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Plasmonic nanocavities exhibit exceptional capabilities in visualizing the internal structure of a single
molecule at sub-nanometer resolution. Among these, an easily manufacturable nanoparticle-on-mirror
(NPoM) nanocavity is a successful and powerful platform for demonstrating various optical phenomena.
Exciting advances in surface-enhanced spectroscopy using NPoM nanocavities have been developed
and explored, including enhanced Raman, fluorescence, phosphorescence, upconversion, etc. This
perspective emphasizes the construction of NPoM nanocavities and their applications in achieving higher
enhancement capabilities or spatial resolution in dark-field scattering spectroscopy and plasmon-
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requirements for studying light—matter interactions through the creation of well-designed NPoM
DOI: 10.1039/d3sc05722d nanocavities. Additionally, it provides an outlook on the challenges, future development directions, and
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1. Introduction

When metal nanoparticles (NPs) or nanostructures are exposed
to incident light with specific wavelengths, the electrons in the
metal conduction band begin to oscillate collectively."” This
oscillation of surface free electrons generates highly localized
electromagnetic fields around the nanostructures, giving rise to
a phenomenon widely known as localized surface plasmon
resonance (LSPR).>* These excited plasmonic nanoparticles or
structures can be treated as antennas, effectively amplifying the
intensity of the optical field in their immediate vicinity.>® The
strength of the electric field decreases with distance from the
particle surface, following a decay rate of r*, where ‘7’ represents
the distance from the metal surface. As a result, molecules sit-
uated on or near the nanostructure surface can experience an
enhanced optical field, leading to the enhancement or modifi-
cation of various optical processes.”” The optical processes
based on LSPR that have been developed and are gradually
being applied primarily encompass: (1) enhanced scattering
processes, such as surface-enhanced Raman spectroscopy
(SERS);'*** (2) enhanced radiative processes, including photo-
luminescence (PL) (surface-enhanced fluorescence (SEF),>***
enhanced  phosphorescence  (SEP), and  enhanced
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upconversion),**® electroluminescence (ECL),”” and chem-
iluminescence (CL);*® (3) enhanced absorption processes, such
as enhanced infrared (IR).*

The resonance characteristics of LSPR are closely associated
with various factors, including the inherent properties of metal
nanoparticles, their composition, particle morphology, size,
and surrounding environment.>*** (1) The intrinsic properties
and composition of the materials play a significant role. These
factors encompass aspects such as the presence of free elec-
trons, carrier concentration, carrier mobility, and -carrier
impedance on the metal surface. Typically, materials like Au,
Ag, and Cu are the most employed. Among them, Au is the most
stable under ambient conditions but relatively costly. Ag
exhibits the lowest dielectric loss, though both Ag and Cu are
susceptible to instability under ambient conditions. As a result,
researchers are also exploring the utilization of core-shell
particles or alloys in LSPR studies.”**** (2) Different morphol-
ogies and sizes have a direct impact on optical properties of
metal nanostructures. Various particle shapes have been
developed, including, but not limited to, spheres, cubes,* rods,
octahedra, tetrahedra, hollow structures, nanostars, and nano-
flowers.>»** Additionally, particle size also plays a significant
role, and it has been comprehensively studied through theo-
retical simulations and experiments.>*** (3) The dielectric
environment of metal nanoparticles/structures also affects the
plasmon resonance frequency. This characteristic can be
applied to environmental sensing applications, which have
already been extensively researched.>*® In practical scenarios,
beyond the factors mentioned above, the influences on the
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characteristics of LSPR must also consider interactions among
substrates, solvents, and the electromagnetic fields between
particles.

For a single-component individual nanoparticle, its
enhancement capabilities and application scenarios are rela-
tively limited. However, for particles with particular structures
and morphologies, or when they are assembled together,
a guarantee is provided to achieve rich LSPR performance.
Given the intricate interplay of multiple factors influencing the
characteristics of LSPR, researchers have devoted their efforts to
developing diverse approaches for designing and fabricating
nanoscale structures tailored to specific research requirements.
Currently, various nanostructures have been developed,
including core-shell structures, doped structures, core-satellite
structures, and more.” Assembling smaller units to construct
more complex nanostructures is also a widely used approach.
For example, through solution self-assembly, typical structures
like dimers, trimers, oligomers, monolayer particles, etc., can be
obtained.”® Among the various approaches, the nanoparticle-on-
mirror (NPoM) nanocavity structure, formed through the
assembly of chemically synthesized nanoparticles on
a substrate, has garnered widespread recognition.” The excep-
tional ability of the NPoM to precisely control the size, shape,
composition, surface chemistry, and crystal facets of nano-
structures makes it of paramount interest.**** Therefore, we
will provide a detailed explanation of this technique.

Our primary objective is to gain a profound understanding of
the interactions between light and matter. Therefore, we
present the latest examples, emphasizing the superiority of
NPoM nanocavities in plasmon-enhanced spectroscopy (PES)
applications. We not only showcase the precise construction of
NPoM nanocavities but also demonstrate how the utilization of
suitable NPoM nanocavities achieves higher enhancement or
superior spatial resolution in various enhanced spectroscopic
techniques. In the outlook section, we summarize the chal-
lenges faced by the PES field and underscore the future direc-
tions of PES.

2. Nanoparticle-on-mirror
nanocavity structure

Optical nanoparticles typically refer to a novel class of materials
where structural units exist at the nanometre or sub-
micrometre scale, allowing for precise control of light.® The
preparation of plasmonic metal nanoparticles meeting research
demands, as well as the rational design and assembly of
structured entities, serves as the foundational basis for studying
light-matter interactions.**-*

Pushing optical compression to deep subwavelength scales
is an effective means to comprehensively understand the
essence of light-matter interactions and represents the ultimate
goal for applications based on light.** Therefore, fabricating
metal nanostructures or nanocavities at the nanometer or even
Angstrom scale is a central focus of past and even future
research. Over the past decade, the NPoM has been one of the
most captivating plasmonic nanostructures.*** This model
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resembles a dimeric system but offers greater versatility than
dimer systems. The NPoM model not only provides significant
electromagnetic field enhancement but also showcases rich
optical phenomena in PES (Fig. 1a).**

From bottom to top, the NPoM nanocavity structure consists
of a substrate, a spacer layer, and a nanoparticle (Fig. 1). The
gap between the substrate and particle surfaces forms a plas-
monic cavity, generating intense localized gap plasmon reso-
nances. The substrate typically consists of a smooth, thin film of
a noble metal, as shown in Fig. 1d. This includes Au or Ag films
prepared through electron-beam evaporation,” the ‘striping’
method,* or synthesized using colloidal methods.** An optimal
choice for substrates is single crystals of noble metals, such as
Au and Ag. Single crystals exhibit atomic-level smooth surface
structures and well-defined energy states. They serve as a crucial
model system that bridges theory and experimentation, allow-
ing for precise investigations of light-matter interactions within
optical cavities. Additionally, there has been further develop-
ment involving the use of transition metal single crystals and
heterogeneous single crystals as substrates. Heterogeneous
single crystals can be prepared by depositing transition metals
onto the surface of Au single crystals through underpotential
deposition. The formation of nanoparticle-on-transition metal
single-crystal structures enables the study of changes in surface
species of transition metals, playing a crucial role in electro-
chemical research. The top nanoparticle (Fig. 1b) can take
various forms and sizes, including a range of plasmonic mate-
rials. Commonly, it includes Au and Ag spheres,** cubes,** rods,
octahedra, and more.? The spacer layer (Fig. 1c) can be any of
the following materials: SiO,, Al,03,* quantum dots, mole-
cules,® luminescent groups,*” polyelectrolytes (PEs),*** DNA,
transition metal dichalcogenides (TMDs) or other two-
dimensional materials like graphene,**** small-sized nano-
particles, and others. Serving as a precisely dimensioned
dielectric layer, the spacer layer separates the top particles from
the bottom substrate while allowing for the embedding of
probes within the optical cavity. Small-sized nanoparticles, such
as TiO,, can also serve as the spacer layer. For instance, by
constructing an Au nanoparticle-TiO,-Pt structure, it can be
used to monitor hydrogen spillover phenomena in catalysis.*

It is worth noting that the NPoM model, formed by the
coupling of metal nanoparticles with a substrate, can be sub-
divided. Researchers have differentiated between “nano-
cavities” and “picocavities” based on the range of volumes or
effective wavelengths. Generally, the effective wavelength range
for “picocavities” is approximately 0.1 nm, while that of
“nanocavities” is around 1 nm.*" Besides, “picocavities” exhibit
smaller volumes than “nanocavities.” For instance, the research
group led by Professor Jeremy ]J. Baumberg reported a plas-
monic picocavity formed by the coupling of a gold film and
a gold nanoparticle, with a volume less than 1 nm>.*® Further-
more, they demonstrated that such plasmonic cavities can
strongly couple with individual molecules at room tempera-
ture.** In this review, we only delve into discussions on weak
coupling. For a comprehensive understanding and elucidation
of the phenomenon and mechanisms of coupling phenomena,
such as strong coupling or single-molecule dipole coupling

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 NPoM nanocavity structure. (a) Applications of the NPoM nanocavity structure. Types of top nanoparticles (b), spacer layer (c), and bottom

substrates (d).
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recommended.
Based on the NPoM nanocavity structure, the following
model has been developed: the core-shell particle-spacer-
substrate model (Fig. 1). This model enables the direct
measurement of signals originating from the interface between
the substrate and particles. The shell layer surrounded by
particles acts as a shield against external environmental inter-
ference. Additionally, the development of the tip-spacer-
substrate model and the shell-isolated tip-spacer-substrate
model has also been achieved. Strictly speaking, these two
models cannot be classified as NPoM nanocavity structures.
However, these models share many common features with the
NPoM nanocavity structure; therefore, we have also provided
a detailed description of their applications. In both models, the
tip can also serve as a nanoparticle. Compared to the NPoM
nanocavity structure, the tip-spacer-substrate model and the
shell-isolated tip-spacer-substrate model demonstrate superior
flexibility in terms of their in situ operability. Within the
framework of the tip-spacer-substrate model, innovative tech-
niques such as tip-enhanced Raman spectroscopy (TERS) and
tip-enhanced  photoluminescence (TEPL) have been
developed.***® The flexibility of the tip imparts unique advan-
tages to these techniques. TERS and TEPL techniques offer sub-
nm resolution capabilities and have found extensive

© 2024 The Author(s). Published by the Royal Society of Chemistry

applications in high-resolution research studies. Next, we will
delve into the applications of the aforementioned NPoM
nanocavity structure in the realm of enhanced spectroscopy.

3. Applications in dark-field
scattering spectroscopy and plasmon-
enhanced spectroscopy

The NPoM structure exhibits extreme field confinement and
enhancement,” allowing plasmonic sensors to detect the
characteristics of gaps with ultra-high sensitivity. Detection
relies on two aspects: (1) the far-field extinction properties
inherent to the nanostructure itself; (2) the combination of the
characteristic spectral information (scattering, emission,
absorption, etc.) of probes (probes can be a suitable research
entity within the spacer layer in Fig. 1c) with the near-field
enhancement of plasmonic sensors, which allows for
achieving detection limits at the single-molecule level within
the gap region.®>**

The NPoM structure serves as a nanocavity capable of
confining light within a volume significantly smaller than the
wavelength of light. Within this resonator, the optical field
enhancement is directly proportional to the Q/V, where (Q)
represents the cavity's quality factor, and (V) is the mode
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volume. To enhance the optical field, it is necessary to increase
(Q) or decrease (V). LSPR is coupled into the metal nanoparticles
after the excitation of photons, leading to relaxation through
radiative and non-radiative processes.®*** Radiative relaxation
involves the emission of photons outward, while non-radiative
relaxation manifests as the absorption of the excited light.
Both of these loss mechanisms affect the quality factor of the
cavity. The quality factor (Q) is given by Q = =t/T, where 7 is the
lifetime of the surface plasmon and 7 is the oscillation period.
According to theoretical studies, the lifetime 7 of surface plas-
mons is related to the spectral linewidth (I') of the plasmon
through the following equation:**

2h 1 1

I = —= 2h (2_T1 + F)
T, denotes the time associated with energy relaxation processes
in both radiative and non-radiative forms, while T* represents
the pure dephasing time. Typically, losses incurred through
non-radiative relaxation are challenging to -circumvent.
However, losses arising from radiative relaxation can be miti-
gated by tailoring the structural design of the cavity. For a more
detailed explanation of the enhancement mechanisms, please
refer to the relevant excellent literature.®***

In this section, we will first introduce research on the
extinction properties utilizing the NPoM structure. Subse-
quently, the use of the NPoM structure in achieving higher
enhancement capabilities and spatial resolution in spectro-
scopic studies is emphasized. These spectroscopic studies
encompass advancements and prospects in plasmon-enhanced
Raman, PL (including fluorescence, phosphorescence, and
upconversion), ECL, and CL.

3.1 Dark-field scattering spectroscopy

The extinction properties of the NPoM structure are influenced
by various factors, including the material, size, and shape of the
top nanoparticles; the material and thickness of the particle
protectant; the bottom substrate material and its roughness;
the dimensions of the nanocavities (the distance between metal
nanoparticles and the substrate); as well as the dielectric envi-
ronment.** By measuring the dark-field scattering spectra, we
can detect variations of these factors with extremely high
sensitivity. The optical properties of the NPoM structure can be
affected by atomic-scale variations in the facets, edges, and
vertices. Consequently, even nanoparticles with the same
diameter may exhibit significant differences in their dark-field
scattering spectra, especially when the gap dimensions are
extremely small. Therefore, constructing a well-designed
nanocavity is crucial for studying the dark-field scattering
spectra of nanostructures or probing the characteristic spectral
information of probes.

To explore highly sensitive variations in vertical dimensions
(cavity size variations), Professor Xu's group developed
a straightforward experimental setup based on nanowire-on-
mirror (NWoM) plasmonic nanostructures (Fig. 2a).°® The
setup comprises an Au nanowire (NW) coated with a layer of
hexadecyltrimethylammonium bromide (CTAB) molecules on
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the top, an ultrasmooth Au film at the bottom, and Al,Oj3 layers
of varying thicknesses ranging from 5.0 nm to 0.5 nm. The
thickness of CTAB can be reduced to 0.5 nm through cleaning,
and the roughness of the ultrasmooth Au film is ~0.32 nm.
Minimizing the thickness of the surface protectant and utilizing
an ultrasmooth Au film is essential, because smaller-sized
nanocavities exhibit stronger confined cavity plasmon reso-
nances, resulting in heightened sensitivity to substrates and
particles.

The bottom surface of the nanowire forms a metal-insu-
lator-metal nanocavity with the thin metal film (as shown in
Fig. 2b). This device exhibits a sensitive cavity-plasmon reso-
nance. Theoretical simulations indicate that the scattering
spectrum of this system presents two resonant peaks, as
depicted in Fig. 2¢c, denoted as the T peak and the M peak. The T
peak corresponds to the transverse dipole mode of the nanowire
itself, while the M peak originates from the lowest frequency
cavity-plasmon mode. By employing atomic layer deposition, it
is possible to control the thickness of the Al,O; spacer layer. As
illustrated in Fig. 2d, with a reduction in the thickness of the
Al,O; layer, the plasmon resonance spectrum exhibits a redshift
in emission. Fig. 2e provides an insight into how the resonance
wavelength and energy change with Al,O; thicknesses. The
most significant alteration occurs when the cavity size is at its
minimum, with a value of 14 nm A~

However, the above-mentioned methods involve non-in situ
alteration of the thickness of Al,O;. To enable in situ investi-
gations, they also employed Ag NWs coated with polyvinyl pyr-
rolidone (PVP) as a protective agent. By conducting dark-field
scattering measurements on Ag-NWoM at a constant tempera-
ture, they observed an irreversible redshift in the peak position
over time (Fig. 2f). This shift could be attributed to the defor-
mation of the PVP layer due to the weight of AgNWs or the
release of water molecules.

In order to investigate how the Ag-NWoM structure responds
to the environmental temperature, the researchers systemati-
cally varied the temperature range from 295 K to 300 K. During
this process, the resonance peak shift encompassed both the
reversible thermal expansion effect of the PVP layer and the
irreversible redshift effect of the sample. By subtracting the
time-dependent irreversible redshift, the net spectral shift
induced by temperature-related thermal expansion was ulti-
mately determined to be 0.137 nm K * (Fig. 2g).

The aforementioned study demonstrates how harnessing the
plasmonic resonance characteristics of nanocavities enables
high-resolution monitoring of changes in materials, environ-
mental conditions, and optical cavity dimensions. To tackle the
challenges associated with controlling particle crystal facets
and to deepen our understanding of light coupling, Professor
Jeremy J. Baumberg's research group developed a nano-cavity
based on Au nanodecahedra.®” Utilizing an automated particle
tracking system, they investigated over 20 000 individual nano-
cavities, systematically comparing the scattering spectra and
SERS enhancement capabilities of NPoM nanocavities and
nanodecahedron-on-mirror (NDoM) nanocavities.

Specifically, they first coated the Au film with a monolayer of
biphenyl-4-thiol molecules in advance. Subsequently, they

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Model diagram of the NWoM system. (b) TEM image of an individual NWoM system: a crystalline AUNW with a pentagonal cross-section
positioned on the gold film, separated by a 1.5 nm AlLOs spacer. Additionally, an 8 nm Al,Os layer is applied to the NWoM's surface to enhance the
nanowire's shape visibility. Scale bar, 30 nm. (c) The calculated scattering spectrum: a 45 nm-diameter AUNW on the gold film with a 2 nm
vacuum separation. (d) Dark-field spectra of individual Au-NWoM systems separated by an AlLOs film with thickness ranging from 0.5 to 5.0 nm.
The insets show the corresponding dark-field images. (e) Measured resonant peak (plasmon resonance energy) of the cavity plasmon of the Au-
NWoMs versus the Al,Os thickness. (f) Spectral shift effect at 295 K as a function of measurement time from four individual Ag-NWoMs. (g)
Temperature-dependent average shift of the resonance wavelength purely induced by the thermal expansion effect of the PVP layer. Panels
(a)—(g) are reprinted with permission from ref. 66, under the Creative Commons Attribution 4.0 Public License. Schematics, dark-field and SEM
images of (h) NPoMs and (i) NDoMs. Histograms of the dominant cavity mode wavelengths, together with average spectra from each bin of (j) D =
80 nm NPoMs with facets (typically 25 nm), and (k) Regge = 81 nm NDoMs. Panels (h)-(k) are reprinted with permission from ref. 67, under the
Creative Commons Attribution 4.0 Public License.

assembled Au particles (80 nm diameter) synthesized using the
sodium citrate method. Typically, nanoparticles synthesized
using the sodium citrate method exhibit a wide size distribution
and are not perfectly spherical, as evidenced by dark-field
optical microscopy images and scanning electron microscopy
(SEM) images (Fig. 2h). According to their scattering spectra, the
distribution range of the dominant mode wavelength exceeds
100 nm, and there is significant variation in scattering intensity
(Fig. 2j). In contrast, for NDoMs, the consistency of peak

© 2024 The Author(s). Published by the Royal Society of Chemistry

intensity and position is significantly superior to that of NPoMs
(see Fig. 2i and k).

They also demonstrated the remarkable sensitivity of plas-
monic nano-cavities with dimensions on the order of a few nm
to crystal facets. NPs synthesized through the conventional
sodium citrate method encounter challenges in efficiently
managing crystal facets, resulting in considerable fluctuations
in both cavity modes and field enhancements. Through the
statistical analysis of over 20000 such structures, they have
found that NDoM structures exhibit better SERS performance

Chem. Sci., 2024, 15, 2697-2711 | 2701
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due to their precise crystal facet size and shape. These findings
indicate that in small-sized optical cavities, plasmonic proper-
ties are influenced not only by well-known factors such as the
particle morphology, cavity dimensions, and dielectric envi-
ronment but also by crystal facets. Therefore, caution should be
exercised when assuming that cavity modes and field
enhancements remain consistent in constructed fixed-size
cavities with particles of similar size.

3.2 Surface-enhanced Raman spectroscopy

Dark-field scattering spectroscopy provides an exceptionally
sensitive tool for examining alterations in the dimensions of
nano-sized gaps and variations of the dielectric environment.
Additionally, when combined with molecular-specific spec-
troscopy and the near-field enhancement of plasmonic sensors,
it not only allows for a comprehensive understanding of field
distribution within optical cavities but also facilitates the
detection of changes in molecular species within these gap
regions.®® This has substantial relevance for investigating
intermediate products and mechanisms in energy and catalysis-
related reactions.

There are many excellent reviews available on the origin and
principles of SERS.®*”* The intensity of SERS enables a direct
examination of field distribution within the optical cavity with
remarkable spatial resolution capabilities. In this section, we
will primarily focus on recent advancements achieved through
the utilization of SERS. We'll begin by taking the advantage of
molecules and TMDs as “plasmonic rulers” to elucidate field
distributions within the optical cavity at the Angstrom scale.
Additionally, we will introduce the application of in situ Raman
spectroscopy in studying the structure and dissociation of water
molecules at the interface between particles and single crystals.
The results will demonstrate that SERS not only can serve as
a fingerprint spectroscopy technique for investigating changes
in molecular species but also play a valuable role in in situ
analysis of alterations in the molecular structure. These find-
ings open up new avenues for the applications of Raman
spectroscopy.

The existence of non-uniformity in the localized electric field
within a nanocavity is widely acknowledged. However, investi-
gating the actual distribution of this field inside the nanocavity
presents considerable challenges, especially when striving for
ultra-high resolution at the Angstrom level. This challenge ari-
ses from the need to achieve the required level of sensitivity for
detecting extremely small changes at the Angstrom scale. This
necessitates the development of exceptionally advanced exper-
imental setups. As a result, the development of a sophisticated
experimental apparatus for directly measuring the field distri-
bution within a nanocavity is considered a paramount task.

Based on this, our group devised a well-considered optical
cavity structure and successfully overcame this challenge.” By
utilizing SERS to measure the electric field distribution within
the nanocavity, we ultimately achieved a spatial resolution of 2.2
A. This nanocavity comprises an Au(111) surface and an Au
nanoparticle coated with a SiO, shell. The self-assembled viol-
ogen molecular monolayer with a specific probe moiety was
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positioned within the nanocavity (Fig. 3a). The position of the
probe moiety was continuously shifted along the viologen
molecule, differing by an ethyl unit (Fig. 3b). As depicted in
Fig. 3c, we compared the Raman spectra of molecules at
different probe positions and statistically analyzed their char-
acteristic peak intensities (the trend analysis of Raman intensity
or peak area variations at different positions within the optical
cavity can be conducted by normalizing the Raman spectral
intensity of characteristic peaks or the Raman peak area
(divided by the numerical value of the maximum), Fig. 3e).
Thus, we were able to determine the electric field distribution
within the nanocavity through the relationship between the
spatial position of the probe and Raman intensity. With the
assistance of first-principles calculations, we validated the non-
uniformity of the electric field within the optical cavity (Fig. 3d
and f). This study introduces a new method to measure the
electric field distribution within an optical cavity quantitatively.
Using plasmonic-enhanced Raman spectroscopy, achieves
exceptionally high resolution, helping us better understand
optical cavities and plasmonic systems. However, the random
orientation of molecules and vibration directions during
adsorption may lead to varying SERS intensities on the same
substrate. TMD crystals offer a solution due to their well-defined
crystal orientations and sub-nanometre thickness.”>”* The
research team, led by Tian and Yang, employed four layers of
MoS, and a monolayer of WS, transferred onto a nanoparticle-
on-mirror structure. They used the monolayer WS, as a probe
and placed it at different interlayer spacings. By measuring the
Raman signal of WS, at various positions within the optical
cavity, they could quantitatively determine the longitudinal
plasmonic field distribution.”

As shown in Fig. 3g, TMDs are positioned between the Au
film substrate and a single Au nanoparticle. Fig. 3h illustrates
the placement of WS, on the third layer, with each layer of the
two-dimensional atomic crystal approximately 0.7 nm. WS, is
positioned as the first layer in proximity to the Au nanoparticle
and as the fifth layer near the Au film (Fig. 3i). The authors
measured the SERS spectra of WS, at different positions within
the optical cavity (Fig. 3j) and statistically analyzed the inten-
sities E,; and A,, peaks of WS, (Fig. 3k). Combining with
theoretical simulations, it was demonstrated that when WS,
transitions from the first layer to the fifth layer, the SERS
intensity of the Ay, peak exhibits a trend of first decreasing and
then increasing (Fig. 31 and m).

The aforementioned results have laid a foundation for
a deeper understanding of the distribution of the field within
the optical cavity. However, due to the differences among
particles (even when they have similar size and morphology),
measurements can still introduce a certain level of inaccuracies.
As discussed in Section 3.1, within fixed-size NPoM cavities,
even though the particle sizes are similar, there will still be
certain differences in the corresponding cavity modes and field
enhancements. Consequently, challenges arising from varia-
tions between particles or positions are difficult to eliminate,
potentially complicating the study of changes within a system.
Therefore, the realization of in situ measurement is the main
trend of the future development of spectroscopy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Experimental setup schematic. (b) The simulated conformations of different viologen molecules. Experimental SERS spectra (c) and

simulated Raman spectra (d) of different viologen molecules. (e) Normalized experimental and simulated Raman intensities. (f) Normalized

electric field amplitude for viologen molecules in the cavity. Panels (a
Nature Publishing Group. (g) Schematic representation of a nanocavity.
different positions. (j) SERS spectra obtained from WS, at different positi

)—(f) are reprinted with permission from ref. 72, Copyright from 2020,
(h) An enlarged view of the designated area in (g). (i) Diagrams of WS, at
ons. (k) SERS intensity of Ajg and Exq as a function of the location of WS,

within various layers. (1) The variation of experimental and theoretical data with the position of the probes. (m) Experimental and theoretical SERS
enhancement factor (EF,,) of Exq in various positions. Panels (g)—-(m) are reprinted with permission from ref. 74, Copyright from 2022, American

Chemical Society.

Recently, there has been a growing interest in using in situ
SERS to study interface electrocatalytic reactions, providing
insights into reaction mechanisms. For instance, as the most
crucial participants in electrocatalytic reactions, the behaviours
of water molecules have a direct impact on the entire electro-
catalytic process at the electrode/electrolyte interface. However,
due to the fickle structures of water molecules, the extremely
low content of interfacial water, and the complex interfacial
environment, the study of water molecules at the electrode/
electrolyte interface remains a significant challenge. This limi-
tation hinders the comprehensive molecular-level under-
standing of the structure-performance relationship between
interfacial water molecules and electrocatalytic mechanisms.
Therefore, establishing and advancing high-sensitivity in situ
spectroscopic characterization techniques to thoroughly inves-
tigate the behaviour of water molecules at the electrode/
electrolyte interface and uncover their pivotal roles in

© 2024 The Author(s). Published by the Royal Society of Chemistry

electrocatalytic reaction processes are crucial scientific
endeavours in the field of fundamental interfacial electro-
catalysis research.

The shell-isolated nanoparticle-enhanced Raman spectros-
copy (SHINERS) technique, pioneered by our team, has
successfully overcome the longstanding limitations of SERS
technology, allowing for the enhancement of Raman signals on
single crystal surfaces.' However, in the widely applied realm of
electrocatalysis, the coupling-enhancement effect between
transition metal single crystal electrodes (non-plasmonic
materials) and Au@SiO, is notably weak. To address this
bottleneck, our group has recently developed a unique structure
referred to as Au@SiO,-on-heterogeneous metal single crystal
nanocavities (Fig. 4a)."* The top Au@SiO, nanoparticle not only
eliminates the interference from molecules in the bulk phase
but also enables the acquisition of Raman signals from water
molecules at the particle-single crystal interface. Heteroge-
neous single crystals, depicted as white atoms in Fig. 4a, were

Chem. Sci., 2024, 15, 2697-2711 | 2703
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Fig. 4

(a) Structure of Au@SiO,-on-heterogeneous metal single crystal nanocavities. (b) Simulated Raman enhancement effect. (c) In situ Raman

spectroscopy results of water molecules at the Pd(111) interface under alkaline conditions. (d) Variation in the concentration of hydrated water
molecules on different electrode surfaces and HER current density at —0.71 V under different electrolyte concentrations. (e) Schematic
representation of ordered interfacial water molecules. (f) Dissociation process of Na-H,O molecules and HB-H,O molecules on the electrode
surface. Panels (b)—(f) are reprinted with permission from ref. 11, Copyright from 2021, Springer Nature Limited.

fabricated by underpotentially depositing transition metals
onto the surface of Au single crystals (depicted as yellow atoms).
By leveraging the strong coupling between the Au single crystal
and the Au@SiO,, we enhanced the signals on the surface of the
transition metal single crystal electrode. Three-dimensional
time-domain finite-difference simulation results demonstrate
that this nanocavity structure can achieve a maximum
enhancement factor of up to 10° on the surface of the transition
metal single crystal. As illustrated in Fig. 4b, the strong signal
enhancement arises from the electromagnetic field at the
junction between Au@SiO, and the substrate, indicating that
this model allows the observation of Raman signals from water
molecules near the ‘hotspots.” As a result, the Au@SiO,-on-
heterogeneous metal single crystal electrode structure signifi-
cantly enhances the sensitivity of Raman spectroscopy detec-
tion, offering a new avenue for in situ spectroscopic research on
water molecules at the electrode/electrolyte interface.

Based on this method, in situ monitoring of the configura-
tion and dynamic changes of water molecules at the Pd single
crystal electrode/electrolyte interface was conducted using
electrochemical in situ Raman spectroscopy, as shown in
Fig. 4c. The study revealed that the interfacial water contains

2704 | Chem. Sci., 2024, 15, 2697-271

hydrogen-bonded water (HB-H,0) and Na" ion hydrated water
(Na-H,0). The population of Na-H,O exhibits a strong corre-
lation with hydrogen evolution performance (Fig. 4d). Spectral
evidence and ab initio molecular dynamics simulations
unveiled that under the synergistic effect of cations and elec-
trode potential the interfacial water molecules form a more
ordered structure at negative potential (Fig. 4e). The Na-H,O is
closer to the electrode surface than HB-H,O (Fig. 4f), thereby
promoting the charge transfer efficiency between the water
molecule and electrode, which caused a great improvement in
the rate of the hydrogen evolution reaction. By increasing the
concentration and valence state of cations, the population of
ordered interfacial water molecules is further improved,
consequently promoting the rate of the hydrogen evolution
reaction.

The study also discovered that both the crystal facet and
electronic structure of the single crystal electrode influence the
content of cation-hydrated water molecules and the rate of the
hydrogen evolution reaction. This work confirms the universality
of the strategy in promoting the hydrogen evolution reaction rate
through cation regulation of interfacial water. Commencing from
a single crystal model system, this work deeply comprehends the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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regulatory mechanism of the interfacial water molecule structure
on electrocatalytic reaction processes. It addresses a long-
standing issue in the field of electrochemistry and provides
a new strategy for enhancing the rate of electrocatalytic reactions.

3.3 Surface-enhanced fluorescence spectroscopy

At present, SEF, has evolved into a highly sensitive spectro-
scopic technique with powerful characterization capabilities.>”
For an introduction, development history, and mechanistic
description of SEF, please refer to previously published excel-
lent literature.”*® Unlike SERS, SEF exhibits fluorescence
quenching when fluorescent molecules are located on or very
close to metal structures (<5 nm).** This limitation not only
restricts the applications of SEF but also imposes stringent
constraints on achieving high spatial resolution. Research
indicates that as the distance between fluorescent molecules
and metals gradually increases on the nanometre scale, there is
a transition from fluorescence quenching to fluorescence
enhancement.®”” Consequently, the development of shell-
isolated nanoparticle-enhanced fluorescence (SHINEF) is
employed to investigate the interaction between fluorescent
molecules and metals at the nanoscale.””*®* The current chal-
lenges in SEF include the development of spectroscopic
methods with ultra-high enhancement to explore the “limits” of
enhancement and the construction of appropriate experimental
setups to achieve high spatial resolution.

The NPoM structure has found extensive applications and
achieved significant breakthroughs in the field of SEF. For
instance, Professors D. R. Smith and Maiken H. Mikkelsen have
made numerous pioneering contributions in  this
area,?»’*#547:48,65758¢ They systematically studied the sponta-
neous emission rate/lifetime, quantum yield, and changes in
the emission direction of fluorescent molecules by embedding
probes between particles and substrates. These efforts laid the
foundation for precise research into the interactions between
nanostructures and fluorescent molecules. It is widely accepted
that, through the judicious design of NPoM structures, the
spontaneous emission rate of fluorescent molecules (including
radiative and non-radiative transition rates) can be tremen-
dously enhanced. Current research indicates that the fluores-
cence lifetime can be shortened by over 1000 times while
maintaining a high quantum efficiency (>0.5) and directional
emission (high collection efficiency).*’

In the realm of enhanced PL, NPoM structures also
demonstrate its universality. When fluorescent molecules are
replaced with QDs,*® TMDs, or other luminescent materials,
their luminescent properties can also be enhanced. Notably,
compared to traditional fluorescent molecules, graphene QDs
offer advantages such as high photostability, low cytotoxicity,
excellent biocompatibility, and good water solubility. Incorpo-
rating graphene QDs into NPoM structures provides an effective
approach for high-speed displays and high-speed visible-band
quantum communication.?® TMDs possess outstanding opto-
electronic and fluorescence properties. Integrating TMDs into
NPoM structures holds promise for applications in optoelec-
tronic devices and sensors.>**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In recent years, tip-enhanced fluorescence spectroscopy
(TEFS) and shell-isolated tip-enhanced fluorescence spectros-
copy techniques have undergone rapid development. Both of
these techniques involve the creation of a nanoscale optical
cavity between the tip and the substrate, which is similar to the
NPoM structure in nature. However, these two techniques offer
significant advantages in achieving high spatial resolution,
enabling ultra-high-resolution surface analysis. For example,
the research group led by Hou, Dong, and Zhang used TEFS to
image a single zinc phthalocyanine (ZnPc) molecule.®® By
demonstrating the results of PL coupling between single ZnPc
molecules and nanocavity plasmons, they achieved a spatial
resolution of approximately 8 A. Furthermore, they were able to
locally map the molecular exciton energy and linewidth at a sub-
molecular resolution. Fig. 5a illustrates a model of the experi-
mental setup. To prevent direct contact between ZnPc mole-
cules and the Ag(100) substrate, the authors applied a three-
layer thick layer of sodium chloride (NaCl) as a dielectric layer
on top of the Ag single crystal substrate.

The silver-tip structure not only enhances photon emission
rates but also enables high-resolution scanning tunnelling
microscope (STM) imaging (Fig. 5b). When the tip is positioned
on an isolated ZnPc molecule, the molecular emission behav-
iour was tested with the laser turned on (red curve) or off (blue
curve). As shown in Fig. 5c, there is no noticeable specific
emission when the laser is off. When the laser is on, there is
a prominent emission peak around 653 nm, which is attributed
to the Q(0, 0) transition of the ZnPc molecule. When the tip is
positioned above the NaCl surface, there is also no emission
behavior, confirming that the emission originates from the
ZnPc molecules (black curve). NaCl is crucial because when
ZnPc molecules are directly deposited on the bare Ag surface,
the fluorescence is completely quenched (green curve).
Furthermore, when the tip is fully retracted, there is also no
characteristic emission (brown curve), indicating that it is
necessary to construct an optical cavity through the coupling of
the tip and the substrate to achieve strong fluorescence
enhancement. By studying the TEPL spectra at different gap
distances (Fig. 5d), it was observed that as the distance
increases, the fluorescence emission gradually weakens
(Fig. 5e).

The shell-isolated tip-enhanced fluorescence spectroscopy
technique allows for the direct acquisition of signals from
fluorescent molecules assembled on a typical substrate. Fig. 5f
displays tip-enhanced fluorescence spectra obtained using an
Ag tip coated with a 2 nm silica shell and bare Ag tip.** Cyanine 5
(Cy5) molecules were assembled on the surface of an Au
substrate. Due to non-radiative energy transfer between the Cy5
and the Au substrate, the fluorescence intensity of Cy5 is rela-
tively low when the tip is retracted (black curve). Compared to
the bare tip, the Ag tip coated with SiO, can reduce non-
radiative energy transfer between Cy5 and the tip, thereby
obtaining a stronger fluorescence signal.

On the other hand, shell-isolated tip-enhanced Raman
spectroscopy techniques combine the advantages of TERS and
SHINERS techniques, allowing measurements in a solution
environment. Typically, it is challenging to directly obtain

Chem. Sci., 2024, 15, 2697-2711 | 2705
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signals from molecules at the substrate surface due to inter-
ference from substances or impurities in the solution. As
illustrated in Fig. 5g, our research group conducted TERS
measurements using both a bare Au tip and a 2 nm SiO, shell-
isolated Au tip in a solution containing pyridine, with (4’
(pyridin-4-yl)biphenyl-4-yl)methanethiol (4-PBT) molecules
assembled on the Au(111) substrate. The TERS spectra ob-
tained with the bare Au tip exhibit Raman signals from both 4-
PBT and pyridine (Fig. 5h, black curve). However, when using
a 2 nm SiO, shell-isolated Au tip, only the Raman signal from
4-PBT is observed (Fig. 5h, red curve). This is because pyridine
in the solution can adsorb onto the bare Au tip but not onto

2706 | Chem. Sci, 2024, 15, 2697-271

the SiO, shell (pyridine does not interact with SiO,). Hence, in
the presence of the SiO, layer, the Raman signals of pyridine
molecules are no longer observable. These results indicate
that the ultra-thin SiO, shell can effectively eliminate inter-
ference from substances in the solution phase, thereby aiding
in the acquisition of Raman spectral signals from the
substrate.

3.4 Surface-enhanced phosphorescence and upconversion
luminescence

Both SERS and SEF have made significant progress, enabling
enhancements of over 4 orders of magnitude. Surface-enhanced

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic diagram of the model. (b) The bottom panel is the emission spectrum of the RB at —190 °C under hypoxic conditions, the

top panel is the emission spectra of the Au film surface with RB probe molecules at room temperature and the corresponding dark-field
scattering spectrum. (c) Transient dynamics of RB in optical cavities and in starch. Panels (a)—(c) are reprinted with permission from ref. 97,
Copyright from 2023, American Chemical Society. (d) Schematic of the tilted-nanocavity-coupled UCNP. (e) Upconversion luminescence
spectra and the dark-field scattering spectrum. (f) Normalized transient dynamics of UCNPs in the tilted cavity and on the glass slide. Panels
(d)—(f) are reprinted with permission from ref. 43, Copyright from 2022, Springer Nature Limited.

phosphorescence (SEP)**** and enhanced upconversion lumi-
nescence® essentially show no difference with enhanced fluo-
rescence. In theory, SEP is feasible by coupling
phosphorescence groups with plasmon resonances.’* However,
typically modest enhancements (~10) are achieved in experi-
ments that rely on restrictive conditions such as low tempera-
tures and oxygen-depleted environments, which hinder the
realization of SEP and impede its progress.

In the early stages, Professor Geddes' group systematically
investigated the factors influencing SEP under low-temperature
and anaerobic conditions, establishing a strong foundation for
SEP research.'®® Future practical applications of SEP are
anticipated to involve the utilization of enhanced singlet oxygen
(*0,) generation for bacterial deactivation.”* For example,
Professor Belinda Heyne's team immobilized the photosensitive
molecule rose bengal (RB) onto Ag NCs @SiO, surfaces with
various shell thicknesses.”>*® Then, they studied the effect of
varying shell thicknesses of Ag@SiO, NCs on the generation of
'0,. The results demonstrate that the most significant
enhancement in 'O, production occurred with a shell thickness
of approximately 10 nm, leading to a 12-fold increase in signal.
The research team introduced Ag NCs@SiO,-RB structures into
S. aureus and E. coli bacteria, analysed the bacteria's survival
curves, and found that the Ag NCs@SiO,-RB structures dis-
played effective antibacterial properties.

© 2024 The Author(s). Published by the Royal Society of Chemistry

However, the phosphorescence process is usually in an inher-
ently “dark state” and effectively activating the phosphorescence
process has remained a long-standing challenge. Based on this,
our team recently designed an NPoM cavity, as illustrated in
Fig. 6a.”” We deposited RB molecules on the top of polyelectrolytes
(PEs), and PEs were carefully embedded between the Au film and
Ag nanocubes (NCs). RB exhibits both fluorescence and phos-
phorescence emissions under low-temperature anaerobic condi-
tions (Fig. 6b, orange curve). However, RB only emits fluorescence
at room temperature (Fig. 6b, black curve). This behaviour is
attributed to the influence of optical selection rules and the
quenching effect from oxygen. We found that two conditions need
to be met to achieve room-temperature phosphorescence emis-
sion. First, the nanocavity must possess a high spontaneous
emission rate enhancement, which requires an overlap between
the cavity mode and the triplet state. Second, it should have a high
quantum yield, which necessitates an appropriately sized cavity.
Through the combination of experimental validation and theo-
retical modelling, we have successfully activated the ultrafast
emission of phosphorescence, achieving a remarkable enhance-
ment in spontaneous emission rates, surpassing a factor of 1000
(Fig. 6¢). This breakthrough has enabled us to overcome the
challenges posed by rapid non-radiative transitions, allowing
plasmonic structures to actively manipulate the radiative behav-
iour of phosphorescence molecules.

Chem. Sci., 2024, 15, 2697-2711 | 2707
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Furthermore, rare-earth-doped upconversion nanoparticles
(UCNPs) have attracted significant attention due to their advan-
tages of stable, coherent, narrowband, and multicolour emis-
sion. Due to the 4f-4f forbidden transitions of rare-earth ions,
UCNPs exhibit long emission decay times ranging from micro-
seconds to milliseconds.”® However, the long emission decay
times limit their applications in time-dependent nanophotonic
devices. To address this, the Zheng research group created a til-
ted plasmonic nanocavity by embedding UCNPs into the cavity
(Fig. 6d).” The authors found that the luminescence intensity of
the UCNP in the cavity was intensively enhanced over 60 000-fold
(Fig. 6e). Additionally, the emission decay rate of UCNPs could be
shortened, with lifetimes below 50 ns (Fig. 6f), while maintaining
a high quantum efficiency enhancement.

4. Conclusions and prospects

Metal structures at the nanoscale exhibit distinctive optical,
electrical, magnetic, and thermal properties that set them apart
from macroscopic metals.**** Their special optical character-
istics bestow upon them unique potential applications, making
them important subjects of research in the field of nanoscience.
The spectral signals of molecules located on or near the surface
of nanoparticles are significantly enhanced, thereby greatly
improving the sensitivity of spectroscopic analysis.'”*'* One of
the most attractive metal nanostructures is the NPoM, which
generates strongly confined gap plasmons between the two
opposing metal surfaces. The optical properties of the NPoM are
closely linked to various factors. Designing a reasonable NPoM
structure helps us to understand the interaction between light
and matter. This perspective provides an overview of the
application of NPoM structures in surface-enhanced spectros-
copy (SES) techniques, mainly including SERS, SEF, and SEP.

Here, we also summarize the current state of SES and offer
insights into its future developments. While SES has achieved
many successes to date, there are still demands and challenges
in future research. Addressing these demands and challenges
will expand the scope of SES technology across various domains
and enhance its analytical capabilities:

(1) In the realm of fundamental scientific research, there is
an expectation to improve resolution in terms of energy, space,
and time.

(2) In practical applications, there are also higher demands
for the universality of surface-enhanced substrates and their
forms, as well as the conditions for detection.

(3) In broader industrial and daily life applications, not only
reliability and reproducibility of results are sought after, but
also the convenience of monitoring and cost-effectiveness.

In addition, with the continuous advancement of science
and technology, the demand for higher detection sensitivity is
also growing. It is reasonable to predict that in the future, SES
technology will achieve higher temporal and spatial resolution:

4.1 Time resolution

One of the future trends includes the development of surface-
enhanced ultrafast time-resolved spectroscopy. This requires us
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to use SES technology to achieve higher temporal resolution,
especially on extremely short timescales. To realize this objec-
tive, ultrafast pulse techniques like femtosecond lasers are
essential for capturing the rapid dynamic processes of mole-
cules and materials."™ For instance, by utilizing surface-
enhanced substrates with femtosecond transient absorption
spectroscopy, we can obtain insights into the transitions
between excited states of substances, encompassing physical
and chemical processes such as energy and electron transfer;
through the rational design of nanomaterials and the integra-
tion of femtosecond stimulated Raman spectroscopy, we can in
situ monitor interfacial dynamic processes, unveiling reaction
mechanisms and structure-activity relationships at the molec-
ular level. These studies include in-depth exploration of
phenomena such as molecular vibrations and electronic tran-
sitions. These methodologies are of paramount importance for
comprehending chemical reactions, biological processes, and
material behaviours.

4.2 Spatial resolution

Achieving higher spatial resolution, including at the nano-
metre, Angstrom, and even sub-Angstréom levels, as well as at
the level of single particle and single molecule, is a crucial
objective. To realize this goal, we need to employ nanoprobes,
high-resolution microscopy, and nanofabrication techniques to
observe and manipulate nanostructures. Dark-field scattering
spectroscopy is an expression of the inherent properties of
metal nanostructures. This technique enables us to observe
nanostructures with high resolution, providing a deeper
understanding of the characteristics of metal materials and how
these attributes are interconnected with their optical behaviour.
Combining SES techniques (such as TERS) with dark-field
scattering spectroscopy contributes to our ability to observe
the dynamic behaviours of molecules and materials in practical
sensing and bioanalytical processes.

In conclusion, the future development of SES techniques will
prioritize achieving higher time and spatial resolution while
meeting the demands for increased sensitivity. By harnessing
new technologies from the fields of physics, nanotechnology,
and information computing, SES techniques will expand their
applications in various fields such as materials science, life
science, environmental science, and nanotechnology. These
advancements will provide us with more profound and precise
analytical and comprehension tools.
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