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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) is a
vibrational spectroscopic technique with molecular fingerprinting
capability and high sensitivity, even down to the single-molecule level.
As it is 50 years since the observation of the phenomenon, it has now
become an important task to discuss the challenges in this field and
determine the areas of development. Electromagnetic enhancement
has a mature theoretical explanation, while a chemical mechanism
which involves more complex interactions has been difficult to
elucidate until recently. This article focuses on the 2D material-based
platforms where chemical enhancement (CE) is a significant
contributor to SERS. In the context of a diverse range (transition
metal dichalcogenides, MXenes, etc.) and categories (insulating,
semiconducting, semimetallic, and metallic) of 2D materials, the
review aims to realize the influence of various factors on SERS response such as substrates (layer thickness, structural phase, etc.),
analytes (energy levels, molecular orientation, etc.), excitation wavelengths, molecular resonances, charge-transfer transitions, dipole
interactions, etc. Some examples of special treatments or approaches have been outlined for overcoming well-known limitations of
SERS and include how CE benefits from the defect-induced physicochemical changes to 2D materials mostly via the charge-
transport ability or surface interaction efficiency. The review may help readers understand different phenomena involved in CE and
broaden the substrate-designing approaches based on a diverse set of 2D materials.

1. INTRODUCTION
Despite the promising combination of the nondestructive nature
of the Raman probing technique with the high chemical
specificity of investigated samples, the low sensitivity limited the
application of Raman spectroscopy until the discovery of
surface-enhanced Raman spectroscopy (SERS). The reason is
the inherently small Raman scattering cross-section (e.g., 10−30

cm2 per molecule). SERS makes up this deficiency mainly via
plasmon-mediated amplification of electrical fields. In 1974,
SERS was accidently discovered by Fleischmann and co-
workers.1 During Raman scattering measurements, the authors
observed an unexpected signal increase from pyridine adsorbed
onto rough silver electrodes and attributed the enhancement to a
higher number of adsorbedmolecules available for the study due
to an increased surface area. This new phenomenon stimulated a
great interest (see Figure 1). In 1977, both Jeanmaire and Van
Duyne2 and Albrecht and Creighton3 independently concluded
that the large enhancement observed (around 105 to 106) could
not be simply explained by the increase in the number of
scatterers. Since then, SERS has continuously been studied to

understand its nature and origin. After a long-run debate, it is
now widely accepted that the enhancement in SERS sprouts
from two distinct mechanisms, namely, an electromagnetic
(EM) enhancement and a chemical enhancement (CE).
The EM mechanism dominantly contributes to SERS.

Molecules situated in the immediate or near vicinity of metal
nanostructures or metal surfaces with nanoscale roughness
experience an enhanced EM field compared to the incident
excitation due to localized surface plasmon resonance (LSPR)
that lead to orders of magnitude increase in Raman yield4−7 (see
Figure 2). This EM enhancement directly depends on the
material and morphology of the substrate, and the enhancement
factor (EF) can be as high as 108 or more, whereas CE is a short-
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range effect with an EF typically of the order of 101 to 103 and
includes different transitions or processes.8−10 The CE
contribution is usually difficult to assess when it coexists with
the EM effect and is often regarded as a secondary factor. The
combination of both enhancing pathways gives SERS a
significantly improved sensitivity. Au and Ag have negative
real dielectric constants and induce strong LSPR in the visible
and near-infrared range. Hence, in the last 50 years, great efforts
have been made toward an ideal SERS substrate largely focusing
on the nanoscale design of Au and Ag using various chemical and
physical fabrication methods.6,7,11−16 With the progress of
research in nanotechnology, development of instrumentation,
and continuous exploration by researchers, SERS has now
matured into a highly sensitive and user-friendly detection
technique (Figure 1). It can simultaneously detect a single
molecule and provide its chemical fingerprint.17,18

Despite many advantages, the routine application of metal
SERS substrates has been limited. Size, shape, distribution, and
in-between gap of the plasmonic nanostructures are crucial
factors in the determination of EF.19−22 Precise control over
nanostructure fabrication is not always easy to attain and often
leads to a high variability in EFs. In many synthesis processes,
the inevitable introduction of impurities onto the metal surface
could also reduce the SERS activity. Although the nano-
structured silver surface provides intense SERS signals, the silver
surface is not chemically and environmentally stable. Under
normal conditions, the poor stability causes deterioration of the
enhancing activity over time. Attempts have been made to
improve the chemical23,24 and thermal stability25,26 though. One
unavoidable barrier for Ag- or Au-based substrates is of course
the high price of raw materials. The single use of substrates adds
to the expense, as well. The clear evidence of graphene’s
enhancing capacity, owing to its distinct structural and physical/

Figure 1. Timeline of the crucial events contributed significantly to the advancement and realization of the SERS technique.

Figure 2. Schematic illustration of the EM and CE mechanism of SERS.
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chemical properties, unfolded a new perspective on SERS.27−30

Different noncarbon layered materials have also been ex-
plored.31,32 However, the family of transition metal dichalcoge-
nides (TMDs) with diverse categories (insulating, semi-
conducting, semimetallic, and metallic) introduced unique
platforms for extensive studies.33,34 Though a considerable
part of the sensitivity is lost, observing TMD-based SERS
(plasmon-free) is also important for the realization of the CE
mechanism because of no interference from the EM field
enhancement. In the past few years, many strategies have been
employed to improve SERS efficiency, including phase
transition, doping, plasma treatment, etc.35−37 Various nano-
hybrid systems of noble metals and different 2D materials such
as graphene,38−42 graphitic carbon nitride (g-C3N4),

43,44

hexagonal boron nitride (h-BN),45−47 black phosphorus,48,49

and TMDs50−53 also have been found effective in enhancing
signals which are based on the combined chemical mechanism
(CM) and EM effects from the 2D materials and metal
nanostructures, respectively (Figure 2). The SERS research has
seen rapid growth in this field. In the past decade, the family of
2Dmaterials has further been extended by the carbides, nitrides,
or carbonitrides of transition metals known as MXenes, which
are now gaining popularity in SERS studies. Surface
terminations of MXenes introduce additional functional proper-
ties. The wide research, therefore, makes SERS a thriving
technique covering fundamental and diverse fields of
applications across physics, chemistry, and biology including
biosample analysis,54−56 microbiology,57 food safety,58,59

toxicology,60 narcotics,61 forensic science,62 biomedical fields,
e.g., clinical diagnosis and therapeutic aspects,63−67 and so forth.
The EM mechanism has a mature theoretical explanation68,69

and there are also excellent review articles on the fundamentals
of the effect.70−72 EM-based substrates have also been reviewed
many times with a focus on synthesis methods. This review
largely focuses on the 2Dmaterial-based SERS platforms with an
emphasis on the CE contribution to SERS. The article aims to
realize how various factors such as substrates (layer thickness,
structural phase, etc.), analytes (energy levels, molecular
orientation, etc.), excitation wavelengths, molecular resonances,
charge-transfer (CT) transitions, dipole interactions, etc.
influence SERS response. A section includes some potential
defect engineering strategies placed by researchers and discusses
how the consequent alteration in the density of states (DOS) or
creation of surface active sites could directly influence the SERS
effect via improved charge-transport ability or surface
interaction efficiency. The review may help readers understand
the different origins and processes behind CE and figure out
exciting substrate-designing approaches based on a diverse set of
2D materials.

2. CHALLENGES WITH NOBLE-METAL-BASED SERS
SUBSTRATES

Hotspots are locations in the vicinity of the plasmonic
nanostructures where the local field is enhanced tremendously
depending on the collective oscillations of free electrons when
the nanostructures are irradiated by an external EM field with a
certain frequency.73 The frequency of electron oscillations
depends on the density of electrons, the effective electron mass,
and the shape and size of the charge distribution.74 If the
frequency of the incoming radiation is resonant with that of the
electron oscillation, then the excitation process is termed surface
plasmon resonance (SPR). The signal strength of a probe
molecule crucially depends on its location within the plasmonic

structures, more specifically, on the nanoscale distance from the
hotspots; even a minor change can lead to a significant
difference.23 The randomly oriented or aggregated nanostruc-
tures thus often cause a high degree of variability in the EFs that
leads to a lack of uniformity and reproducibility in the SERS
results. Lithography-based methods, including optical, electron-
beam, and soft lithography, have good control over the shapes of
metal nanostructures and the distance between them75−77 and
can efficiently fabricate highly ordered SERS substrates.
However, the main drawback is the time-consuming process
with multistep protocols, whichmakesmass production difficult.
Colloidal metal nanoparticles (NPs) make popular choices as
SERS substrates due to relatively inexpensive and simple
techniques used in fabrication, such as easy chemical reduction
of Ag, Au, and Cu salt solutions.78,79 In many synthesis methods,
the inevitable introduction of impurities on the metal surface
could also reduce the SERS response. While the use of different
metals including copper (Cu),80 aluminum (Al),81 platinum
(Pt),82 palladium (Pd),83 iron,84 etc. has been reported in SERS
studies, Au and Ag, however, are most widely adopted due to
their optical absorptions in the visible region and strong
plasmonic effect.85−87 Studies have found the SERS response to
be highly sensitive to the shapes of the nanostructures. NPs with
anisotropic morphologies such as nanocubes,88 nanorods
(NRs),89 nanostars,90 nanoflowers,91 nanoneedles,61 etc. exhibit
high field enhancement. Taylor et al. though reported the
photothermal reshaping behavior (instability) of gold NRs
irradiated with fs laser pulses.92 The surface diffusion model
indicated that nanostructures with larger aspect ratios are more
prone to induce reshaping, as the surface atoms are much easier
to diffuse around. Therefore, applications with anisotropic NPs
having sharp geometric features need to be considered for
surface diffusion-driven shape changes. Besides monometallic
substrates, bimetallic substrates, for example, Au@Ag NR
dimers,93 concave Au/Pd nanocrystals,94 Au@Ag/3D-Si,95

DNA-mediated Au−Ag nanomushrooms,96 Au−Ag/Au core/
shell NPs,97 Ag−Au−PVA thin film,98 etc., have been fabricated
as well. Here, it is noteworthy that to attain optimum sensitivity
and precision, substrates are usually used for a single time, which
makes SERS a costly technique. Moreover, silver with the best
enhancement efficiency is easily affected by the environment.
For sustained performance, strict storage conditions are
required. In metal-based substrates, CE usually occurs alongside
the EM effect, and due to the difficulty of separating and
quantifying the effect experimentally, CE was less studied in the
early studies. It is worthwhile to note that compared to the
normal Raman signal (i.e., at non-SERS conditions), the SERS
spectrum of probe molecules sometimes exhibits specific
spectral changes such as peak shifts, change in intensity ratios,
or even the appearance of new modes that the EM theory does
not account for. 2D materials introduce a new perspective to the
SERS study where CE is often proposed as the main
enhancement mechanism and can be studied extensively. We
will, however, gradually see (in the following sections) that CE
does not refer to a specific phenomenon/route but it has a
“comprehensive’’ interpretation uniting several different back-
grounds and processes.
In the post-graphene era, TMDs have been significantly

explored in SERS. TMDs are layered materials and generally
adopt the formula MX2, where M is a group IV (for example, Ti
or Zr), group V (for example, V, Nb, or Ta), or group VI (for
example, Mo or W) transition metal element and X is a
chalcogen from group 16 (for example, S, Se, or Te). A plane of
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transition metal atoms is sandwiched between two planes of
chalcogen atoms. The structure and morphology of TMDs are
usually similar to those of graphitic structures. Some
representative examples of this class of materials are MoS2,
WS2, WSe2, and MoSe2. Analogous to graphene, they have
strong intralayer covalent bonding and display weak van der
Waals (vdW) interactions between the adjacent layers; but in
contrast, they have unique physicochemical features, including
layer-number-dependent band gap structures, ranging from 1 to
2 eV.99−103

2Dmaterials with large flat surfaces not only facilitate a higher
uniform Raman signal across the whole surface but also offer
better chemical stability essential for practical use. Besides, the
low cost of raw materials (due to abundant availability)
combined with the ease of preparation by exfoliation or
chemical techniques justifies further SERS studies on 2D
layered materials despite their moderate EF. A SERS spectrum
consists of the signals coming from the analyte and occasionally
from the substrate; however, sometimes the background noises
are also attached to the spectrum which could originate from
photoluminescence and fluorescence and/or Raman signals of
the solvent, reagent byproducts, or impurities. Therefore, at
extremely low analyte concentrations or when the analyte signal
is itself weak, there is a strong possibility that noises mask the
analyte data in the SERS spectrum. Like graphene, different
TMD materials possess a promising fluorescent quenching
efficiency that facilitates the detection of some aromatic
molecules. The following sections provide an overview of the
significant aspects of 2D material-based SERS platforms.

3. RESULTS AND DISCUSSION
3.1. 2D Materials Alone. Some recent papers are discussed

in this section that cover a diverse range and categories of 2D
materials (insulating, semiconducting, semimetallic, and metal-
lic) and help understand the CEmechanism and its contribution
to SERS.
SERS activity on a molybdenum disulfide (MoS2) substrate

was first reported by Ling et al.33 Using a copper phthalocyanine
(CuPc) molecule as a probe, the authors compared the SERS
performances of graphene and h-BN with MoS2 and explained
the different EFs from the different 2D materials based on their
distinct electronic and chemical properties (Figure 3A). For
graphene, the EM mechanism is negligible as graphene’s SPR
lies in the terahertz region and the experiment was carried out
with a 633 nm laser excitation wavelength; second, because of
nonpolar bonds, the dipole−dipole interaction between
graphene and CuPc is insignificant as well. On the other hand,
h-BN with a similar hexagonal structure has a wide band gap
(insulating) and high polarity. Therefore, instead of the efficient
CT mechanism in zero-gap graphene, h-BN induces a strong
interface dipole−dipole interaction with the CuPc molecule
which drives the enhancement. As the dipole mechanism is a
single-layer effect, the CE is independent of h-BN’s thickness
(Figure 3B,C), which is distinct from the results on graphene.
However, for MoS2, a semiconductor, the enhancement
mechanism is different. Each layer of MoS2 is composed of S−
Mo−S stacks and has a covalentMo−S bond with polarity in the
vertical direction to the surface and offers the potential for a
dipole-driven enhancement. Therefore, both CT and dipole−
dipole coupling may coexist in MoS2 and contribute to signal
enhancement. Muehlethaler et al. reported an enhancement (>3
× 105) in the SERS signal from an organic molecule (4-
mercaptopyridine, 4-MPy) when placed in the near field of a

MoS2 monolayer. At the interface of the 2D semiconductor and
organic molecule, a CT state formed which promotes the
enhancement when in resonance with the laser excitation source
(488 nm).104 The EF was calculated using the equation

= ×
×

I N
I N

EF surf bulk

bulk surf

Nbulk is the number of molecules sampled for the bulk 4-MPy,
Nsurf is the number of molecules on theMoS2 contributing to the
enhancement, and I is the corresponding intensity of the line
chosen (C−H bending line at 1280 cm−1).
The atomically flat surfaces of 2D materials allow target

molecules to be in close contact with the underlying substrate,
and the enhancement is mainly found to depend on the amount
of CT between them. The thickness dependence of the CE effect
was similar for MoS2 and graphene where a single-layer system
provided a maximum EF, but it was distinct for the WSe2
substrate, in which a high CE effect was preserved until two
layers.105 In another study, Meng et al.106 examined the crucial
role of layer numbers in obtaining improved CT on a layer-
controllableWS2 film synthesized via the CVDmethod. Though
EFs were not calculated, monolayer WS2 exhibited the strongest
Raman signal toward the R6G probe. From monolayer to few-
layer, the band structure WS2 translates from direct to indirect
band gap.107 The indirect relaxation process makes electrons
stay for a longer time in the few-layer WS2 than in the single-
layer one, which inevitably reduces the CT yield, and the

Figure 3. (A) Raman spectra of the CuPc (2 Å) molecule on the blank
SiO2/Si substrate (black line), graphene (blue line), h-BN (red line),
and MoS2 (green line) substrates. The numbers marked on the peaks
are the peak frequencies of the Raman signals from the CuPc molecule.
For all of the spectra, the baseline correction was removed to have a
better comparison. (B) Optical image of a h-BN flake. Some h-BN
flakes are marked by arrows or by a red dashed ring. (C) Raman
mapping image for the CuPc vibrational mode at 1531 cm−1

corresponding to (B). Reprinted with permission from ref 33.
Copyright 2014 American Chemical Society.
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enhancement gradually decreases with the increase in the layer
number.
3.1.1. Impact of Molecular Orientation. Employing a planar

molecule (CuPc) as a probe, Ling et al. observed that CE is
highly sensitive to its molecular orientation.108a On top of
graphene (mechanically exfoliated), the orientation of the CuPc
molecule in a Langmuir−Blodgett (LB) film was changed from
an upstanding to a lying-down state via annealing at an
appropriate temperature (of 300 °C). Compared to the Raman
spectra of the as-prepared CuPc LB film (upstanding state), a
higher enhancement was recorded in a planar orientation of the
same due to stronger π−π interactions between CuPc and
graphene. Yang et al. studied the SERS effect on three single-
layer surfaces, namely, graphene oxide (GO), reduced graphene
oxide (r-GO), and graphene (SLG), using R6G as a probe and
observed substrate-selective enhancement of R6G vibration
modes.108b One characteristic mode of R6G observed at around
1648 cm−1 is assigned to an aromatic stretching vibration mode.
On GO, for example, the intensity of this peak was much lower
than the other characteristic modes, whereas on SLG, the same
mode at 1648 cm−1 attained the highest intensity, suggesting
strong interaction of R6G molecules with SLG through the
aromatic rings. Differences in the bonding and orientation of
adsorbed R6G on these substrates due to the different local
chemical groups could be the possible reason behind the
significant spectral differences.
3.1.2. Photostability of the Probes. The assessment of the

SERS effect is intimately tied to the stability of the probes during
the measurements.109 The photostability of the probes depends
on the conditions under which the experiment is carried out. For
example, fluorescent dyes can degrade upon intense light

exposure. Studies reported that being on top of the organic
molecules, graphene could act as a good barrier film for oxygen
and greatly enhance the photostability of the probe.110,111 In
another study, Qiu et al. observed a prominent suppression of
photobleaching and fluorescence of the tested molecules from a
SERS substrate prepared by synthesizing a few layers of MoS2
directly on a pyramid-Si platform.112

3.1.3. Structural Phase and DOS. Density functional theory
suggested a strong correlation between the SERS performance
and DOS near the Fermi level.113 In 2H-MoS2 material, the
photoinduced CT (PICT) between the analytes and MoS2 is
mainly responsible for the enhancement and involves a two-step
process, for example, (i) electrons are excited from the highest
occupied molecular orbital (HOMO) into the lowest
unoccupied molecular orbital (LUMO) of the dye, leaving
holes in the HOMO level, and subsequently, (ii) electrons
migrate from the valence band (VB) edge of the MoS2 material
into theHOMO, thus recombining with the holes. It is, however,
noteworthy that monolayer 1T-MoS2 is metallic in nature. With
1T-MoX2 monolayers as SERS substrates, Yin et al.

36 observed a
significant increase in Raman intensity for the probe molecules
tested. The authors argued that electron transfer from the Fermi
energy level of metallic 1T-MoX2 to the HOMO level of the
probe molecules is more efficient than the process from the top
of the VB of semiconducting 2H-MoX2.
Song et al. reported the SERS performance of as-obtained

metallic 2D niobium disulfide (NbS2) which shows an
impressive detection limit down to 10−14 mol·L−1.113 Compared
to graphene, 1T-MoS2, and 2H-MoS2, NbS2 featured abundant
DOS that increases the intermolecular CT probability and
induces prominent Raman enhancement. It is noteworthy that

Figure 4. (A) Schematic illustration of synthesizing the AuNPs@MoS2 nanocomposite. TEM images of (B) MoS2 and (C−G) AuNPs@MoS2
nanocomposites. Reprinted with permission from ref 120. Copyright 2014 American Chemical Society.
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even if most 2D materials are found to have the best SERS
performance in monolayer samples, certain 2D materials can
have superior Raman enhancement in thicker samples though.
Platinum telluride (PtTe2), a kind of type-II Dirac semimetal,
revealed such a unique thickness-dependent SERS effect with a
four-layered (4L-PtTe2) sample exhibiting the strongest Raman
intensity toward R6G which is attributed to its high DOS near
the Fermi level and strongest built-in electric field at the
interface of molecule/PtTe2 compared with the case of PtTe2
with other layer numbers.114 SERS performance of another
semimetallic material MoTe2 was presented by Fraser et al.

115 A
few-layer thick film detected clinically relevant molecules (β-
sitosterol) down to the nanomolar level. The difference between
HOMO (−6.16 eV) and LUMO (0.77 eV) levels in β-sitosterol
significantly exceeds the excitation wavelengths [785 nm (1.53
eV) or 532 nm (2.3 eV)]. Hence, the sensing was realized via
nonresonant chemical interactions between the surface and the
adsorbate at the ground state.
SERS response has also been observed in other TMDs. For

example, ReS2, which, unlike common MX2 (M = Mo or W and
X = S or Se), has a naturally distorted 1T′ crystal structure with
low lattice symmetry. The unique anisotropic (electrical and
optical) properties and weak interlayer interactions of ReS2
provide a broad application prospect including SERS.116 Zhang
et al. studied the controllable growth of single-crystal 2D ReS2
flakes with layer numbers from 1 to 18.117 Studies reported a
layer-number-dependent SERS response of ReS2.

116,117 Wang et
al. examined the significance of the underlying substrate of ReS2
in fluorescent background suppression of SERS signals and
reported a robust enhancing performance of large-area
monolayer ReS2/mica films; however, the LOD (∼10−7 M for
R6G) was far less than that of noble-metal-based substrates and
thus limits its trace detection capability.118 Plasmon-free SERS
has been studied on 1T′-W(Mo)Te2 as well.119 Strong
interaction between the analyte and 1T′-W(Mo)Te2 and the
abundant DOS near the Fermi level of the semimetal 1T′-
W(Mo)Te2 collectively promoted CT resonance in the
analyte−telluride complex, leading to sensitivity down to the
femtomolar level for R6G, the same order of magnitude as in
noble metals.
3.2. Metal−2D Material Nanohybrids. The beginning of

this section focuses on the various kinds of methods that are
employed to grow NPs on the TMD surfaces. For example, Su
and co-workers120 fabricated AuNPs@MoS2 SERS substrates
with HAuCl4 as a precursor (microwave-assisted hydrothermal
method). MoS2/AuCl4− formed a redox pair, that allowed
spontaneous reduction of gold ions to gold NPs (Figure 4A).
The density of the AuNPs on the MoS2 surface (Figure 4B)
could be controlled by the concentration of HAuCl4. The
substrates having AuNPs close to each other and with a little
aggregation (Figure 4E) exhibited higher SERS activity in
detecting R6G compared to other AuNPs@MoS2 substrates
with either damaged or disappeared MoS2 nanosheets (Figure
4C,D,F,G). The synergetic contribution of plasmons and CT
was attributed to the amplified SERS activity. Daeneke et al.
reported that the morphologies of metal Ag (NPs, nanoplatelets,
nanobranches, etc.) integrated into the MoS2 surface, via
photoexcitation in the presence of Ag ions, largely depend on the
illumination time.121 Under laser irradiation, electrons of the
semiconductor TMD (MoS2) can be excited from the VB to the
conduction band (CB), yielding electron−hole pairs. Now
depending on the redox potential of metal ions and the band gap
of the semiconductor, CT can occur between them thatmay lead

to an effective metal-ion reduction followed by in situ metal
deposition forming metal−TMD nanohybrids.122 Laser-modi-
fied TMD surfaces are also found to facilitate the metal-ion
reduction process. Lu et al. employed a tightly focused laser
beam to premodify the MoS2 film to achieve active surface
domains and when immersed in AuCl3 solution, the pruned area
with partially unbound sulfur attracts the Au3+ precursor at the
initial stage and acts as the first nucleation center for the Au
particle growth. A variation in the laser power and the reaction
time in the AuCl3 solution determines the distribution and size
of the AuNPs.123 An advantage of this approach is that without
using any masks, a SERS platform was realized with a
micropatterned MoS2 film containing metal NPs of controlled
size and density. Later, in another study, Zuo et al.124 used
temporally shaped fs laser pulses to develop Au−MoS2 hybrid
structures by simultaneously tuning the chemical and physical
properties of MoS2, where the edge-active sites with unbound
sulfurs and the surface periodic structures drive the reduction of
gold NPs, and assist the shape-controllable growth of AuNPs on
MoS2 surfaces, respectively.
In search of a promising enhancing platform, various

substrates with different arrangements, shapes, or morphologies
have been tested, for example, (i) spherical MoS2 nano-objects
decorated with Au NPs,125 (ii) MoS2 nanoplates functionalized
with AgNPs,126 (iii) MoS2 nanodonuts grown on graphene,

127

etc. Few studies reported designs of SERS platforms using
TMDs other than MoS2; for instance, AuNPs on the surfaces of
WS2,

52,128 WSe2,
53,129 and MoSe2.

130 In a recent report, authors
suggested that porous structures of ReS2 nanoflowers can
effectively confine the growth of AuNPs, leading to a ReS2/
AuNPs composite structure that detected pesticides at 10−10 M,
originating from a synergistic (CM and EM) enhancement
effect.131 Jung et al. prepared a sponge-based SERS sensor
formed of silver nanowires coated with hydrophobic h-BN for
the simultaneous separation and detection of organic
pollutants.132

In another example, Jiang and co-workers133 prepared a
platform exploiting the collective ability of MoS2, Ag NPs, and
treated silicon substrate pyramidal Si (PSi) and reported its
superior performance compared to the AgNPs@PSi and the
MoS2@AgNPs@flat-Si substrates. The MoS2 film isolates the
AgNPs from the outside environment and protects them from
oxidation. Toward SERS, each component of the substrate
contributed: MoS2 owing to the efficient adsorption of target
molecules and CE; EM effect from AgNPs; and the relatively
larger scattering cross-section from PSi. The minimum detected
R6G concentration from the MoS2@AgNPs@PSi substrate was
10−11 M. Tegegne et al.134 demonstrated the SERS response of
Ag nanocube-decorated 1T-MoS2 nanosheets fabricated on a
flexible filter paper. The substrate exhibits a good EF and a low
detection limit (LOD) of 10−12 M, for R6G. The 1T-MoS2
nanosheets form a scaffold that physically holds the Ag
nanocubes. Moreover, the porous structure of the filter paper
improved the assemblage of the substrate to get a high hotspot
density. The notable SERS activity was attributed to the
synergistic effect of (i) the EM enhancement generated from the
nanogaps of the plasmonic Ag nanocubes and (ii) the dipole−
dipole coupling and CT between the 1T-MoS2 nanosheets and
the detected molecules. For achieving effective CT, the purity of
the 1T-phase MoS2 material is crucial. However, stability issues
hinder the synthesis of metallic 1T-MoS2 by any simple
approach.
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3.2.1. Attempts toward Chemical Stability. Ag is known to
deliver excellent SERS performance but has a major weakness in
oxidation in air. This part of the section focuses on some
attempts made toward the chemical stability of Ag-based
substrates. A honeycomb lattice of graphene could prevent the
penetration of small molecules like hydrogen and water135 and
could endow SERS platforms with potential sustainability.
Suzuki and Yoshimura136 fabricated a graphene-coated silver
SERS substrate that showed high tolerance in concentrated
hydrochloric acid (35−37%) and heated air up to 400 °C. A
study by Chen et al. reported good stability and a long lifetime of
a MoS2/AgNPs hybrid system which was designed by

synthesizing a few layers of MoS2 directly on Ag NPs via the
thermal decomposition method.137 A comparative study of
SERS activity between the AgNP system and MoS2/AgNPs
hybrid system over a given period displayed a lower degree of
decay (dropped by 20%) in the SERS results for the hybrid
system and a rapid deterioration in the Raman activity for
AgNPs (dropped by 45%) caused by oxidation. Hybrid
substrates of graphitic carbon nitride (g-C3N4) and AgNPs
have shown prominent stability due to strong interaction and the
CT effect between them (Figure 5A,B). The net positive surface
charges on the Ag atoms in g-C3N4/Ag substrates suggested that
these Ag atoms are difficult to oxidize.43 On the other hand, h-

Figure 5. (A) Schematic illustration of the CT process among S-g-C3N4, O2, and Ag. The label δ denotes the negative charge of the Ag surface or S-g-
C3N4. (B) TEM image of the S-g-C3N4/Ag hybrid. (A,B) Reprinted with permission from ref 43. Copyright 2016 the author(s).

Figure 6. (A) Raman profile of R6G (10−6 M) on substrates deposited with an unincorporated MoS2 sample, hydrothermally treated oxygen-
substituted MoS2 sample at 200 °C, partially oxidized sample at 300 °C for 40 min, completely oxidized MoO3 sample, and bare SiO2/Si. (B) Energy-
level diagrams illustrating the electronic transitions. The calculated band structures of MoS2 (a) and MoSxOy (b) taking the Fermi level as a reference.
Schematic energy-level diagrams of R6G on (c) MoSxOy and (d) MoS2 and MoO3 with respect to the vacuum level. (C) Raman spectra of 10−5, 10−6,
10−7, and 10−8 M RhB on PdSe2. (D) Energy band diagram showing the CT pathways in the RhB/PdSe2 hybrid system. (A,B) Reprinted with
permission from ref 138. Copyright 2017 the author(s). (C,D) Reprinted with permission from ref 141. Copyright 2023 the author(s).
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BN has exceptional chemical and thermal stability, suggesting
that exposed h-BN will hold its atomic structure in gas or liquid
environments for an extended duration even at elevated
temperatures. Chugh et al. applied atomically thin h-BN layers
for passivating gold and silver NPs and demonstrated the
effectiveness of h-BN in retaining the SERS activity of h-BN-
shielded Ag NPs even at high temperatures.31

3.3. Special Treatments of 2D Materials toward SERS.
This section will outline some special treatments and potential
defect engineering strategies in 2D materials toward the
development of effective SERS substrates.
3.3.1. Impact of Defects and Doping. Using MoS2 as a

model material, Zheng et al.138 put forward a general oxygen
incorporation-assisted strategy that is very effective in improving
the semiconductor substrate−analyte molecule interaction.
Compared with unincorporated, oxygen-substituted, and
completely oxidized MoS2 (identified as MoO3), a partially
oxidized MoS2 sample prepared by careful annealing in an air
atmosphere not only increases the SERS activity but also
suppresses the fluorescence background (Figure 6A). Oxygen
incorporation can cause lattice distortion of different degrees in
the MoS2 hosts, where the electronic properties may be
significantly altered. Consequent CT efficiency and resulting
magnifiedmolecular polarization ultimately impact the enhance-
ment. The authors demonstrated the universality of this strategy
by studying other TMDs, includingWS2, WSe2, andMoSe2. Zuo
et al. studied the impact of S vacancies in MoS2

139 on SERS via
femtosecond pulse laser treatment. The authors argued that
induced defect/active sites, including micro- or nanoscale
fractures and S atomic vacancies, were responsible for the
enhanced SERS activity. Later, with diclofenac (an antibiotic
contaminant) as a model probe, Quan et al.140 reported its
accurate observation at a nanomolar concentration level using
MoS2 with S vacancies as a SERS substrate. Both the abundant
adsorption sites on the MoS2 surface (external effect) and
altered band structure (internal effect) promote the high SERS
activity. Jena et al.141 examined how defects, nanopores, and
edge geometry could impact the SERS performance of Se
vacancy-rich dendritic PdSe2 (Figure 6C,D). Multiple CT
processes (including defect state-mediated CT mechanism)
combined with metal-like behavior (nonplasmonic hotspots) of
the dendritic PdSe2 are accountable for the high SERS activity.
Co-modified MoS2 by Ni and O was reported to enhance the
polarity and carrier concentration of MoS2 which leads to a
SERS effect comparable to that of noble metals.142 During
annealing, the introduction of the O atoms into the S defects
reduces the internal defects of doped MoS2, improves carrier
mobility, and promotes the efficient CT effect of MoS2. Rare
earth dopants have also been explored for enhanced SERS
activity. For example, Nd-incorporated MoS2 improved the
enhancement ability based on the energy-level transition and
CT effect.143 The heteroatom doping of WSe2 with Re and Nb
atoms (1T″ Nb, Re-WSe2) enabled femtomolar-level sensing
with long-term stability via electronic structure modulation.35

Going a step forward, Koklioti et al. tested N-doped and AgNP-
decorated TMDs (N-MoS2/AgNPs) as SERS substrates where
CT between the target molecules and modified TMDs, dipole−
dipole coupling interactions, and EM fields around AgNPs
synergistically led to the enhanced Raman signal.144 The effect
of doping has also been studied for various other layered TMDs
to develop practical LSPR-free SERS platforms, such as (i)
SnSe2 (doped with sulfur),145 (ii) 1T′ ReSe2 (doped with
vanadium),146 etc.

An increase in the DOS can be achieved by tuning the atomic
ratio of TMDs. In a study, Liu et al.147 reported how a reduced
atomic ratio (Se/W) of 1.96 can increase the exciton and CT
resonances in the CuPc−WSe2 system, which can be correlated
to the enhanced SERS performance. The interlayer distance of
the TMD material is also found to influence SERS detection
ability. Li et al. achieved an EF of the order of 105 with a smaller
interlayer spacing of MoS2.

148

3.3.2. Surface Treatments. Using plasma-processed MoS2
nanoflakes as a SERS substrate,149 Sun et al. observed an
enhancement in the R6G signal and identified (i) the structural
disorder-induced generation of local dipoles and (ii) adsorption
of oxygen on the plasma-treated MoS2 nanosheets as the two
important driving forces behind the enhancement. MoS2-based
SERS substrates are most often associated with either
monolayers or few layers, which are generally prepared by
delicate, complex, and time-consuming synthesis processes that
hinder large-scale production and routine use of the SERS
technique. To combat this, one-step fs laser pulse treatment150

and thermal treatment37 were proposed for bulkMoS2 tomodify
the surface. The CM effect benefits from the increase in the
direct contact area between the surface and the analytes. Pan et
al.150 observed a high sensitivity for laser-treated MoS2 where an
intense laser pulse was used to heat the pristine bulk MoS2
surface to a high temperature which caused surface damage and
numerous defects. The surface morphology (roughness)
changed dramatically with the laser fluence. The improved
SERS activity (EF of 1.67 × 105 and sensitivity down to 10−8 M
for R6G)was ascribed to the surface defects, which can break the
original symmetry of R6G to create local dipoles on the surface
and result in enhancedCT betweenMoS2 and R6Gmolecules. A
major advantage here is that the method does not require
additional substrate preparation. Thus, the SERS effect directly
benefits from the defect-induced physicochemical changes to
2D materials via charge-transport ability or surface interaction
efficiency.
3.4. Homo- or Mixed-Dimensional Composites of 2D

Materials in SERS. In recent years, researchers have taken
notable approaches to develop homo- or mixed-dimensional
composites of 2D materials for the achievement of noble-metal-
comparable SERS detection. Ma et al. studied the geometric and
electronic structures of graphene adsorption on a MoS2
monolayer by using density functional theory. Based on
calculations, the authors suggested that graphene could bond
to MoS2 through a weak interaction.

151 Later, Ghopry et al.
developed a vdW heterostructure by synthesizing TMD (MoS2
and WS2) nanodomes on graphene, which exhibited sensitivity
in the range of 10−11 to 10−12 M for R6G. The authors argued
that CE cannot be solely responsible for such a high
performance mainly based on two observations: first, the
enhancement significantly dropped when the nanodomes were
replaced by a continuous TMD layer on graphene; second, as
compared to graphene only, its Raman signature peak was
enhanced significantly while with TMD nanodomes. Hence, the
authors attributed the high sensitivity to both CM and EM
effects, originating from the dipole−dipole interaction at the
TMD/graphene vdW interface and the LSPR effect on the TMD
nanodomes/graphene, respectively.152 Tan et al.153 observed
the Raman enhancement effect on 2D heterostructures formed
by stacking a WSe2 (W) monolayer and graphene (G) together
in different orders, including G/W, W/G, G/W/G/W, and W/
G/G/W. The G/W and G/W/G/W hybrids exhibit high SERS
sensitivity, while W/G and W/G/G/W substrates show
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intermediate SERS activities between the individual WSe2 and
graphene monolayer. The observations indicated an enhance-
ment effect that is highly dependent on the topmost material of
the stacking and varies with the different interlayer couplings
within the heterostructures. Wu et al.154 explored the enhancing
ability of MoS2 quantum dot/r-GO (MoS2 QD/rGO) nano-
composites (LOD of 1 × 10−9 M for R6G) based on the CE
mechanism where the rGO and the CT state formed at the
interface of 1T- MoS2 QDs and target molecules contribute to
the SERS effect. Qiu et al.155 prepared a heterosubstrate by
decorating a wrinkled 2H-phase MoS2 (W-MoS2) platform with
graphene microflowers (GMFs) exhibiting a LOD of 5 × 10−11

M for RhB. The authors suggested a combination of various
factors behind the significant sensitivity, including (i) GMFs
that served as molecular enrichers, (ii) enhanced interfacial
interactions between the substrate and molecules, and (iii) S
vacancies in W-MoS2. Recently, mixed-dimensional (1D/2D)
heterostructures (WO3−x/WSe2) were found to exhibit an atto-
molar level molecular sensitivity for methylene blue (MB). Lv et
al. reported how an oxygen plasma treatment strategy can
selectively convert the top WSe2 layer to WO3−x nanowires.

156

The ultrahigh performance stems from the efficient CT induced
by the unique structures of 1D WO3−x nanowires and the
effective interlayer coupling of the heterostructures. In a study, a
band structure-engineered W18O49/g-C3N4 heterostructure was
found to exhibit notable enhancement as a CM-based SERS
substrate. The heterojunction-induced efficient CT process,
energy bandmatching resonance, and improved PICT efficiency
via the oxygen vacancies in the W18O49 units accounted for the
enhancement.157 Recently, a report demonstrated a scheme for
low-cost SERS sensing based on few-layered MoS2−WS2
nanocomposite structures. The formation of multiple inter-
and intraflake heterojunctions introduces surface roughness to
the substrate which yields a larger contact area between the
substrate and the probe.158 Higher adsorption of the analytes
and an effective CT could be responsible for the enhancement.
As mentioned in Section 3.3, the interlayer spacing of TMD can
influence the SERS response of the materials. For graphene/
MoS2 vdW heterostructures, Chen et al. reported how the
interlayer distances (<0.6 nm) impact the SERS response
significantly.159 A shorter interlayer distance exerts stronger
vdW interactions that improve the dipole−dipole interaction
and the CT and thereby yields a higher Raman enhancement.
3.5. MXenes as Candidates for SERS Substrates. In the

past decade, the family of 2Dmaterials has further been enriched

by the carbides, nitrides, or carbonitrides of transition metals
known as MXenes.160 The general formula of MXene is
Mn+1XnTx, where the n + 1 layers of M cover n layers of X,
forming [MX]nM arrangements. M, in the formula, stands for a
transition metal or a combination of such, X is either C or N, Tx
indicates the functional terminations on the outer transition
metal layers (such as hydroxyl [OH], oxygen [O], fluorine [F],
or other surface groups), and n ranges from 1 to 3. Since the first
report on Ti3C2Tx in 2011,161 the MXene family has
substantially increased and to date, dozens of MXenes have
already been synthesized, and a potentially infinite number of
compositions are possible. 2D MXenes exhibit several distinct
features, for instance, metallic behavior, tunable electronic
structure, biocompatibility, large surface area, rich surface
chemistries, and SPRs in the visible or near-infrared range.
The functionalized surfaces make MXenes hydrophilic and
ready to bond to various species. Thus, they qualify for both EM
and chemical enhancements in sensing applications and are now
a fast-growing field in SERS. Generally,MXenes are produced by
selectively etching the middle element (A) of the MAX phase
structure, forming a multilayered structure of 2D MX with Tx;
subsequently, the produced multilayer MXenes are separated
into thin layers via intercalation-assisted liquid exfoliation by
using sonication or by other methods.
3.5.1. MXenes Alone. The most common MXene is titanium

carbide, Ti3C2Tx.
162−166 Ti3C2Tx exhibits a thickness-depend-

ent SERS response and the enhancement depends on the
adsorption and intercalation of dye molecules into the interlayer
spacing.165 Liu et al. developed a large-sized SERS-active
substrate based on pristine monolayered Ti3C2Tx nanosheets.
Their large adsorption area added uniformity and stability to the
substrate.166 Among the various experimentally or theoretically
possibleMXenes, nitride-basedMXenes are predicted to possess
exceptional properties. Computational studies on nitride
MXenes have shown a higher DOS at the Fermi level compared
with those of carbides. However, the difficulty in the MAX
(Mn+1ANn) phase synthesis and also the poor stability issues of
Mn+1Nn layers in the employed etchant create complexity in
nitride-based MXene synthesis. However, the selective etching
of Al from the ternary layered Ti2AlN (MAX) phase and
intercalation by immersing the powder in a mixture of potassium
fluoride and hydrochloric acid followed by sonication and
centrifugation successfully synthesized few-layered Ti2NTx
(M2X-type) MXene. Soundiraraju and George found interesting
SERS activity with the obtained nitride MXenes. An EF of 1012

Figure 7. (A) Graphical representation of in situ one-step solution processing synthesis of Ag, Au, and Pd@MXene (Ti3C2Tx) hybrids by soft-solution
processing via a sonochemical approach. (B) Raman spectrum of Ti3C2Tx after soaking in MB dispersed in ethanol and subsequent drying. SERS
spectra of MB with (b) Ag@, (c) Au@, and (d) Pd@MXene. Reprinted with permission from ref 169. Copyright 2016 the author(s).
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for R6G167 indicates the potential ofMXenes in replacing noble-
metal-based SERS substrates. Bimetallic solid-solution MXene
(TiVC) also showed ultrahigh sensitivity for R6G (EF of 1012
and femtomolar-level detection limit), dominated by the CM.
The abundant DOS near the Fermi level of the TiVC and the
strong interaction between the TiVC and analyte promoted the
intermolecular CT resonance, resulting in significant enhance-
ment.168

3.5.2. Metal−MXene Nanohybrids. A significant amount of
research efforts have recently been exerted on MXene/metal
nanostructures to combine the benefits of noble metal NPs and
MXene.169−172 Satheeshkumar et al. reported a one-step
hybridization of silver, gold, and palladium NPs from solution
onto exfoliated 2D Ti3C2 MXene nanosheets (Figure 7A) and
demonstrated a higher sensitivity to MB dye for the hybrids
compared to MB adsorbed on the MXene alone (Figure 7B).169

Electrostatic self-assembly of a 2D electron gas (2DEG)
titanium carbide (Ti3C2Tx) monolayer with Au NRs forms
(Ti3C2Tx)/AuNRs hybrid platforms as positively charged
AuNRs readily bound to the negatively charged Ti3C2Tx.

170

On adsorption of analytes on the MXene surface, the 2DEG
provides an ideal channel for charge transport between Ti3C2Tx
and adsorbed analytes. PICT caused by Ti3C2Tx structures and
EM enhancement by AuNRs both add to the sensitive SERS
activity. Yusoff et al. reported a superior enhancing ability of
MXene/Ag nanostar composites compared to its components
alone.172 SERS substrates based on MXene can have diverse
applications in food safety checking, biomedical sensing,

etc.63,173−175 For instance, Cui et al. designed a flexible SERS
substrate for the detection of glucose levels in the tears of
diabetic patients by growing Au NPs on the surface of Ti3C2Tx
nanosheets using a self-assembly technique. In another example,
Chen et al. proposed MXene/AgNP films as nanocarriers for
SERS-traceable drug delivery.176 Ti3C2Tx and AuNP assemblies
displayed their potential for detecting trace contaminants
(AFB1) in agricultural products.175 Ti3C2 and Au−Ti3C2
substrates have been reported to exhibit selectivity on different
probe molecules at different excitation wavelengths, which can
facilitate the detection of target probe molecules in complex
solution environments (see Figure 8).174 Yoo et al.177 reported
the activity of MXene-blanketed Au NP assembly as a SERS
platform. The MXene layer enables an efficient CT effect, while
wrinkled surface structures generated from the blanketing of the
MXene layer over the Au NP assembly facilitate an increase in
the EM effect by guiding the analyte to be captured near the
hotspot between Au NPs. Recently, a study reported the activity
of Ti3C2Tx MXene@GO/Au nanoclusters as a SERS sub-
strate.178

As compared to regular Ti3C2Tx, reduced Ti3C2TxMXene (r-
Ti3C2Tx) has shown an order of magnitude higher SERS EF (see
Figure 9). A larger number of surface-Ti atoms exposed due to
the loss of F terminations allow a larger population of dye
molecules to interact with r-Ti3C2Tx. The increased electronic
DOS at the Fermi level facilitates the CT interaction between
the r-Ti3C2Tx MXene surface and probe molecules and
contributes to the improved SERS activity as well.179

Figure 8. (a,b) SEM images of a Ti3AlC2 bulk structure (a) and Ti3C2 MXene (b). (c,d) TEM images, HRTEM images, and the corresponding SAED
patterns (inset in the HRTEM images) of Ti3C2 MXene (c) and Au−Ti3C2 (d). (e,f) SERS spectra of 4-MBA, MeB, andMV powder; SERS spectra of
the mixed solution with 10−5 M 4-MBA, MV, and MeB on Ti3C2 (e) and Au−Ti3C2 (f) substrates with different excitation lasers of 532, 633, and 785
nm. Reprinted with permission from ref 174. Copyright 2020 the author(s).
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MXenes and their hybrid compounds are still in their early
stages. Although the number of methods used to synthesize
MXenes has expanded, most are heavily reliant on the selective
etching of the middle element (A) of the MAX-phase precursors
using hazardous solutions, including hydrofluoric acid. Further
investigations toward the efficient synthesis of other MXene
types can yield more possibilities for 2DMXene-based excellent
SERS substrates, either alone or in nanocomposite form.

4. MECHANISMS BEHIND CES
The significance of the CT mechanism in the 2D material-based
substrates has nicely been verified by introducing an insulating
(thin Al2O3) layer between a 2D layered substrate (1L-PdSe2)
and an analyte (R6G molecules), as such an arrangement (i.e.,
R6G on Al2O3/1L-PdSe2) did not result in any detectable R6G
peaks, whereas R6G molecules on monolayer PdSe2 achieved a
detection limit of 10−9 Mwith an EF of 105.180 The degree of CE
would depend on the adsorption of the target molecules on the
substrate. Physisorption occurs when molecules attach to the
surface of the adsorbent by relatively weak forces, such as vdW
forces or dipole-driven interactions, and typically does not result
in a chemical reaction, while chemisorption refers to a stronger
adsorbate−adsorbent interaction process that leads to the
formation of chemical bonds and changes in the electronic
structure of bonding atoms or molecules and influences the
enhancement at a different level. The possible situations in the
CT mechanism are summarized here: (1) a resonance effect
where the incident beam matches with the molecular excitation;
(2) a CT effect when the incident light is in resonance with a
metal−molecule or molecule−metal transition;181,182 and (3)
ground state interactions between the substrate and the analyte,
i.e., where the process does not depend on the excitation laser

wavelength. Thus, the electronic structure of the analyte
becomes crucial to a CM-induced SERS effect, while it is less
significant to the EM mechanism. In the case of a molecule−
metal system, the CT between the HOMO level of analyte
molecules and the Fermi level of metal could play a decisive role.
However, for semiconductingmaterials, the CT scheme involves
the VB and CB edges. Also, studies indicated an asymmetric
nature of the CM effect. Kim et al. suggested a preferential route
to attain a large CM EF. The calculated EF for a transition
associated with semiconductor substrates to a molecular LUMO
was found to be at least 100 times larger than that for a transition
from the HOMO to CB.182 The phase state (2H or 1T) of the
TMD also plays a dominant role in the CT mechanism.
Compared to the 2H phase, 1T-MoS2 has higher-lying Fermi
electrons that could migrate into the HOMO level without extra
energy, leading to a higher SERS response. Moreover, the
engineered/modified energy levels of semiconductor substrates
can influence the PICT process. For instance, partially oxidized
MoS2 (band gap 0.56 eV) provided substantial advantages over
pristine MoS2 (band gap 1.29 eV) and fully oxidized MoO3
(band gap 3.1 eV) samples (see Figure 6B).138 For both pristine
MoS2 and partially oxidizedMoS2materials, CT transitions from
the VB to LUMO are possible, while the downshifted VB
position after oxygen incorporation in partially oxidized MoS2
makes CT transition energy (2.26 eV) much closer to the
excitation laser energy (2.33 eV) which improves the CT
efficiency and promotes its contribution to SERS enhancement.
Though the CT mechanism (as discussed in the above

sections) is involved in most substrates, it fails to explain all CE
effects in 2D materials, such as the enhancement effect of h-BN
where a large band gap of more than 5.9 eV leads toward
insignificant CT capacity. However, highly polar B−N bonds

Figure 9. (a) SEMmicrographs of the r-Ti3C2Tx powder. (b) Tapping mode AFM image of Ti3C2Tx nanosheets on SiO2/Si. (c) XRD patterns of the
Ti3AlC2MAX phase (black), Ti3C2Tx (red), and r-Ti3C2Tx (blue). SERS spectra of the probe molecules: (d) crystal violet at 2× 10−6 M, (e)MB at 1
× 10−6 M, and (f) rhodamine 6G (R6G) at 1 × 10−7 M, respectively, collected on Ti3C2Tx/SiO2/Si (black) and r-Ti3C2Tx/SiO2/Si (red) substrates.
Used with permission of The Royal Society of Chemistry, from ref 179; permission conveyed through Copyright Clearance Center, Inc.
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induce symmetry perturbation in the probe (CuPc) molecules
by interface dipole interaction which mainly drives the
enhancement.33 This mechanism has been further recognized
by several subsequent studies. The direction of substrate dipoles
impacts dipole−dipole interactions significantly. Substrates with
effective out-of-plane dipoles have the highest chance of being
SERS-active. Due to their highly symmetric structures, common
2D materials do not typically carry atomic-scale dipoles in the
out-of-plane direction. Recently, asymmetrical Janus TMDs
with dissimilar chalcogen atoms on each side earned
considerable research attention. Synthesis is based on the
atomic substitution of TMD’s surface atoms. Half of the
chalcogen atoms (either the top or bottom side) are substituted
by different types of chalcogen atoms, thus, breaking the out-of-
plan symmetry. For example, the Janus structure of MoSSe with
Mo in themiddle and a layer of S on one side and Se on the other
creates an intrinsic dipole that exists along the vertical direction
of the structure. The generated electric field interacts with
adsorbed molecules and that qualifies for strong dipole
interactions between the substrate and molecules. A recent
study by Lou et al. demonstrated the detection of biomolecules
(glucose) via dipole-interaction-driven SERS phenomena.
Glucose has different vibrational modes with different
orientations and interacts differently with the dipoles associated
with the substrate (monolayer Janus MoSSe) and yields a
variation in enhancements.183 Therefore, for a given CE system,
many factors can come into play, including DOS, orientation of
molecules on the substrate surface, presence of excitonic levels,
etc. which are not always easy to single out or separate and make
the chemical effect relatively complex.

5. CONCLUSIONS
SERS has witnessed a long way�evolving from crude
roughened metal electrodes to low-dimensional systems
(regular metallic or nonmetallic structures) with tailored
physical and/or chemical properties. In earlier studies, attention
was largely concentrated on the improvement of EFs. The
distribution of molecules in the vicinity of the EM hotspots is
quite complicated, and the number of molecules near the
hotspots can fluctuate. Thus, substrate synthesis with optimized
EFs is not the only challenge, but reproducing the amplified
signal of the investigated sample with uniformity is another
important criterion. Hence, researchers gradually shifted their
attention to resolving such issues. A rich variety of substrate
preparation techniques was exemplified by several reports.
However, on the way toward commercialization or for routine
practice in research laboratories, SERS demands more attention
toward other factors as well, including a low manufacturing cost,
ease of mass production, sustainability, stability, etc. where 2D
materials with distinct characteristics can show their strength.
Nevertheless, high sensitivity is a key factor in the SERS
performance. Signal enhancements from 2D materials are
generally not as high as those obtained with silver or gold
substrates and, thus, are insufficient tomeet the requirements for
detection applications beyond certain limits. Composites of 2D
materials with traditional metallic nanostructures are sometimes
much more attractive choices than their counterparts alone.
Metal/TMD hybrid substrates could exploit better uniformity,
good adsorption ability, and fluorescence quenching efficiency
from the 2D materials, while metallic nanostructures add high
detection sensitivity to the substrate. Developing more
sophisticated hybrid substrate designs could drive the SERS
sensing operation up a level in real situations. The SERS

performance of a substrate is usually evaluated using MB, CV,
R6G, etc. dyes. Going beyond such common probes and testing
the performance in complex mixtures and more reactive
environments become vital from a practical implementation
aspect.
Positioning the energy levels of 2D materials suitably with the

probe molecules via defect introduction and engineering could
lead to a notable SERS effect. Such an adjustment of the energy
levels and band structures is challenging. Moreover, the
thickness- and morphology-dependent enhancement mecha-
nism of 2D materials is yet unclear, which motivates further
investigation. The diverse range of TMDs provides considerable
flexibility; however, special treatments or notable research
strategies have largely been limited to prototype material, MoS2.
Expanding the range of SERS materials, such as MXenes, could
also provide much room for further SERS studies. The scope for
modification of surface terminations makes MXenes especially
appealing. Exploring MXenes beyond Ti3C2Tx, identifying new
precursors (beyond MAX phases), and the realization of an
interflake charge-transport mechanism may widen the promises
of the SERS technique. Moreover, as the probability of electron
transition is linearly correlated with the DOS around the Fermi
level, layered semimetallic TMDs (with abundant DOS near the
Fermi level) have recently been explored as noble-metal-
comparable substrates. A controllable synthesis of such
substrates could stimulate their use as ideal plasmon-free
SERS platforms.
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