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ABSTRACT: Light can interact with metallic nanostructures, generating
localized surface plasmon resonances (LSPRs) that enhance Raman scattering
from molecules located close to nanostructure surfaces, a phenomenon known
as surface-enhanced Raman scattering (SERS). LSPRs decay producing hot
carriers, highly energetic species responsible for chemical transformations that
can be monitored using SERS or its nanoscale analogue, tip-enhanced Raman
spectroscopy (TERS). During the past decade both SERS and TERS provided
a wealth of information about the physics and chemistry of hot carrier-driven
reactions on mono- and bimetallic nanostructures. Recently, the same
photochemical reactions have been observed on two-dimensional transition
metal dichalcogenides (2D TMDs), a novel class of semiconductors. This
discovery opened new questions about the underlying physics of photocatalysis
that remain unresolved. The review delves into the physics and chemistry of
photocatalysis on 2D TMDs, building on previous studies of photocatalytic reactions with mono- and bimetallic nanostructures.
It also provides a critical discussion of the role of nanoscale imaging in investigating photocatalytic processes, emphasizing the
valuable insights such analyses can provide to synthetic chemists, material scientists, physicists, and biologists.

■ INTRODUCTION
Light can interact with metallic nanomaterials producing
localized surface plasmon resonances (LSPRs) on the metal
surfaces.1−6 From a physical perspective, LSPRs are coherent
oscillation of conductive electrons.7−9 Their energies are
determined by the nature of the metal and size and surrounding
of the nanostructures.7,10 Consequently, changes in these
parameters would alter the absorption properties of the
nanostructures.11−14 This physical phenomenon is broadly
used for sensing of gases and various analytes in solutions.15−17

LSPRs are also the underlying physical cause of surface
enhancement of Raman scattering.2,18−21 First observed by
Fleishman on roughened silver surfaces, this effect was explained
by Van Duyne in 1974.22 Since then, surface-enhanced Raman
spectroscopy (SERS) is broadly used in various scientific areas
ranging from material science and forensics to biology and art
conservation science.2,18−21 Metallic nanostructures can be
formed on the surface of the scanning probes used in atomic
force microscopy (AFM) or electrochemically etched at the
apexes of metallic wires.23,24 In this case, illumination of such
metallized or metallic scanning probes by light generates LSPRs
at the probe apex.25,26 If rastered across the sample surface,
metallized AFM probes enable an acquisition of its chemical
map with nanometer spatial resolution.27−31 This advantage

made TERS highly useful for the nanoscale structural analysis of
biological32−35 and polymer36−38 samples, as well as electro-
chemical25,39−41 catalytic42−45 processes at solid−liquid and
solid−gas interfaces.
In TERS, catalysis is defined as analyzing and enhancing

catalytic phenomena on the nanoscale with a high degree of
spatial precision. It extends the capabilities of traditional
scanning microscopy and offers real time probing of surface
reactions, their intermediates, and active sites on catalysts.46

TERS has great value for investigating plasmon-driven catalysis,
providing detailed molecular information on the products of
reactions. It is used to study the behavior of catalysts with
reactants, the effect of surface plasmons on the rate of reaction,
and the performance of catalysts in various operating conditions.
As many monofunctional catalysts have been studied and shown
to lose efficiency over time,47 TERS has become an essential tool
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for investigating plasmon-driven surface processes, especially in
photocatalysis, where it helps reveal detailed reaction mecha-
nisms.46,48 This knowledge is crucial for developing more
efficient photocatalysts for a wider range of applications
including energy conversion and environmental remediation.

■ UNDERLYING PHYSICS OF PHOTOCATALYSIS ON
METALS AND SEMICONDUCTORS

LSPRs have a relatively short lifetime quickly decaying via
radiative and nonradiative pathways.49−51 Upon radiative decay,
energy is dissipated through the elastic scattering of incident
photons. However, in the case of nonradiative decay, LSPRs
produce hot carriers.52,53 These highly energetic species persist
only a few tens of femtoseconds further decaying by electron−
electron or electron−phonon scattering.52,53 Hot carriers can be
directly or indirectly injected into electronic states of molecules
that present close to the metal surfaces.54,55 This triggers
chemical transformation, which in turn, can be observed using
the SERS effect.54,55 Several research groups proposed
alternative mechanisms of photocatalysis on metallic sur-
face.56−59 Hot electrons and holes have unequal dissipation
rates on metallic surfaces.57,58 This asymmetry in dissipation
rates results in the formation of a “steady-state charge” or the
“electrostatic potential" on the nanostructure surfaces.57,58 The
Jain group provided an excellent set of experimental and
theoretical evidence of why the steady-state charge should be
considered as a catalytic force of chemical reactions.60 Thus,
electrostatic potential rather than hot carriers themselves can be
the underlying cause of chemical reactions observed on metallic
nanomaterials.57,58 Our group showed that the magnitude of the
electrostatic potential on mono- and bimetallic nanostructures
had a direct correlation with the intensity of the light used for
their illumination.61,62 Furthermore, the intensity of the
electrostatic potential could be uniquely altered by doping
gold (Au) nanostructure with catalytic metals, such as platinum
(Pt) and palladium (Pd).63,64 Using TERS, we also showed that

the magnitude of the electrostatic potential had a direct
correlation with the yield of photochemical reactions on
mono- and bimetallic nanostructures.63 Thus, we demonstrated
a clear relationship among light intensity, electrostatic potential,
and catalytic reactivity.
Two-dimensional transitional metal dichalcogenides (2D

TMDs) are a novel class of semiconductors that have unique
optical, catalytic, and biological properties.20−22,32−34,65,66 As a
result, these nanomaterials attract a lot of interest as potential
light sources,26,27 optical modulators,28 photodetectors,29 field-
effect transistors,30 logic circuits,31 sensors,20−22,32−34 catalysts,
and biostimulants. The Raschke group proposed that the
observed catalytic reactivity of both MoS2 and MoS2@AuNPs is
determined by dark excitons that have antiparallel spin
configuration with generally forbidden radiative emission.67−69

Additionally, the same group proposed a local probe technique
to determine the intrinsic properties of the 2D heterostructure
of graphene semiconductor (WSe2).

70 Park and co-workers
showed that coupling of plasmonic scanning probe with WS2
resulted in a high yield of dark excitons, which in turn, can trigger
chemical transformation.67−69 Hasz et al. conducted a study on
tip-enhanced photoluminescence spectroscopy, using atomic
force-induced strain control to nanoimage dark excitons inWSe2
and investigate their response to local strain.71 The significance
of TMD heterostructures (WS2/MoS2) for photodetectors was
highlighted in work by Wang et al., fabricated photodetectors
that showed an approximately 25-fold enhancement in infrared
responsivity, studied through surface plasmon resonance.72

TERS Imaging of Photocatalytic Processes on Mono-
metallic Nanostructure. The first experimental evidence of
plasmon-driven photocatalysis was demonstrated in 2012 by
Van Schrojenstein Lantman and co-workers.73 In this experi-
ment, the researchers utilized a silver (Ag) tip and Aumicroplate
(AuMPs) coated with 4-nitrobenzenethiol (4-NBT). Once the
tip was approached on the nanoplate surface and illuminated by
light, 4-NBT dimerization into p,p′-dimercaptoazobisbenzene

Figure 1. (a) AFM images of AuMPs and (e) WAuMPs. TERS images of (b-d) AuMPs and (f-h) WAuMPs (20 nm per pixel). Intensity of 1339 cm−1

band (NO2) of 4-NBT is shown in blue, intensities of 1397 and 1441 cm−1 (azo) of DMAB is shown in red. (i-l) Typical TERS spectra extracted from
chemical maps on (b and f) showing presence of 4-NBT (blue). Randomly picked TERS spectra from chemical maps shown in (c and g) demonstrate
the presence of DMAB (red). Reprinted with permission from ref 67. Copyright (2021) American Chemical Society.76
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(DMAB) was observed. This conclusion could be made by the
appearance of 1397 and 1441 cm−1 vibrational bands in the
acquired TERS spectra. Thus, it was found that TERS could be
used to trigger and monitor photocatalytic processes. It was also
found that the DMAB yield was wavelength dependent.
Specifically, a substantially lower yield of DMAB was observed
if 633 nm laser light was used to illuminate the probe compared
to 532 nm excitation.
Kurouski group used TERS to examine photocatalytic

properties of different surface sites on AuMPs and their
nanoscale analogs (gold nanoplates (AuNPs)).64,74,75 Li and
co-workers found that edges and corners of these AuNPs and
AuMPs had much greater reactivity in 4-NBT to DMAB
conversion compared to the central parts of nano- and
microstructures, Figure 1a−d.74

Li and Kurouski proposed that reactivity of the edges and
corners was determined by the magnitude of the rectified
electric field at these surface sites.74 To test this hypothesis,
researchers used 4-mercaptobenzonitrile (4-MBN) as a
molecular reporter.62 A frequency of the nitrile vibration is
highly sensitive to the intensity of a rectified electric field.77,78

Consequently, its shift can be used to quantify the intensity of
the rectified electric field on the surface of the nanostruc-
tures.77,79 The reported findings showed that corners and edges
of gold nanostructures had stronger, on average, magnitude of
the rectified electric field compared the central parts of the
nanostructures.62

Using TERS, the El-Khoury group investigated photocatalytic
properties of Ag nanowires (AgNWs) and Ag nanoparticles
(AgNPs).80,81 It was found that edges and corners of these Ag
nanostructures showed stronger intensities of the rectified
electric field compared to their flat terraces.82,83 Thus, one can
conclude that differences between the intensity of the rectified
electric field at the edges, corners, and central parts of the
nanostructures and, consequently, the reactivity of such surface
sites are similar for Ag and Au nanostructures.
Li and co-workers used TERS to compared the reactivity of

Ag and Au nanostructures.84 It was found that AgNPs are far
more reactive in 4-NBT to DMAB conversion compared to
AuNPs, as shown in Figure 2. These findings indicate that TERS
can be used not only for the nanoscale analysis of photocatalytic
reactivity but also for the direct quantification of the yield of
chemical reactions on the metallic nanomaterials.
The Zenobi group found that the density of molecular species

on the surfaces of metallic nanostructures plays an important
role in photocatalytic transformations.37 It was found that
surface sites with a high density of 4-NBT had significantly
greater reactivity compared to surface sites with a low density of
4-NBT. Independently, the Ren group found that, on AgNPs, 4-
aminothiophenol (4-ATP) was oriented at the angle relative to
the metallic surfaces.85 This molecular orientation enabled
instantaneous photocatalytic dimerization of 4-ATP into
DMAB. At the same time, strongly vertical orientation of this
molecular analyte on Ag(111) inhibited dimerization of 4-ATP
into DMAB. The researchers explained low reactivity of 4-ATP
on Ag(111) by π-interactions of the molecular analytes.37,76,85

Similar conclusions were made by Wang and Kurouski upon the
TERS-based analysis of walled microplates. Such nanostructures
formed from AuMPs upon heating to 400 °C for 30−120 min,
which causes migration of Au atoms from the edges of the
nanostructures toward their centers.86 It was found that wall-
AuMPs produced 16 times lower yields of DMAB compared to
the AuMPs that had Au(111) on their surfaces. Based on these

results, the researchers concluded that the reactivity of the
nanostructures directly depended on the crystal facets on their
surfaces. Using 3D-TERS and transmission electron microscopy
(TEM), Wang and Kurouski further investigated the relation-
ship between metal crystal facets and catalytic reactivity of
AuMPs.87 The researchers discovered that Au(111) at the top of
AuMPs yielded a much higher amount of DMAB compared to
Au(100) and Au(110) facets located on the sides of AuMPs.87 It
should be noted that Rossi and coauthors found that (100)
facets demonstrated higher reactivity in plasmon-driven
reactions compared to (111) facets.88 These results indicate
additional studies are required to fully understand the
relationship between the yield of the plasmon-driven reaction
on monometallic nanostructures and their crystal facet
structures.

Figure 2. Plasmon-driven transformations of 4-NBT into DMAB on
AuNPs and AgNPs. (a) Reaction scheme of 4-NBT reduction to
DMAB. (b) Corresponding AFM image of AuNPs and AgNPs. TERS
maps of (c) 4-NBT and (d) DMAB, as well as the overlapping TERS
image of 4-NBT and DMAB (e) (10 nm per pixel). Intensity of 1339
cm−1 band (NO2 vibration) of 4-NBT is shown in blue; intensities of
1397 and 1441 cm−1 (azo vibration) of DMAB are shown in red.
Typical TERS spectra extracted from chemical maps on (f) AgNPs and
(g) AuNPs showing the presence of 4-NBT (blue) and DMAB (red).
Scale bar is 500 nm in eachmap. Reprinted with permission from ref 84.
Copyright 2023 American Chemical Society.
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The Kurouski group also examined catalytic reactivity of
nanomaterials made out of nontraditional plasmonic metals
such as magnesium (Mg) and copper (Cu).89,90 It was found
that Cu nanowires and nanocubes (CuNWs and CuNCs)
exhibited great catalytic reactivity in the light-driven trans-
formation of 4-NBT to DMAB, as shown in Figure 3.
Furthermore, TERS revealed that edges and corners of these
nanostructures were more reactive compared to their central
parts. It was also discovered that CuNWs and CuNCs could

oxidize 4-mercaptophenyl-methanol (4-MPM) to 4-mercapto-
benzoic acid (4-MBA).89 Such chemical transformations were
not evident on AuNPs that only formed thiophenol from 4-MBA
exposed to their surfaces. It should be noted that the reverse
reaction of the reduction of 4-MPM into 4-MBA was inhibited
by the binding of 4-MBA to the Cu surface via the carboxyl
group. Patil and co-workers found that MgNPs possess a thick
layer of oxide (MgO) on their surfaces that presents plasmon-
driven conversion of 4-NBT to DMAB.90 However, this
problem can be solved by coupling Au nanoparticles with
MgNPs. Such nanoparticles exhibited excellent photocatalytic
reduction of 4-NBT to DMAB that were not observed on
MgNPs.90

Photocatalysis on Bimetallic Nanostructures. Bimet-
allic nanostructures have the potential to produce synergistic
effects that enhance properties such as catalytic activity, stability,
and selectivity. They are particularly valuable in fields such as
catalysis, where enhanced performance is required. Bimetallic
nanostructures not only demonstrate superior yield of photo-
catalytic reactions compared to their monometallic counter-
parts90 but also allow for broadening the spectrum of chemical
transformation that can be catalyzed by such nanostructures.91

The latter is achieved by coupling catalytic metals with
plasmonic nanostructures.14,91 In this case, plasmonic metals
harvest light and produce LSPRs that are passed on the catalytic
metals that, in turn, trigger chemical reactions.91 Noble and
catalytic metal nanostructures can be localized in the close
proximity to each other.92,93 This catalytic concept is known as
“antenna-reactor” reactor. Alternatively, catalytic metal can form
a mono- or submonolayer on the surface of plasmonic
nanostructures.76 These nanomaterials are known as “sandwich”
nanostructures.91 Finally, atoms of plasmonic and catalytic
nanostructures can be mixed within one nanostructure, forming
an alloy.32,33 In the case of “sandwich” and alloy nanostructures,
the interplay between plasmonic and catalytic metals determines
the reactivity of the catalysts. Using TERS, Li and Kurouski
group examined photocatalytic properties of sandwich-like and
alloy gold−palladium (Au@Pd) bimetallic nanostructures.76 It
was found that both nanostructures were able to reduce 4-NBT
to both DMAB and 4-ATP. The formation of the latter product
was evident only on Au@Pd and was not observed on AuNPs.
The researchers demonstrated that sandwich-like Au@PdNPs
yielded ∼65% DMAB and only ∼6% 4-ATP. At the same time,
alloy Au@PdNPs produced ∼47 and ∼17%.76 Thus, alloy-type
bimetallic nanostructures yieldeda greater amount of 4-ATP
compared to their sandwich-like analogs.
The Ren group utilized phenyl isocyanide (PIC) as a

molecular reporter to map nanoscale reactivity of submonolayer
of Pd on Au surface.94 The researchers showed that TERS
spectra acquired at Pd edges had C≡N vibration of PIC red-
shifted on 60 cm−1 compared to the spectra collected from Pd
atoms present at Au islands. These results demonstrated that
molecules located at Pd edges had higher reactivity compared to
Pd atoms present in terraces. A similar approach was used by the
Ren group to probe electronic properties of Pt nanoislands on
the surface of Au film.95 In TERS spectra collected from lower-
coordinated Pt sites, the researchers observed the C≡N
vibration of 4-chlorophenyl isocyanide to be blue-shifted.
Expanding upon these findings, the Ren and Zenobi groups
examined nanoscale catalytic properties Pd submonolayer
present on Au (111) surface.96 It was found that catalytic
hydrogenation of chloronitrobenzenethiol occurred beyond the
location of Pd sites and was observed as far as 20 nm from the

Figure 3. TERS on CuNWs and CuNCs. (A) TERS spectra collected
from CuNWs and CuNCs (red) and Si wafer (black) as well as spectra
of DMAB formed on CuNWs (blue) and CuNCs (green). (B) TERS
image of 4-NBT (1331 cm−1). (C) TERS image of DMAB (1382 cm−1/
1422 cm−1). (D) Overlapped 4-NBT and DMAB images with the
corresponding AFM image of the analyzed CuNWs and CuNCs (E).
Scale bar: 500 nm. Reprinted with permission from ref 89. Copyright
2021 American Chemical Society.
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bimetallic Pd/Au boundary. These results indicate that the
interplay between plasmonic and catalytic metals at the
nanoscale is far more complex than was previously expected.
Using TERS, Li and Kurouski investigated catalytic properties

of gold−platinum (Au@Pt) and gold−palladium (Au@Pd)
“sandwich-like” bimetallic nanoplates.64 It was found that Au@
PtNPs could be used to oxidize 4-MPM to 4-MBA, whereas the
reversed reduction of 4-MBA to 4-MPM was evident only for
Au@PdNPs, Figure 4.64 However, in the absence of the catalytic

metals, the nanostructures were able to decarboxylate both 4-
MBA and 4-MPM, producing thiophenol. These findings
demonstrated that Pt determines unique oxidation, whereas
Pd determines unique reduction properties of bimetallic
nanostructures.
Recently, Patil and Kurouski reported TERS-based analysis of

dimerization of aromatic halides on Ni-doped Au nanostruc-

tures.97 It was found that such nanostructures enabled the highly
efficient dimerization of aromatic halides into biphenyl.
Furthermore, the greatest yield of biphenyl was observed on
the Ni nanoislands present on the surface of Ni@Au
nanostructures, Figure 5. However, such nanostructure-specific
reactivity was not observed for copper−ruthenium nanoplates
(Cu@RuNPs). Patil and Kurouski observed nearly uniform
reactivity of Cu@RuNPs in dimerization of 4-NBT into
DMAB.98 It should be noted that Cu@RuNPs yielded nearly
a 5 times greater amount of DMAB compared to their
monometallic analogs (CuNPs).98

Photocatalysis on Semiconductors. 2D TMDs have
unique properties, and TERS’ nanoscale analysis makes it a
powerful tool for photocatalysis research. It provides insights
into fundamental processes and helps to optimize next-
generation photocatalytic materials. The number of layers
affects their properties, with monolayer TMDs offering
enhanced electronic, catalytic, and optical traits.99,100 These
advantages make them ideal for optoelectronic applications and
boost catalytic activity, which is essential for photocatalysis.
Lambin and co-workers discovered that monolayer molybde-
num disulfide (MoS2) flakes could catalyze photocatalytic
reduction of 4-nitrothiophenol (NTP) to p,p′-dimercaptoazo-
bisbenzene (DMAB) and aminothiophenol (ATP),101 a
chemical reaction that was previously evident only for plasmonic
metals.102 Additionally, other studies showed that the nitro
group (4-nitrobenzenediazonium (4-NBD) tetrafluoroborate
salt) was reduced to a dimer through electron transfer from
MoS2, contributing to the doping process that alters the
electronic band gap and excitonic properties of MoS2.

103 The
behavior of monolayer to few-layer MoS2, showing significant
changes in the intensities of the A1g and E2g modes, along with
blue and red shifts, as demonstrated by Farhat et al., revealed
that the MoS2 monolayer exhibited enhanced optical absorption
and greater electron−hole pair generation, as evidenced by the
tip-enhanced photoluminescence (PL) emission.104

Using TERS and its infrared analogue, atomic force
microscopy infrared (AFM-IR) spectroscopy, our group
demonstrated that MoS2 could catalyze dehalogenation of 4-
bromothiophenol (4-BTP) producing thiophenol as well as
dimerize 4-BTP into biphenyl. Patil and Kurouski also found
that catalytic properties of single MoS2 nanoflakes could be
enhanced by doping gold nanoparticles onto the nanoflakes.
The doping did not alter the amount of thiophenol produced by
the nanostructures but increased the yield of biphenyl more than
3 times on MoS2@AuNPs compared to MoS2 nanoflakes. It
should be noted that the same conclusions were made by
independent analysis of the nanostructures using AFM-IR,
which excludes the possibility of tip-based catalysis of 4-BTP to
thiophenol or biphenyl conversion.
Recently, Patil and Kurouski used TERS to examine

photocatalytic reduction of 4-NTP to DMAB on monolayer
tungsten disulfide (WS2) nanoplates and WS2 coupled with
palladium nanoparticles (WS2@PdNPs), Figure 6.65 It was
found that both nanomaterials were able to catalyze the
reduction of 4-NTP to DMAB. However, the yield of DMAB
was substantially greater on WS2@PdNPs compared to that on
WS2NPs. The researchers also found that an increase in the light
intensity caused an increase in the reaction rate of 4-NTP to
DMAB conversion on both WS2 and WS2@Pd nanoplates. The
observed first-order kinetic relationship for DMAB formation on
WS2 nanoplates and WS2@PdNPs hybrids indicated that their
surfaces could possess both covalently anchored 4-NBT and an

Figure 4. Plasmon-driven reduction of 4-MBA to 4-MPM on Au@
PdNPs. (a) Schematic illustration of MBA reduction to MPM by Au@
PdNPs; (b, c) TERS images of Au@PdNPs (10 nm per pixel). Intensity
of intensities of 1570−1750 cm−1 containing C ring vibration and C�
O vibration of 4-MBA is shown in green; the 1593 cm−1 band (C ring
vibration) of MPM without showing a C�O vibration band (1714
cm−1) is shown in blue. (d) Overlapping TERS images of 4-MPM and
4-MBA. (e) In situ AFM image of Au@PdNPs during TERS imaging.
(f, g) Typical TERS spectra extracted from chemical maps on Au@
PdNPs (panels a and b) showing the presence of 4-MPM (blue) and 4-
MBA (green). Reprinted with permission from ref 64. Copyright 2021
American Chemical Society.
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excess of unbound 4-NBT.65 Since the rate of the reaction was
determined by covalently bound 4-NBT, the dimerization of 4-
NBT on WS2 nanoplates and WS2@PdNPs hybrids was a
pseudo-first-order reaction.
Monometallic and bimetallic TERS, as well as 2D TMDs,

display distinct photocatalytic mechanisms due to differences in
their electronic structures, charge transfer properties, and light−
matter interactions. The photocatalytic reaction is primarily
driven by plasmon-induced hot electron injection in metals,
where LSPR excites carriers, leading to electron-driven
catalysis.105,106 2DTMDs rely on bandgap excitation to generate
e−−h+ pairs, which participate in oxidation−reduction reactions,
with photogenerated excitons contributing to the catalytic
processes. Additionally, in 2D TMDs, structural defects such as
vacancies in dichalcogenides play a significant role in influencing
photocatalytic activity.107,108

■ FUTURE PERSPECTIVES: NOVEL CHEMISTRY AND
NOVEL MATERIALS

The reviewed studies highlighted the potential of TERS for
nanoscale analysis of photocatalytic reactions on mono- and
bimetallic nanostructures, as well as semiconductors. The
strength of TERS lies not only in its nanoscale imaging
capabilities but also in the quantitative aspects of the technique.

With advances in technology and research, TERS holds exciting
potential in key areas such as enhanced spatial resolution, in situ
and real-time monitoring, nanoscale catalysis and reaction
mechanisms, environmental and biochemical sensing, and
material design and optimization, among others. Specifically,
TERS can be used to determine the yield of chemical reactions
as well as measure rates of catalytic reactions. Notably, this
information can be obtained for individual surface sites,
including corners, vacancies, adatoms, and flat terra-
ces.61−65,74,75,84,89,97,98,109,110 In turn, this information can be
used to probe the mechanisms of catalytic reactions and
reactivity of molecular analytes. For instance, Li and Kurouski
examined molecular reactivity of aromatic halides in Suzuki−
Miyaura coupling reaction using TERS.110 It was found that 4-
bromothiophenol was significantlymore reactive compared with
4-chloro- and 4-fluorothiophenols.
Utilization of TERS, density functional theory (DFT) and

time-dependent density functional theory (TDDFT) revealed
molecular mechanisms of plasmon-driven reduction of nitro and
carboxyl groups on AuNPs and Au@PdNPs.111 It was found that
a nitro group was far more reactive than a carboxyl group, which
results in the formation of azo derivatives of 2-nitro-5-
thiolobenzoic acid (2-N-5TBA) on AuNPs that later decarbox-
ylate forming DMAB and then 4-NBT. On Au@PdNPs, 2-N-

Figure 5. (a) Schematic representation of the catalytic reaction between 4-BTP to TP and 4,4′-BPDT on Au@NiNPs. Plasmon-driven formation of
4,4′-BPDT and TP on Au@NiNPs. (b) Selected TER spectra acquired from Au@NiNPs at different areas outlined in panel i. Deconvulated TER
spectra in the region of 1500−1620 cm−1, confirming the presence of intact 4-BTP (1554 cm−1 (νC−C(ring))) (c) and, in addition, the formation of TP
(1575 cm−1 (νC−C(ring))) (d) and 4,4′-BPDT (1583 cm−1) (e) on Au@NiNPs. TERSmaps for the distributions of 4-BTP ((1060 cm−1 (νC−Br) and
1077 cm−1 (νCS)) (f), and 1554 cm−1 (g), TP (1575 cm−1) and 4,4′-BPDT (1583 cm−1 (h)). (j) Overlay TERS map of panels f, g, and h. Reprinted
with permission from ref 97. Copyright 2021 Royal Chemical Society.
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5TBA first formed the bicarbonyl derivative of DMAB, which
then was reduced to both bihydroxyl-DMAB and 4-amino-3-
mercaptobenzoic acid.111

We also anticipate that TERS will be broadly used in the
understanding of 2D and 3D materials physics. Recently,
Gogotsi group used TERS to examine environmental stability of
single-layer and few-layer flakes of Ti3C2TxMXene deposited on
a gold substrate.43 These and other studies demonstrate that
TERS can be used for direct measurements of reactivity and
structural properties of materials at the single-nanostructure
level.23,24,112,113 Jiang group demonstrated that a scanning probe
could be used to trigger a dissociation of a specific molecular site
(C−Si bond) in individual 5,10,15,20-(tetra(trimethylsilyl)-
ethynyl)porphyrinmolecules adsorbed on a Cu(100) surface.114

To enable such bond scissoring, the scanning probe had to be
positioned precisely at the chemical bond atop the molecule.
Thus, TERS can be used to not only analyze the samples of
interest but also alter their chemical structure.
It should be noted that with all of the above-discussed

advantages, several inherent problems persist in TERS for years.
One of them is the poor reliability of the scanning probes. Most
research groups prepare their own scanning probes by simple
thermal deposition of plasmonic metals33,34,61,64,74,89,109,110,115

or electrochemical etching of Au or Ag wires.23,24,112,113 Both of
these methods do not allow for achieving the desired
reproducibility and reliability of scanning probes. Spontaneous
contamination of scanning probes is another issue broadly faced
by all researchers that utilize TERS. It should be noted that
contaminated scanning probes can be cleaned and reused.116

Nevertheless, tip contamination enormously decelerates the
nanoscale analysis of samples. Finally, the lifetime of the
scanning probes remains short, ranging from minutes to days.
Several engineering approaches were proposed to protect

metallized scanning probes from both abrupt contamination
and oxidation.116 The Sokolov group proposed to coat Ag and
Au probes with a few nanometers of aluminum (Al), which
quickly turns into aluminum oxide that protects scanning probe
from a mechanic deformation and oxidation.117 Experimental
validation of this strategy in our group showed a substantial
decrease in the enhancement provided by such probes with only
insignificant improvement in their lifetime. All of these
limitations substantially decelerate the broad implication of
TERS in biology and material science. Therefore, additional
studies are needed to improve the robustness and reliability of
the TERS.
Overall, the future of TERS in material science looks

promising, as it holds the potential to provide unique insights
into the properties, behaviors, and applications of materials at
the nanoscale, driving innovations across various fields.
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