injected into the electronic states of nearby
molecules either via indirect or direct charge transfer, inducing a
large spectrum of chemical reactions, which are discussed in the
following sections (Figure 1c).16 One may wonder about the
extent to which such plasmon-induced hot electron injection
from metal nanoparticles into surface adsorbents plays an
important role in the chemical enhancement. Although
experiments reported to date suggest that the contribution of
the charge transfer to the overall signal intensity observed in
TERS is unlikely to be more than a factor of 10, a direct answer
to this question can be achieved only by using femtosecond and
picosecond TERS, which would allow for direct probing of such

excited molecular states. The authors hope that such experi-
ments will be reported in the nearest future. These findings
would nail down chemical transformations that take place in
molecular analytes upon plasmon-driven reactions on the
femtosecond and picosecond time scales.
In this Account, we first provide a brief overview of chemical

transformations observed on NMNS (Figure 2a,d) and
bimetallic nanostructures (BMNS) (Figure 2b,c,e,f). We

Figure 1. (a) Illustration of the photoexcitation and relaxation
processes of the LSPR. (b) Plasmon-decay-induced hot carrier
generation and corresponding energy distribution at different times.
The light-blue shaded area represents filled electronic states.
Reproduced from ref 18. Copyright 2019 American Chemical Society.
(c) Schematic illustration of the transfer of hot carriers to molecules.
Energetic electrons are generated from the metal and transferred to
molecules for indirect charge transfer (left), whereas the electrons are
generated directly in the lowest unoccupiedmolecular orbital (LUMO)
of the molecule−metal complex for direct charge transfer (right).

Figure 2. AFM images of (a) AuMP, (b) Au@PdMP, (c) WAu@
PdMP, (d) AuNP, (e) Au@PtNP, and (f) Au@PdNP.
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highlight the most recent TERS findings that allowed the
relationship between nanostructure, catalytic reactivity and
selectivity to be unraveled. Next, we critically discuss possible
physical causes of these reactions from the perspective of
temperature-induced and hot-carrier-driven chemistry. Lastly,
we project these theories and experimental findings through the
prism of results recently reported by the Kurouski group.4 This
critical analysis (i) allows for systematization of the chaotic, at
the first glance, chemical reactivity observed on NMNS and
BMNS and (ii) opens up avenues for direct control of both the
catalytic activity and selectivity of plasmon-driven reactions.
This knowledge can be used to tailor synthetic approaches that
are used to fabricate novel nanostructures with desired catalytic
properties.

2. PLASMON-DRIVEN REACTIONS ON NMNS

Noble metals, such as Ag and Au, have d bands far below the
Fermi level of the metal.19 This results in a high yield of
plasmons at optical frequencies until interband transitions begin
(for Au, at wavelengths longer than ∼530 nm). Plasmonic
reactions on noble metals include but are not limited to (1)
oxidation of 4-aminothiophenol (4-ATP) and reduction of 4-
nitrobenzenethiol (4-NBT) to p,p′-dimercaptoazobis(benzene)
(DMAB)20−22 and (2) bond cleavage and formation reactions,
including the cleavage of hydrogen−hydrogen (H−H),23

oxygen−oxygen (O−O),24 carbon−carbon (C−C),25 nitro-

gen−nitrogen (NN),26 and gold−sulfur (Au−S) bonds1 as
well as the formation of C−C bonds.27

2.1. Redox Reactivity of NMNS

Plasmon-driven redox chemistry is by far the largest group of
reactions that have been studied in detail.20−22,28 For instance,
using electrochemical SERS and density functional theory
(DFT) calculations, the Tian group discovered that 4-ATP can
be converted to DMAB at very negative potentials or by
illuminating a Ag SERS substrate with low-power laser light.29,30

This was confirmed by a surface mass spectrometry experiment.
Such extensive experimental and computational approaches to
elucidate the reaction product of plasmon-driven 4-ATP
oxidation were used to disprove initial conclusions based on a
SERS study of 4-ATP: new bands observed in SERS of 4-ATP
were incorrectly assigned as non-totally-symmetric (b2)
vibrations of 4-ATP.31 For more detailed discussion of this
discovery, the reader is referred to the review by Xie and
Schlucker.20

Expanding upon this discovery, our group investigated the
nanoscale catalytic reactivity of Au nanoplates (AuNPs) in
plasmon-driven oxidation of 4-ATP.32 We found that on the
surface of AuNPs, 4-ATP could be oxidized to DMAB; no other
reaction products were detected. Moreover, edges and corners
of AuNPs were found to be far more reactive than terraces
located in the central part of the nanostructures (Figure 3).
These results suggest that edges and corners of NMNS exhibit

Figure 3. Photo-oxidation of 4-ATP to DMAB and 4-NBT. (a−c) TERS images of (a) 4-ATP, (b) DMAB, and (c) AuNPs with both NO2 and NN
vibrations. (d) Corresponding AFM image of AuNPs. (e−g) TERS images of (e) 4-ATP on Au@PtNPs, (f) 4-NBT on Au@PtNPs, and (g) Au@
PtNPs from overlapping NH2 and NO2 vibrations. The intensity of the 1590 cm

−1 band (NH2 vibration) of 4-ATP is shown in green; the intensity of
the 1339 cm−1 band (NO2 vibration) of 4-NBT is shown in blue; the intensity of the 1397 and 1441 cm−1 bands (azo vibration) of DMAB is shown in
red. (h) Corresponding AFM image of Au@PtNPs. (i, j) Typical TERS spectra extracted from chemical maps on AuNPs (a−c) showing the presence
of 4-ATP (green) and DMAB (red). (k, l) Typical TERS spectra extracted from chemical maps on AuNPs (e−g) showing the presence of 4-ATP
(green) and 4-NBT (blue). The resolution of each TERS image is 20 nm/pixel, with an acquisition time of 0.5 s. Reproduced from ref 32. Copyright
2020 American Chemical Society.
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higher reactivity in plasmon-driven oxidation reactions
compared with their terraces.
There have been many SERS studies of plasmon-driven

reduction of 4-NBT to DMAB, including single-hot-spot33 and
single-molecule34 studies. These studies provided a wealth of
information about the reaction mechanisms, kinetics, and
thermodynamics of this reaction.20,35 However, there was no
clear understanding of the nanoscale reactivity of NMNS in
plasmon-driven reduction reactions. Using TERS and 4-NBT as
amolecular reporter, our group examined the nanoscale catalytic
reactivity of AuNPs and their macroscopic analogues, Au
microplates (AuMPs).2 We found that the edges and corners of
both AuNPs and AuMPs exhibited much higher reactivity in
plasmon-driven reduction compared with their terraces located
in the central parts of these nanostructures (Figure 4). These
experimental findings demonstrate that, similar to plasmon-
driven oxidation, edges and corners of NMNS exhibit higher
reactivity in plasmon-driven reduction reactions than their
terraces.
Our group also compared catalytic activities of AuMPs and

thermally reshaped AuMPs.3 Wang and Kurouski found that
exposure of AuMPs at 400 °C for 30−120 min resulted in the
formation of walls around the perimeter of these nanostruc-
tures.36 This was caused by migration of Au atoms from the
edges of AuMPs toward the center of the nanostructure. The
researchers showed that the kinetic energies of Au atoms are
high at the edges but quickly dissipate upon atom migration
toward the center of the nanostructure. Modulation of the

temperature upon such migration can yield either a nanolake in
the center of the AuMPs or walls around their perimeter
(WAuMPs).36 Wang and Kurouski showed that WAuMPs
exhibited higher activity in the electrocatalytic conversion of
methanol compared with AuMPs at lower formal potential.36

The question to ask is whether WAuMPs would also exhibit
plasmon-driven reduction activity superior to that of AuMPs.
Using TERS, Li and co-workers investigated the catalytic
reactivity of WAuMPs and AuMPs in the plasmon-driven
reduction of 4-NBT toDMAB3 and found that AuMPs exhibited
nearly 16 times higher yield of DMAB compared withWAuMPs.
The researchers proposed that such a strong suppression of the
catalytic activity of WAuMPs was caused by the heat-induced
deformation of their crystal structure that took place upon
thermal reshaping (Figure 4). This evidence suggested that the
crystal structure of AuMPs determines the yield of plasmon-
driven reactions.
Expanding upon these results, our group utilized 3D-TERS

and transmission electron microscopy to investigate the
relationship between metal crystal facets and the catalytic
activity of AuMPs. Wang and Kurouski37 found that Au(111)
exhibited much higher rates of 4-NBT reduction to DMAB
compared with Au(100) and Au(110) facets (Figure 5). These
experimental results demonstrated that higher-order facets
exhibited higher catalytic activity compared with lower-order
facets on AuMPs. At the same time, Rossi and coauthors recently
showed that lower-coordinated surface sites such as corners,
edges, and (100) facets exhibited a higher hot electron reactivity

Figure 4.AFM images of (a) AuMPs and (e)WAuMPs andTERS images of (b, c, d) AuMPs and (f, g, h)WAuMPs (20 nm/pixel). The intensity of the
1339 cm−1 band (NO2) of 4-NBT is shown in blue, and the intensity of the 1397 and 1441 cm−1 bands (azo) of DMAB is shown in red. (i, k) Typical
TERS spectra extracted from chemical maps on (b) and (f) showing the presence of 4-NBT (blue). (j, l) Typical TERS spectra randomly picked up
from chemical maps on (c) and (g) showing the presence of DMAB (red). Reproduced with permission from ref 3. Copyright 2021 Royal Chemical
Society.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.1c00093
Acc. Chem. Res. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.accounts.1c00093?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00093?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00093?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00093?fig=fig4&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.1c00093?rel=cite-as&ref=PDF&jav=VoR


than the higher-coordinated surface sites such as (111) facets or
the core sites.38 These findings suggest that metal crystal facets
exhibit different catalytic activities in chemical and plasmon-
driven reactions. Although the exact cause of such a striking
difference is unclear, the researchers proposed that lower-order
facets accumulate higher numbers of hot electrons that
determine the yield of plasmon-driven reactions. At the same
time, higher-coordinated facets in classical solid-state catalysis
allow for more efficient molecule coordination to the metallic
surfaces. These findings further point out the fundamental

difference between the underlying physical principles of classical
solid-state catalysis and plasmon-driven catalysis.
It should be noted that there is a wealth of excellent studies

that used other NMNS substates, including aluminum39 and
copper.40 For instance, Chernyshova and co-workers used SERS
empowered by isotope exchange, electrochemical Stark effects,
and DFT simulations to elucidate the mechanisms of carbon
dioxide reduction.40 It was found that prior to the conversion to
formate, CO2 first forms the η2(C,O)-CO2 intermediate, which
is then reduced to formate.

Figure 5.TERS imaging of the facet-dependent reduction of pNTP catalyzed by Aumicroplates. (a, b) Proposed schemes showing the hot spot located
at both the shaft and apex (a) and only at the apex (b) of the TERS probe. (c, d, h, i) High-resolution TERS images of the distribution of (c, h)NO2 and
(d, i) NNgroups obtained with 3DTERS-active and -inactive probes, respectively. (e, j) Corresponding overlaps of NO2 andNN images (c and d
in e; h and i in j). (f, k) Zoomed-in TERS images of the white rectangle positions in (e) and (j), respectively. (g, l) Typical TERS spectra extracted from
the marked positions in (f) and (k). Reproduced from ref 37. Copyright 2018 American Chemical Society.

Figure 6. TERS images of a 4-NBTmonolayer on the Au(111) surface. (a, b) Visual representations of integrated intensities of the spectrum (a) from
1320 to 1350 cm−1 and (b) from 1290 to 1320 cm−1. (c) Overlapped image of (a) and (b). (d) Corresponding AFM image of the area of the TERS
images. (e) Typical TERS spectra extracted from the marked position in (c). The scanning step was 20 nm/pixel. Reproduced from ref 1. Copyright
2020 American Chemical Society.
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2.2. Plasmon-Driven Bond Scissoring and Formation
Reactions

There are three classes of plasmon-scissoring reactions,
depending on how the chemical bond is cleaved. The first
class of reactions involves NN scissoring in DMAB.26 Under
acidic conditions, two molecules of 4-ATP are formed from one
molecule of DMAB, whereas under alkaline conditions, 4-NBT
instead of 4-ATP is generated. The second class of reactions
involves C−C bond scissoring in aromatic acids and alcohols.
Huh and co-workers demonstrated thiophenol as a product
from both 4-mercaptobenzoic acid (4-MBA) and 4-mercapto-
benzyl alcohol (4-MBnOH).25 These findings suggested that
plasmon-driven decarboxylation of 4-MBA had a higher yield
when the carboxyl group of 4-MBA was deprotonated.
Interestingly, plasmon scissoring did not occur when the
carboxyl group of 4-MBA was esterified.25

The Jain group showed that AuNPs can be used for a CO2

reduction reaction that forms C1−C3 hydrocarbons.27,41 The
researchers found a direct relationship between the intensity of
the incident laser light and the product selectivity. Specifically,
an increase in the light intensity increased the selectivity of the
C−C formation reaction in the order of C1 > C2 > C3. These

findings show that intensity of the incident light can be used to
tailor plasmonic synthesis of the desired reaction product.27

A novel class of plasmon-driven scissoring reactions was
recently discovered by our group. Wang and co-workers1

performed TERS imaging of AuMPs with amonolayer of 4-NBT
on their surface. In addition to the spectra of 4-NBT, which are
characterized by three vibrational bands centered at 1085, 1335,
and 1575 cm−1, Wang and co-workers observed a small fraction
of spectra that exhibited a shift of the 1335 cm−1 vibration to a
1305 cm−1 vibration (Figure 6).1 Wang and co-workers used
DFT to determine molecular species that could produce such
spectra. Analysis of the TERS spectra of several molecular
candidates, including 4-nitrobenzothiolate (4-NBT−) and a
dimer of 4-NBT, revealed that 1085, 1305, and 1575 cm−1

vibrational fingerprint corresponded to 4-NBT−. One can expect
that the formation of a molecular ion upon TERS imaging could
take place either upon thermal cleavage of the Au−S bond or
upon the hot-carrier-driven scissoring reaction. The authors
used finite-density-time-domain (FDTD) calculations to predict
the temperature in the tip−sample junction under the above-
described experimental conditions (λ = 633 nm, P = 60 μW) and
DFT calculations to determine the temperature required for
thermal degradation of the Au−S bond. They found that at laser

Figure 7. (a) Schematic illustration of TERS imaging of Au@Pd and AuMPs. (b, c) TERS images of Au@PdMPs (20 nm/pixel). The intensity of the
1339 cm−1 band (NO2 vibration) of 4-NBT is shown in blue; the intensity of the 1397 and 1451 cm−1 bands (NN vibration) of DMAB is shown in
red; the intensity of the 1485 cm−1 band (NH2 vibration) is shown in green. (d) Corresponding AFM image of the Au@PdMPs. (e, f) TERS images of
AuMPs (20 nm/pixel). The intensity of the 1338 cm−1 band (NO2 vibration) of 4-NBT is shown in blue, and the intensity of the 1397 and 1447 cm−1

bands (NN vibration) of DMAB is shown in red. (g) Corresponding AFM image of the AuMPs. (h) Nanoscale images (5 nm/pixel) of Au@PdMPs
showing the distribution of intensities of NO2 vibration (left panels), overlaid NO2 and NN vibrations (center panels), and overlaid NO2 and NH2
(1485 cm−1) vibrations (right panels). (i, j) Typical TERS spectra extracted from chemical maps on Au@PdMPs (b, c) and AuMPs (e, f) showing the
presence of 4-NBT (blue), DMAB (red), and 4-ATP (green). Reproduced from ref 2. Copyright 2020 American Chemical Society.
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powers below 100 μW(λ = 633 nm), the increase in temperature
is less than 10 K. At the same time, 2100 K is required to cleave
the Au−S bond. On the basis of these findings, Wang and co-
workers concluded that the formation of 4-NBT− could not take
place upon thermal desorption of 4-NBT and was caused by hot
carriers generated in the tip−sample junction.1

Wang and co-workers collected 2500 spectra to determine the
yield of 4-NBT− formation on AuMPs. It was found that under
the above-described reaction conditions, the yield of 4-NBT−

was ∼1.5%.1 Expanding upon this discovery, the El-Khoury
group measured the yield of 4-NBT− on AgMPs under similar
experimental conditions.42 The researchers found that the use of
AgMPs instead of AuMPs gave a 100% yield of 4-NBT−. It was
concluded that the yield of the Au−S scissoring reaction was
determined by the choice of the plasmonic metal. An even more
fascinating discovery was found by the El-Khoury group upon
TERS imaging of Ag nanotubes with a monolayer of 4-NBT
using the contact and tapping AFM-TERSmodes.43 Nearly all of
the TERS spectra collected in contact mode showed the
presence of 4-NBT−, whereas such 4-NBT− signatures were rare
in tapping-mode TERS. One could expect that the observed
difference in the yield of ionized 4-NBT can be explained from
the perspective of the strength of the rectified electric field on the
surface of these NMNS (as discussed below). Nevertheless, we
tend to think that a more detailed understanding of such a
striking difference in the yield of 4-NBT− between AuMPs and
AgMPs, as well as between two different AFM modalities, is
required in order to fully elucidate the underlying physical cause
of this phenomenon.

3. PLASMON-DRIVEN REACTIONS ON BIMETALLIC
NANOSTRUCTURES

The catalytic properties of NMNS can be broadened by
coupling the noble metal with a catalytic metal such as
palladium, ruthenium, or platinum in a “nanoreactor” of a
bimetallic nanostructure.19 In the nanoreactor, noble and
catalytic nanostructures are located in close proximity to each
other. Bimetallic nanostructures can have “sandwich-like” and
“alloy” colocalization of noble and catalytic metals.2,3 In the first
type of nanostructures, catalytic metals are typically located as
islands or clusters on the surface of a noble metal nanostructure.
An exposure of “sandwich-like” bimetallic nanostructure to
elevated temperatures typically results in the “alloy” type of
nanostructure.3

Plasmonic bimetallic nanostructures can catalyze a broad
range of chemical reactions. In this case, the catalytic activity and
selectivity of bimetallic nanostructures directly depend on the
choice of the catalytic metal. For example, Guo and co-workers
reported that gold−palladium superstructures (Au@PdSSs)
could be used for molecular oxygen activation and carbon−
carbon coupling reactions.44 The researchers found a substantial
increase in the reaction rate and the yield using Au@PdSSs
nanostructures compared with the rate and yield of the
corresponding monometallic nanostructures. The Halas group
showed that copper−ruthenium (Cu@Ru) nanostructures were
capable of performing light-driven dry reforming of methane
with carbon dioxide, a reaction that yields syngas.45 It should be
noted that such reforming could not be performed on the
monometallic counterparts of Cu@Ru or on Au@Pd nano-
structures. These findings suggest that the catalytic activity of
bimetallic nanostructures also depends on the nanoscale
structural organization, which remains poorly understood.

Our group utilized TERS to investigate nanoscale plasmon-
driven reactivity and selectivity on “sandwich-like” gold−
platinum nanoplates (Au@PtNPs).32 We found that the edges
of these nanoplates exhibited significantly higher reactivity in
plasmon-driven oxidation reactions compared with their flat
terraces (Figure 3). We also discovered that Au@PtNPs
exhibited stepwise photo-oxidation of 4-ATP, first to 4-NBT
and then to DMAB. Such selectivity was not observed on
analogous monometallic structures (AuNPs).32 We also
examined nanoscale plasmon-driven reactivity and selectivity
on both “sandwich-like” gold−palladium microplates (Au@
PdMPs) and “alloy” walled gold−palladium microplates
(WAu@PdMPs).2,3 We found that the edges of the
“sandwich-like” microplates exhibited higher reactivity in
plasmon-driven oxidation reactions than flat terraces of these
bimetallic nanostructures (Figure 7).2 At the same time, “alloy”
analogues of WAu@PdMPs did not demonstrate superior
catalytic activity of edges over the central parts of the
nanoplates.3 At the same time, both “sandwich-like” and
“alloy” Au@PdMPs were capable of plasmon-driven reduction
of 4-NBT to both 4-ATP and DMAB. Such selectivity was not
observed on the corresponding monometallic analogues
(AuMPs).2,3

High-resolution TERS imaging of Au@PdMPs revealed
spherical and rodlike patterns of Pd nanostructures on the Au
surface (Figure 7).2 These nanostructures showed enhanced
intensity of 4-NBT relative to the underlying surface of Au@
PdMPs. Li and co-workers found that the edges of such spherical
and rodlike Pd nanostructures exhibited high photocatalytic
reactivity in the reduction of 4-NBT to DMAB. At the same
time, nanolakes between spherical nanoscale structures on the
surface of the Au@PdMPs had poor 4-NBT reduction activity.
These results suggest hot-carrier transfer from Au to Pd on the
surface of Au@PdMPs. They also suggest that Pd−Au coupling
in a single nanostructure enables transfer of photocatalytic
properties from noble metals to catalytic metals. Similar
conclusions were independently made by Zenobi’s group.46

The researchers used TERS to investigate the reduction of
chloronitrobenzenethiol to chloroaminobenzenethiol on Au
coated with a submonolayer of Pd. Yin and co-workers found
that halogenated nitrobenzenethiol was reduced to amino-
benzenethiol on Au within 20 nm of the bimetallic Pd/Au
boundary.46

Monometallic Pd and bimetallic Au@Pd nanostructures have
unique properties to catalyze Suzuki−Miyaura coupling
reactions.2 As a result of such reactions, organoboron species
and halides are cross-coupled. Using TERS, our group
investigated the nanoscale catalytic activity of Au@PdMPs for
the Suzuki−Miyaura coupling reaction. Li and co-workers found
that the edges of Au@PdMPs exhibited a higher intensity of the
reaction product, biphenylthiol (BPT), compared with the flat
terraces.2 On the basis of these findings, one can expect that the
edges of Au@PdMPs facilitate the highest catalytic activity in
the Suzuki−Miyaura coupling reaction.
At the first glance, any synthetic chemist can be excited to

have such a broad catalytic activity exhibited by novel catalysts.
However, this excitement is dimmed by two obstacles that have
remained unresolved for years: (1) all of the plasmon-driven
reactions reported to date have low yields, and (2) it is unclear
how to control the selectivity of catalytic processes on NMNS
and BMNS.
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4. UNDERLYING PHYSICAL CAUSE OF CHEMICAL
TRANSFORMATIONS ON NMNS AND BMNS

One can expect that these questions remain unanswered because
of the ongoing debate about the underlying physical cause of the
above-discussed catalytic reactivity. Several researchers argue
that the reported enhancement of the catalytic activity arises
from plasmonic heating, that is, the light-driven temperature
increase on a surface of NMNS.47,48 Direct experimental
verification of this hypothesis is extremely challenging. Although
the temperature of the substrate can be controlled using heating
elements, a readout of chemical processes on the metal surface
requires the use of electromagnetic radiation. One can expect
that illumination of the surface of the nanostructure with laser
light will ruin the purity of such experiments. Nevertheless,
several research groups performed experiments that allowed for
elucidation of the temperature on the surface of NMNS. Using
ultrafast SER thermometry, the Frontiera group investigated the
plasmonic-heating-induced temperature change.49 It was found
that even with high photoexcitation values, the temperature
increased by only tens of kelvins in the nanoparticle junction,
evidencing the nonthermally driven plasmon-driven reaction.
FDTD calculations were employed by our group to explore the
temperature change in the tip−sample junction upon illumina-
tion with a 671 nm laser.1 This temperature change was found to
be directly dependent on the tip−sample distance. However, a
change of less than 40 K was detected upon illumination of the
Au-coated probe with a 671 nm laser at 500 μW. These findings
could be further examined by experimental results recently
reported by Richard-Lacroix and Deckert.50 They measured
Stokes and anti-Stokes vibrations of 16-mercaptohexadodeca-
noic acid modified on a metal surface and found that the
temperature at the junction was about 80 °C on average upon
excitation with a 532 nm laser at 100 μW.50 In another study
recently reported by the Link group,51 the researchers measured
anti-Stokes SERS of Au nanorods and found that hot carriers
and photoluminescence play a major role in the upconverted
emission from Au nanostructures. These theoretical and
experimental findings demonstrate that plasmon-driven chem-
istry can be attributed to hot carriers rather than the increased
temperature.
The interpretation of the hot carrier theory of chemical

transformations was proposed by the Brus52 and Jain53,54

laboratories. The researchers found that light induces a steady-
state charge on the surface of NMNS. The charge appears as a
result of unequal rates of dissipation of hot electrons and holes
from the metal surface. This asymmetry results in an
accumulation of hot carriers with lower transfer rates between
NMNS and a surrounding medium. The Jain group proposed
that such an electrostatic potential could alter the energies and
kinetics of chemical reactions.27,55

Expanding upon this theory, our group investigated the
strength of the rectified electric field on the surface of NMNS
and BMNS.4 Using TERS, we measured the Stark shift of 4-
mercaptobenzonitrile adsorbed on the surface of AuNPs, Au@
PtNPs, and Au@PdNPs.We found 4−6 times larger magnitudes
of the rectified direct current (DC) field on the surface of BMNS
compared with the electric field observed on the surface of
NMNS. These findings provided a direct explanation of the
superior oxidation properties of Au@PtNPs compared with
AuNPs. If on AuNPs that exhibit ∼10 MW·cm−1 (P = 30 μW, λ
= 633 nm) 4-NBT could be oxidized only toDMAB, Au@PtNPs
with ∼65 MW·cm−1 (P = 30 μW, λ = 633 nm) enabled stronger

oxidation of 4-NBT that yielded both DMAB and 4-ATP.
Elucidation of the relationship between the strength of the
rectified electric field and the laser power suggests that the
selectivity of such oxidation reactions can be controlled by the
laser power. We infer that at higher laser powers (60−150 μW, λ
= 633 nm), the reaction will not only be accelerated but also will
yield a greater amount of 4-ATP than at 30 μW, λ = 633 nm.27 A
similar relationship has been observed for Au@PdNPs.4 TERS-
based analysis of the Stark shift revealed strong rectified DC
fields on their surface,∼45MW·cm−1 (P = 30 μW, λ = 633 nm),
that can be exponentially increased to ∼65 MW·cm−1 (P = 150
μW, λ = 633 nm). Moreover, Au@PtNPs and Au@PdNPs
demonstrate site-specific polarity of the DC field that was not
observed on AuNPs.
These findings suggest that BMNS, including Au@PtNPs32

and Au@PdNPs2,3 developed by our group, can be used (1) to
ramp the strength of the rectified electric field on their surface,
which in turn can be used (2) as a gear to control the selectivity
of plasmon-driven reactions. Although experimental results
reported by the Jain group support this hypothesis,27,55

additional experimental and theoretical work is required to
fully understand the interplay between plasmonic and catalytic
metals at the nanoscale, the polarity of the rectified electric field,
and the contributions of several other important players in
plasmon-driven processes, including molecular oxygen.
The Ren and Tian groups demonstrated that plasmon-driven

oxidation of 4-ATP could occur only in the presence of
oxygen.56 Oxygenmolecules are activated by accepting electrons
from the metal nanostructure to become oxygen anions, which
perform the two-electron oxidation reaction. Huh and co-
workers performed an experiment in which they tested the
impact of oxygen on the observed C−C bond scissoring of
MBA.25 The researchers found that the presence of oxygen is
critically important for the observed C−C bond cleavage. These
findings resonate with the conclusions of the Ren and Tian
groups regarding plasmon-driven oxidation of 4-ATP. Exper-
imental results provided by Kang and co-workers also suggested
that the absence of oxygen can significantly alter the rates of
plasmon-driven reduction reactions.57 The researchers showed
that under nitrogen, hydrogen, and water atmospheres, an
increase the intensity of the external electric field yields an
increase in the rate of reduction of 4-NBT to DMAB. However,
when the reaction takes place in an oxygen atmosphere, no
reaction is observed below a certain laser power threshold. Kang
and co-workers hypothesized that low laser powers generated
only a small number of hot electrons that were primarily
transferred to O2 adsorbed on the metal surface. This likely
resulted in O2 to O2

− transformations. Once the laser power
exceeded this threshold, a sufficient number of hot carriers was
generated for the plasmon-driven conversion of 4-NTP into
DMAB. These results suggest that O2 is far more reactive than 4-
NBT. Thus, O2 can be a direct competitor of reactants for the
hot carriers on the surface of NMNS. One can expect that
molecular oxygen can contribute to the complexity of plasmon-
driven chemistry observed by Szczerbinski and co-workers. The
researchers found that peptides, 1-hexadecanethiol, biphenyl-4-
thiol, and 1H,1H,2H,2H-perfluorodecane-1-thiol can form
dozens of different reaction products.58,59 These experimental
findings suggest that additional experimental and theoretical
work is required in order to fully unravel all aspects of plasmon-
driven chemistry.
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5. CONCLUDING REMARKS

In this Account, we have summarized the most recent
experimental and theoretical findings that help to understand
the reactivity and selectivity of NMNS and BMNS at the
nanoscale. Using TERS, our group found that edges and corners
of both NMNS and BMNS exhibited higher activity in redox
reactions compared with terraces of these nanostructures.2,3,32

We also showed that direct measurements of the rectified
electric field on the surface of BMNS shed light on their unique
catalytic reactivity. We infer that an extremely high strength of
the rectified electric field on BMNS is the underlying physical
cause of a stronger 4-NBT reduction that yields both 4-ATP and
DMAB on Au@PdMPs, whereas only DMAB is formed on
AuMPs.2,3,32 We also infer that the strength of the electric field
made Au@PtNPs oxidize 4-ATP to 4-NBT, while their
monometallic analogues were able to demonstrate such
oxidation only to yield DMAB.4 It is important to note that
the strength of the electric field can be altered by varying the
laser power. This experimental evidence provides a direct
control for the reaction selectivity on BMNS.4 We anticipate
that this knowledge can be used to enhance the catalytic rate of
plasmon-driven reactions as well as maximize the yield of the
desired products.
A theory of light-induced charging of NMNS reported by us1

and the El-Khoury group42,43 can facilitate the explanation of
molecular ionization on AuMPs and AgNPs. One could expect
that explanation of the molecular ion stability on the surface of
NMNS can be challenging considering the concept of hot
carriers alone. At the same time, the presence of the rectified
electric field can stabilize molecular ions, allowing for their
detection by TERS.4

Although routinely observed in SERS, plasmon-driven
reactions were long overlooked by the TERS community.
Over the last 2 years, hot-carrier reactivity in TERS has been
confirmed by several reports from the Deckert,60 El-Khoury,42,43

Kurouski,1−4,32 and Zenobi58,59 groups. These results have
provided clear evidence to a diverse group of researchers in the
near-field and optical nanoscopy fields about the plasmon-
driven reactivity in the tip−sample junction. These studies have
triggered an interest in the use of TERS for spatiotemporal
characterization of plasmon-driven reactions at the nanoscale.
One can envision that this new dimension of the TERS field will
only expand in the future.
The experimental results reported by our and other research

groups that have been discussed in this Account help in
crystallizing both challenges and potential future directions of
TERS imaging of hot-carrier-driven reactions. One can expect
that a substantial increase in the spatial and temporal resolution
is required to further enhance our understanding of the
fundamental physics of hot-carrier-driven reactions. A push of
the spatial resolution to the Ångstrom scale will allow for the
determination of the rate of yield of reaction products on
adatoms, vacancies, and metal facets. The femtosecond and
picosecond temporal resolution in TERS can be used to
determine the mechanisms of plasmon-driven reactions.
We also believe that experimental findings reported by our

group only scratch the surface of our understanding of the
chemical reactivity of bimetallic nanostructures. This work can
be expanded by altering both the plasmonic metal and the
catalytic metal in the nanostructures. Furthermore, TERS can be
used to determine the extent to which hot carrier activity
depends on the nanostructure shape and size.
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