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Motivated by the desire for more sensitivity and Enbance SERS sensitivity by orders of magnitude
stable surface-enhanced Raman scattering (SERS) substrates to a

trace detect chloramphenicol due to its high toxicity and ubiquity, b
MXene has attracted increasing attention and is encountering the
high-priority task of further observably improving detection
sensitivity. Herein, a universal SERS optimization strategy that
incorporates NH,VO; to induce few-layer MXenes assembling into et
multiporous nanosheet stacking structures was innovatively |

proposed. The synthesized Nb,C-based multiporous nanosheet L
stacking structure can achieve a low limit of detection of 107 M - -
and a high enhancement factor of 2.6 X 10° for MeB molecules, sirsmemime -
whose detection sensitivity is improved by 3 orders of magnitude _ Rewilayer M Xened
relative to few-layer Nb,C MXenes. Such remarkably enhanced

SERS sensitivity mainly originates from the multiple synergistic contributions of the developed physical adsorption, the chemical
enhancement, and the conspicuously improved electromagnetic enhancement arising from the intersecting MXenes. Furthermore,
the improved SERS sensitivity endows Nb,C-based multiporous structures with the capability to achieve ultrasensitive detection of
chloramphenicol with a wide linear range from 100 pg/mL to 1 ng/mL. We believe it is of great significance in conspicuously
developing the SERS sensitivity of other MXenes with surficial negative charges and has a great promising perspective for the trace

detection of other antibiotics in microsystems.
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methods of the CAP antibiotic including ELISA® and liquid
chromatography—mass spectrometry (LC—MS)® still exhibit
several limitations of having high cost and cumbersome
operation and being time-consuming. In this regard, SERS
technology with the advantages of being sensitive, fast,
portable, and nondestructive has been developed for the
detection of the CAP antibiotic in food and the environment.
Recent publications have reported that noble metal nano-
particles with different morphologies of waffle-like AAO/Ag
nanostructures’ and Au/Ag-TiO, heterostructures® were
developed to SERS detect the CAP antibiotic, all of which
show the trace-level limit of detection (LOD). In order to
promote the portable and practical development of SERS

Since the discovery of surface-enhanced Raman scattering
(SERS), it has developed into an on-site rapid and ultra-
sensitive trace detection technology with the vibration
fingerprint characteristic, which is extensively applied in
various fields of biosensing, environmental analysis, and food
safety.' In recent years, with the significant increase of
antibiotic drug abuse, food safety has aroused widespread
concern in society. Chloramphenicol (CAP), as a broad-
spectrum antibacterial drug, is frequently used illegally in
aquaculture and agricultural animals and potentially enters the
food chain because of its high efficacy against some bacterial
diseases, affordability, and availability.2 However, serious
adverse reactions including barrier anemia, fatal aplastic

anemia, leukemia, bone marrow suppression, optic neuritis, December 3, 2023
and headache can be caused to human health due to the January 1, 2024
residue of CAP in meat foods,>” leading many countries to ban January 3, 2024

the use of CAP in food-producing animals. Therefore, it is January 17, 2024

necessary for human health to monitor the residual level of
CAP in food-producing animals. Some common detection
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Figure 1. Schematic diagram of SERS-enhanced effects of MXene-based multiporous nanosheet stacking structure substrates.

technology, universal flexible SERS sensors of Au nano-
triangles@PDMS and Au nanostars@PMMA films were
applied for rapid detection of CAP in food samples with a
low LOD of 3.41 x 107" M.>’ Furthermore, SERS nanotages
based on magnetic nanoparticles were developed to achieve
the enrichment and ultrasensitive detection of CAP in the
complex environment with LOD down to the pg/mL level.'"’
A vast array of research on the SERS detection of the CAP
antibiotic has proved the feasibility and application potential of
SERS technology for monitoring antibiotics in food and the
environment.

Fundamentally, the pivotal research objective receiving the
most attention regarding SERS technology is developing
ultrasensitive and stable enhanced substrates for achieving
trace SERS detection of CAP molecules. It is well acknowl-
edged that electromagnetic enhancement (EM) and chemical
enhancement (CM) are the most well-established enhance-
ment mechanisms of Raman signals enhanced by SERS
substrates.'”””'® Integration of the multiple contributions of
CM and EM into nonmetallic SERS substrates may be a
promising approach to significantly improve SERS sensitivity.
As atomically thin semimetallic 2D materials, MXenes exhibit
many fascinating properties such as conductivity, tunable
electronic structure, high carrier mobility, high electronic
density of states near the Fermi level, and the ability to achieve
strong light—matter interaction at mid-infrared and THZ
frequencies,'™' which is expected to endow MXenes with
excellent SERS performance. For instance, the monolayer
Ti;C, nanosheets with high crystallinity synthesized by the Xi
group exhibit excellent SERS performance with a LOD of
107" M and a high enhancement factor (EF) of 10%, which is
superior to most pure semiconductor-based SERS substrates
reported at that time.”> Additionally, the Ti,N MXene film
reported by George’s group also exhibits outstanding SERS
sensitivity, demonstrating the previous inference that MXenes
as a semimetallic material can be utilized for ultrasensitive
SERS substrates.”> In our previous research, we reported for
the first time two novel SERS substrates of Nb,C and Ta,C
MXenes with LODs of 10~ and 1077 M, respectively.”"**
Their SERS sensitivity is significantly lower than that of most
semiconductors and also far weaker than the reported SERS
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sensitivity of monolayer hi%h-crystalline Ti;C, nanosheets (as
shown in Figure $1).2°** This abnormal conclusion is
contrary to the inference of the ultrahigh SERS sensitivity of
MXenes caused by their metallic property, which severely
limits the practical application of MXenes in the SERS
detection field. Therefore, developing a universal experimental
strategy to significantly optimize the SERS sensitivity is a high-
priority task for 2D MXene-based SERS substrates.

Based on the morphology analysis of the Ti;C,, Nb,C, and
Ta,C MXenes prepared in the previous work, it is discovered
that the MXene nanosheets synthesized by HF etching are
seriously stacked along the (001) crystal plane due to the
attraction of the van der Waals force, thus resulting in a larger
thickness of MXene nanosheets. At this time, the advantages of
2D materials with large BET surface areas are lost for MXene
nanosheets. A recent research study has fully proved that
adjusting the morphology of Nb,O; nanoparticles into Nb,Os
microflowers formed by the ultrathin nanosheets can
significantly increase the BET surface area to provide more
adsorption sites for probe molecules,”” thereby improving its
SERS sensitivity by an order of magnitude. Additionally,
constructing a porous micronanostructure with a high BET
surface area can not only exhibit the excellent adsorption
capacity for probe molecules but also generate the strong local
surface plasmon resonance (LSPR) effect and the high-density
hotspot effect to further develop the SERS performance of
substrates.””*" The above experimental strategy for construct-
ing porous micronanostructures has been successfully extended
to various nitride SERS substrates such as VN, MoN, WN,
TiN, etc.””” Furthermore, the highly ordered microcrystal
structure assembled by ultrathin and oxygen vacancy-rich
W50, nanowires with a thickness of about 1.5 nm
simultaneously exhibits the conspicuously enhanced LSPR
effect and the efficient interfacial charge transfer between
substrates and molecules, thus successfully achieving an
ultralow LOD of 107'! M.>* Assembling the uniform MoN
and Mo,C nanoparticles with a size of 2—5 nm into hollow
spheres with a large surface area can achieve a strong LSPR
effect in the visible region.*® Similarly, V,0O nanoparticles with
a double-shelled hollow structure can not only realize the
resonance absorption originated from the charge transfer and
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Figure 2. Experimental design of MXene-based multiporous nanosheet stacking structures and morphology characterization of few-layer Nb,C
MXene nanosheets. (a) Schematic diagram of the experimental design for MXene-based multiporous nanosheet stacking structures. (b) High-
magnification TEM image. (c, d) AFM image and their thickness statistical histogram. (e) HRTEM image and (f) its corresponding SAED images.
(g) Raman spectra of 107°~1077 M MeB on few-layer Nb,C nanosheets.

exciton enhancements but also achieve the coupling effect of enrichment, CM, and EM and thus propose a universal
electromagnetic enhancement due to the nanostructure of the experimental strategy that can conspicuously optimize the
inner and outer shells.*® The aforementioned research has fully SERS sensitivity of MXenes.
demonstrated that reassembling the smaller-sized nanoparticles In this work, aiming for the objective of observably
into complex nanostructures with a regular morphology is an developing SERS sensitivity for MXenes to achieve trace
effective experimental strategy to improve the SERS sensitivity detection of CAP, we developed a universal optimization
of materials by enhancing the LSPR effect. With regard to strategy of SERS performance that assembled few-layer MXene
semiconductor substrates, the SERS enhancement mainly nanosheets into multiporous nanosheet stacking structures to
arises from the enhanced chemical bond vibration of molecules improve the detection sensitivity of MXenes by orders of
caused by the charge transfer between substrates and magnitude (Figure 1). Taking Nb,C MXene nanosheets as an
molecules. Currently, a large number of literature studies example, the synthesized multiporous nanosheet stacking
have confirmed that the amorphization of SERS substrates is structures with a micrometer scale of about 5 um are
able to conspicuously increase the excited electrons near the composed of Nb,C MXenes with an average thickness of
Fermi level, thereby developing the chemical enhancement about 5.8 nm intersecting each other, and their phase structure
effect of semiconductor materials on probe molecules.””~* is determined to be a-VO,/Nb,O;@Nb,C. The a-VO,/
Hence, forming a uniform amorphous layer on the surface of Nb,Os@NDb,C multiporous nanosheet stacking structures as
crystalline MXene nanosheets may be an efficient method to SERS substrates can be effectively excited by the irradiation
further improve the SERS detection sensitivity. In conclusion, laser of the entire visible region to achieve excellent detection
the combination of 3D assembling and amorphizing MXene sensitivity for MeB molecules with a low LOD of 107" M and
nanosheets is expected to synergistically improve the SERS a high EF of 2.6 X 10°, whose SERS sensitivity is improved by
performance of MXenes from three aspects of physical at least 3 orders of magnitude relative to few-layer Nb,C
732 https://doi.org/10.1021/jacsau.3c00758
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MXene nanosheets. The improved SERS performance is
mainly determined from three perspectives, namely, physical
enrichment, chemical enhancement, and electromagnetic
enhancement. Finally, other MXene nanosheets are applied
as assembling templates to verify the universality of this SERS
optimization strategy, which paves a new path for con-
spicuously optimizing the SERS sensitivity of other 2D
nanosheet substrates with surficial negative charges. Further-
more, ultrasensitive detection of CAP with a wide linear range
from 100 pg/mL to 1 ng/mL was achieved by the developed
Nb,C-based multiporous nanosheet stacking structure, which
has a great promising perspective for the trace detection of
other antibiotics in microsystems.

Based on previous reports on MXene materials, it is discovered
that the surface of MXene nanosheets synthesized by HF
etching and tetrapropylammonium hydroxide (TPAOH)
delamination is prone to adsorb a large number of —OH
ions, thus showing surficial negative charges.41 Moreover, these
synthesized MXene nanosheets are seriously stacked along the
(001) crystal plane due to the attraction of the van der Waals
force, resulting in a larger thickness of MXene nanosheets
without the advantages of large BET surface areas for 2D
materials. Therefore, the key solution strategy of 3D
assembling and surface amorphizing MXenes was adopted to
destroy the van der Waals attraction between the MXene
nanosheets that endowed MXenes with a stacked morphology,
thereby increasing their BET surface area on the one hand and
improving the electromagnetic enhanced factor contributed by
surface plasmon enhancement on the other hand. The
schematic diagram of this experimental design is shown in
Figure 2a. Herein, the design fundamental is the full use of the
—OH ions adsorbed on the surface of MXenes and its surficial
negative charge. The few-layer MXene nanosheets were
applied as assembly templates. The key of this experimental
design is that the ammonium ions (NH*) with a positive
charge generated by the hydrolysis of the incorporated
ammonium metavanadate (NH,VO;) are capable of reacting
with the hydroxide ions (OH™) on the surface of MXenes to
produce ammonia gas, thereby taking away the OH™ ions of
the MXene surface and providing more adsorption and
reaction sites for the remaining metavanadate ions (VO3).
During the hydrothermal reaction, the few-layer MXene
nanosheets will aggregate together due to the great surface
energy, but the original van der Waals attraction existing in the
MXene nanosheet layers will be destroyed due to the
formation of amorphous oxide a-VO,/M,0, (M = Nb, Ti)
on the surface of MXenes, further making the nanosheets
intersect each other to grow into the MXene-based multi-
porous nanosheet stacking structure.

For the convenience of comparing SERS performance, Nb,C
MXenes were taken as an example to synthesize the MXene-
based multiporous nanosheet stacking structure. Here,
preparing the assembly templates of multiporous nanosheet
stacking structures was the foremost task. Experimental
methods of HF etching, TPAOH delamination, and ultrasonic
vibration fragmentation were adopted to synthesize few-layer
Nb,C MXene nanosheets. First of all, the morphology of few-
layer Nb,C MZXene nanosheets was analyzed by scanning
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electron microscopy (SEM) and low-magnification trans-
mission electron microscopy (TEM) images. As shown in
Figure S2a,b, most MXenes present a uniform nanosheet
structure and lie flat on the substrates. The high-magnification
TEM image shown in Figure 2b also presents an electronically
transparent nanosheet morphology, which further reflects the
lateral dimensions of about 30—100 nm for the Nb,C MXenes.
Then, the thickness of the Nb,C MXene nanosheets was
characterized by atomic force microscopy (AFM) images
(Figures 2¢,d and S2c,d). It is found that the thickness of the
synthesized Nb,C MXene assembly templates is in the range of
3—10 nm, and the statistical average thickness is about 5.31 nm
corresponding to the 10-layer Nb,C nanosheets, which can be
defined as few-layer Nb,C MXene nanosheets. Additionally,
the clear lattice fringes on Nb,C MXenes are easily discerned
by high-resolution TEM (HRTEM) and its corresponding
selected area electron diffraction (SAED) images (Figure 2e,f),
which correspond to the (100) and (003) planes of hexagonal
structures with interplanar spacings of 0.271 and 0.435 nm,
respectively. Notably, since these few-layer Nb,C MXene
nanosheets stack in different directions under the weak van der
Waals attractions, their SAED images present sharp and bright
diffraction rings arising from (100) and (220) planes of Nb,C
MXenes, indicating the excellent crystallinity of the synthesized
few-layer Nb,C MXene nanosheets. Furthermore, research on
its SERS performance (Figures 2g and S3) indicates that the
SERS enhancement of few-layer Nb,C MXene nanosheets on
MeB molecules can be more significantly excited by an
irradiation laser of 633 nm, and the corresponding LOD and
EF can reach 1077 M and 1.72 X 105, respectively.

The aforementioned synthesized few-layer Nb,C MXene
nanosheets with high crystallinity were applied as assembly
templates to synthesize Nb,C-based multiporous nanosheet
stacking structures by incorporating NH,VO;. For the
convenience of qualitative comparisons, the SERS enhance-
ments of these regulated synthesized substrates on MeB
molecules are mainly applied as the evaluation standard. Here,
the time and temperature of hydrothermal reactions and the
concentration of few-layer Nb,C MXene powder and NH,VO,
are sequentially adjusted, and the Raman spectra are shown in
Figure S4. When the hydrothermal reaction time and
temperature are controlled to be 6 h and 150 °C, respectively,
as well as adding 0.02 g of few-layer Nb,C MXenes powder
and 0.75 g of NH,VO; as reactants, the Nb,C-based
multiporous nanosheet stacking structures with the most
regular morphology and the best SERS performance are
obtained. Furthermore, SEM images are characterized to
explore the regulation of the concentration of NH,VOj; on the
morphology of products (Figure SS). It can be clearly seen that
these few-layer Nb,C MXenes are restacked together due to
the van der Waals attraction between nanosheet layers when a
small amount of NH,VO; is added. As the addition amount of
NH,VO; gradually increases, the amorphous oxide layers are
formed on the surface of more few-layer Nb,C MXene
nanosheets, thereby destroying the original van der Waals
attraction between nanosheet layers. Hence, it is natural to
make Nb,C nanosheets intersect each other to grow into
Nb,C-based multiporous nanosheet stacking structures.

Here, Nb,C-based multiporous nanosheet stacking struc-
tures were successfully synthesized by adjusting the hydro-

https://doi.org/10.1021/jacsau.3c00758
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Figure 3. Morphology characterization and physical phase determination of Nb,C-based multiporous nanosheet stacking structures. (a) SEM
image. (b) TEM image. (c) The corresponding SAED image. (d) The element distribution mapping images of C, Nb, V, and O. (e) HRTEM
image for the cross section of nanosheets composed of Nb,C-based multiporous nanosheet stacking structures. (f) XRD patterns. (g) Raman

spectra. (h—j) Nb 3d (h), O 1s (i), and V 2p (j) XPS spectra.

thermal reaction time, temperature, and the concentration of
reactants. The low-magnification SEM image in Figure 3a
shows that the lateral dimension of the as-synthesized Nb,C-
based multiporous nanosheet stacking structure is able to reach
the micrometer scale of about S yum, while the corresponding
high-magnification SEM image (Figure S6a) presents that
Nb,C MXene nanosheets exist in an interlaced morphology,
and the roughly characterized thickness of nanosheets is in the
range of 4—5 nm. Furthermore, the electron-transparent
nanosheet structure and obvious wrinkled morphology formed
by the intersecting nanosheets can also be clearly identified
from the TEM image, as shown in Figure 3b. Its corresponding
SAED image (Figure 3c) presents a diffuse amorphous
diffraction ring arising from the amorphous oxides of Nb and
V elements. The energy-dispersive spectroscopy (EDS)
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(Figure S6b) exhibits the distinct signal of the V element in
addition to the signals of Nb, C, and O elements, indicating the
successful introduction of the V element. Then, the EDS
element distribution of Nb,C-based multiporous nanosheet
stacking structures is further characterized and shown in Figure
3d. It can be easily found that Nb, C, V, and O elements are
uniformly distributed on the surface of the entire Nb,C-based
multiporous nanosheet stacking structures, demonstrating the
fact that the added VO3 ions are uniformly adsorbed on the
surface of MXenes and participate in the hydrothermal
reactions. The high-magnification TEM image in Figure 3e
shows the cross-sectional morphology of Nb,C nanosheets in a
Nb,C-based multiporous nanosheet stacking structure. It is
discovered that the thickness of amorphous Nb,C MXenes can
reach 5.8 nm, corresponding to about six layers of stacked
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Figure 4. SERS performance of Nb,C-based multiporous nanosheet stacking structures. (a) Raman scattering diagram of MeB molecules on
multiporous nanosheet stacking structure substrates. (b—d) Raman spectra and linear relationship between Raman intensity and molecular
concentration of MeB with a concentration range of 107°—107"° M on Nb,C-based multiporous nanosheet stacking structure substrates under the

excitation lasers of 532 nm (b), 633 nm (c), and 785 nm (d). Their corresponding Raman intensity at 1620 cm

~! as a function of molecular

concentrations. (e) Ultraviolet—visible spectra of the complexes between few-layer Nb,C nanosheets or a-VO,/Nb,O;@Nb,C and MeB molecules.
(f) Comparison of the SERS performance of the reported MXene-based substrates and the MXene-based multiporous nanosheet stacking structure

in this work.

Nb,C nanosheets, which is thicker than the thickness of 3.18
nm for the six layers of the stacked Nb,C nanosheets before
hydrothermal reactions, which is reasonable to speculate that it
is presumably the contribution of amorphous oxide layers of
Nb and V elements.

Then, the X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), and Raman characterization were carried
out to analyze the phase structure and elemental chemical
valence states of Nb,C-based multiporous nanosheet stacking
structures. Compared with the Nb 3d XPS peaks of few-layer
Nb,C MXene nanosheets, the Nb 3d peaks arising from Nb**
and Nb*" of multiporous nanosheet stacking structures located
at 203.55 and 204.5 eV disappear, while the Nb 3d XPS peaks
representing Nb** and Nb** shift from 206.65 and 209.4 eV to
the higher binding energy of 207.25 and 210 eV (Figure 3h),
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respectively, which indicates that the Nb elements exhibit a
tendency to transform to a high valence state and the
pentavalent oxides of partial Nb elements are formed.
Furthermore, the analysis of O 1s XPS spectra (Figure 3i)
reveals that the Nb,C-based multiporous nanosheet stacking
structures exhibit a higher oxide content relative to the few-
layer Nb,C MXene nanosheets. It can be ascribed to the fact
that the few-layer Nb,C MXene nanosheets are further
oxidized during the process of hydrothermal reaction, which
is demonstrated by the existence of amorphous V/Nb oxide in
the SAED image. Additionally, the V 2p XPS peaks (Figure 3j)
located at 5164 and 517.6 eV are surprisingly detected,
indicating that the V elements mostly exist in the valence state
of V** in the Nb,C-based multiporous nanosheet stacking
structures, and a small part exists in the valence state of V*'.
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The V elements with nonmonovalent states also demonstrate
the existence of amorphous V oxides.

In order to further determine the phase structure of Nb,C-
based multiporous nanosheet stacking structures, XRD
patterns were analyzed in detail (Figure 3f). It can be easily
inferred that the multilayer Nb,C MZXenes are successfully
synthesized by HF etching the Nb,AIC MAX phase. The
intensity of the (002) characteristic peak representing MXenes
is significantly enhanced and shifts to a lower XRD diffraction
angle after TPAOH exfoliation and ultrasonic oscillation
treatment, which indicates the successful synthesis of a large
number of few-layer Nb,C MXene nanosheets with the larger
interlayer spacing. The synthesized Nb,C-based multiporous
nanosheet stacking structures not only retain a set of sharp
XRD characteristic peaks of Nb,C MXene nanosheets but also
generate the broadened XRD peaks at diffraction angles of
around 30 and 55°, which belong to amorphous VO, and
Nb,Os, respectively. Therefore, the phase structure of Nb,C-
based multiporous nanosheet stacking structures is determined
to be a-VO,/Nb,O;@Nb,C, where amorphous a-VO,/Nb,O4
exists on the surface of Nb,C MXene nanosheets with excellent
crystallinity, which is highly consistent with the analysis results
of XPS and SAED. The analysis of Raman spectra (Figure 3g)
demonstrates that Nb,C-based multiporous nanosheet stacking
structures retain the original Raman peaks of Nb,C MXenes
and simultaneously show a Raman peak at 913 cm™,
representing the stretching vibration mode of Nb—O and
V-0 bonds, which demonstrates the successful introduction
of V elements and the formation of Nb and V oxides, which are
also consistent with the aforementioned -characterization
results.

Subsequently, the SERS performance of the synthesized a-
VO,/Nb,0s@Nb,C multiporous nanosheet stacking structure
was evaluated, and the Raman scattering diagram of MeB
molecules on multiporous nanosheet stacking structure
substrates is presented in Figure 4a. First, the optimal SERS
excitation wavelength of a-VO,/Nb,O;@Nb,C substrates for
MeB molecules was explored. As shown in Figure 4b—d, MeB
molecules adsorbed on the a-VO,/Nb,O;@Nb,C substrates
can be excited to produce significantly enhanced Raman signals
under irradiation lasers of 532, 633, and 785 nm. Among them,
the Raman spectra excited by the 633 nm laser exhibit an
obviously stronger Raman enhancement, thus determining the
optimal SERS excitation wavelength of 633 nm. The above
phenomenon can be attributed to the fact that the strongest
UV—vis absorption peak of a-VO,/Nb,O;@Nb,C-MeB
complexes is located near 633 nm (Figure 4e). Under the
excitation lasers of 532 and 785 nm, the LODs of a-VO,/
Nb,O@Nb,C substrates for MeB molecules can reach 107
M, and the corresponding EFs at 1620 cm™" are 7.0 X 10° and
7.9 X 107, respectively, while under the optimal excitation laser
of 633 nm, even if the MeB molecules are further diluted to a
low molar concentration of 107 M, a distinct enhanced
Raman signal is able to be detected by adsorbing MeB
molecules on a-VO,/Nb,O;@Nb,C substrates. Therefore, the
LOD of a-VO,/Nb,O;@Nb,C substrates with the excitation
laser of 633 nm is determined to be 107° M, and the EF can
be as high as 2.6 X 10°. Compared to the LOD of 10~" M and
EF of 1.72 X 10° for the few-layer Nb,C MXene nanosheets,
the SERS sensitivity of a-VO,/Nb,O;@Nb,C substrates is
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improved by 3 orders of magnitude, which is among the best in
the reported pure MXene-based SERS substrates (Figure 4f
and Table S1). Moreover, the corresponding relationship
trends of Raman intensity at 1620 cm™' changing with the
concentration of MeB molecules under the excitation lasers of
532, 633, and 785 nm (Figure 4b—d) represent that their linear
relationships are satisfactory in the range from 107> to 107 M
or 1071 M with the correlation coefficients of 0.9701, 0.9879,
and 0.9707, respectively, which demonstrates the accuracy of
Raman detected results. Here, the main Raman peaks of MeB
molecules enhanced by a-VO,/Nb,O;@Nb,C substrates at
1620, 1502, and 1392 cm™" are assigned to the asymmetric
stretching vibration of the benzene ring and the asymmetric
and symmetric C—N stretching vibrations (Table S$2),
respectively. Generally, Raman spectra of 107° M MeB
molecules on a-VO,/Nb,O;@Nb,C substrates with 187 test
points in an area of 80 X 50 ym® are scanned to characterize
the uniformity of SERS enhancement, and the Raman mapping
and the corresponding Raman intensity scatter plots are shown
in Figure S7. The calculated relative standard deviations
(RSDs) of Raman intensity at 445, 1395, and 1617 cm™" are
12.0, 11.6, and 10.5%, respectively, indicating the excellent
uniformity of SERS enhancement for a-VO,/Nb,O;@Nb,C
substrates. In conclusion, the a-VO,/Nb,O;@Nb,C multi-
porous nanosheet stacking structures assembled by few-layer
Nb,C MXene nanosheets exhibit ultrasensitive SERS detection
ability, which is superior to the majority of reported
semiconductor-based SERS substrates to the best of our
knowledge.

In order to verify the universality of this optimization strategy
of assembling few-layer MXene nanosheets into MXene-based
multiporous nanosheet stacking structures, stable Ti;C,
MXene nanosheets were selected as assembly templates to
conduct the same hydrothermal reaction. As shown in Figure
S8, the few-layer Ti;C, MXene nanosheets with good
crystallinity and about 70—150 nm lateral dimensions as well
as about 16 nm thickness are synthesized. The LOD and EF of
few-layer Ti;C, MXene nanosheets for MeB molecules with
the excitation laser of 633 nm are 1077 M and 3.75 X 10°,
respectively. After the hydrothermal reaction with adding
NH,VO;, the SEM and TEM images in Figure S10a,b
demonstrate that Ti;C,-based multiporous nanosheet stacking
structures with a lateral dimension in the micron scale are also
successfully synthesized. The SAED image (Figure S10c)
simultaneously shows diffused amorphous rings and crystalline
diffraction spots, wherein the crystalline diffraction spots
correspond to the (003), (220), and (311) planes of TiyC,
MXenes with high crystallinity, while diffused amorphous rings
correspond to the amorphous oxides of Ti and V. Compared
with a-VO,/Nb,O;@NDb,C, it is discovered that as the size and
thickness of MXene nanosheets increase, the morphology of
this MXene-based multiporous nanosheet stacking structures
becomes more regular. The nonmonovalent states of V°*
(5164 eV) and V¥ (517.6 eV) are also presented in V 2p
XPS spectra (Figure S10d) of Ti;C,-based multiporous
nanosheet stacking structures, demonstrating the existence of
amorphous V oxides. The phase structure of Ti;C,-based
multiporous nanosheet stacking structures is further deter-
mined by the sharp XRD peaks of crystalline Ti;C, MXene and
the broadened XRD diffraction peaks of amorphous VO,/TiO,
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in XRD patterns (Figure S10e), that is, a-VO,/TiO,@Ti;C,.
Accordingly, the successful synthesis of a-VO,/TiO,@Ti;C,
multiporous nanosheet stacking structures has verified the
universality and feasibility of this experimental method, which
can be extended to other MXene nanosheets with surficial
negative charges.

Similarly, MeB molecules are also employed to evaluate the
SERS performance of a-VO,/TiO,@Ti;C,. Raman spectra in
Figure SI11 indicate that when the concentration of MeB
molecules is diluted to 107 M, the obvious Raman speaks of
MeB molecules can be detected by adsorbing on a-VO,/
TiO,@Ti;C, substrates with the excitation lasers of 633 and
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785 nm, in which the Raman signals are more significantly
enhanced by the excitation laser of 785 nm. Moreover, their
trends of Raman intensity with MeB concentrations of 10™°—
10~ M exhibit excellent linear relationships with correlation
coeflicients of 0.9639 and 0,9759. Therefore, it is reasonable to
confirm that the LOD and EF of a-VO,/TiO,@Ti;C,
substrates for MeB molecules with the excitation laser of 785
nm are determined to 107 M and 5.2 X 107, respectively,
which are both improved by 2 orders of magnitude relative to
the SERS sensitivity of few-layer Ti;C, MXene nanosheets.
Here, an interesting conclusion that the synthesized MXene-
based multiporous nanosheet stacking structures can be
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effectively excited by various wavelengths of the irradiation
laser to generate outstanding SERS enhancement can be
discovered. In conclusion, a universality optimization strategy
of SERS performance, that is, assembling few-layer MXene
nanosheets into multiporous nanosheet stacking structures,
was proposed to develop its SERS sensitivity by orders of
magnitude, which is of great significance in conspicuously
developing the SERS sensitivity of other MXene materials with
surficial negative charges.

Currently, research on the SERS performance of MXenes has
indicated that their SERS enhancement mechanism mainly
originates from the synergistic contribution of CM dominated
by the PICT process and EM. Therefore, the exploration of the
SERS enhancement mechanism for MXene-based multiporous
nanosheet stacking structures is also mainly considered from
the perspectives of CM and EM. First of all, the contribution of
the existence of V/Nb amorphous oxides on the surface of
Nb,C MXenes to the chemical enhancement was investigated
by density functional theory (DFT) calculations. The
amorphous adsorption models of Nb,CO, and Nb,CO,V
were constructed, in which both —O and —VO, groups were
located above C atoms and adsorbed on the surface of Nb,C
MXenes crystal structures by bonding with Nb atoms (Figure
S12a). The calculated static Raman spectra (Figure S12b) of
Nb,C, Nb,CO,, and Nb,CO,V clusters on MeB molecules
indicate that the presence of V/Nb amorphous oxide on the
surface of nanosheets endows Nb,C MXenes with the reduced
static Raman enhancement of about an order of magnitude,
which is contrary to the expectation that amorphizing materials
could facilitate charge transfer to improve the static Raman
enhancement. It could be attributed to the fact that there are a
large number of unbounded active electrons on the surface of
Nb,C MXenes to conduce the static charge transfer with
molecules, while the existence of amorphous oxides on the
surface of MXenes instead localizes this part of active electrons,
resulting in a decrease of static Raman enhancements.
Additionally, the calculated density of electronic states,
absorption spectrum, and dielectric function spectrum of
Nb,C, Nb,CO, and Nb,CO,V amorphous adsorption models
(Figure S12c—e) indicate that the electronic state density near
the Fermi level of amorphous adsorption models is observably
increased relative to Nb,C MXenes. Moreover, the absorption
peaks and the real part of dielectric functions of amorphous
adsorption models still span the entire visible region, which is
beneficial to promote the photoinduced charge transfers
between substrates and molecules, thereby enhancing the
dynamic Raman enhancements. Notably, the calculated
absorption peaks spanning the entire visible region of
Nb,CO, and Nb,CO,V amorphous adsorption models are
consistent with the experimental absorption peaks of a-VO,/
Nb,Os@NDb,C shown in Figure S13. Therefore, although the
existence of V/Nb amorphous oxide on the surface of Nb,C
MZXenes will reduce the static Raman enhancement, it can
destroy the original van der Waals attraction between MXene
layers to form multiporous nanosheet stacking structures and
simultaneously improve the dynamic Raman enhancement.
Because the Raman scattering intensity contributed by the
electromagnetic enhancement is proportional to the fourth
power of the enhancement factor for the local field (IEI*/IE,l*),
the electric field distributions can be calculated by the finite
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difference time domain (FDTD) solutions. Therefore, the
contribution of electromagnetic enhancement to the SERS
performance was investigated by FDTD simulating the electric
field distributions of MXene nanosheets and MXene-based
multiporous nanosheet stacking structure models. As shown in
Figure Sab, we first constructed a single few-layer Nb,C
MZXene nanosheet model with the size of 5.3 nm X 100 nm X
40 nm, which is composed of 10 layers of Nb,C MXene
nanosheets stacked with a layer spacing of 0.28 nm.
Subsequently, based on the single few-layer Nb,C MXene
nanosheet model, the regular triangular intersecting and
irregular intersecting Nb,C MZXene nanosheet models are
constructed to represent the local morphology of MXene-
based multiporous nanosheet stacking structures and shown in
Figure Sc,d. The simulated electric field distributions
demonstrate that the electromagnetic enhancement regions
(Figures Sb and Sl4a) of single few-layer Nb,C MXene
nanosheets are all located at the edges of rectangular stacked
nanosheets under the excitation TESF sources of 532, 633, and
785 nm, and the enhancement factors of the highest
electromagnetic enhanced regions on the xy cross section are
all up to 10% while the electromagnetic enhancement regions
(Figures Sc,d and S14b,c) of regular triangular intersecting and
irregular intersecting Nb,C MXene nanosheet models are
located at the edges and intersections of MXene nanosheets,
and the corresponding enhancement factors are all as high as
10* It can be clearly seen that the electromagnetic enhance-
ment factor of regular triangular intersecting and irregular
intersecting Nb,C MXene nanosheets can be significantly
improved by about 2 orders of magnitude compared to single
few-layer Nb,C MZXene nanosheets. Similarly, the SERS
enhancement mechanism of Ti;C,-based multiporous nano-
sheet stacking structures can be mainly attributed to the 2
orders of magnitude improvement in the electromagnetic
enhancement factor caused by the intersection of Ti;C,
MXene nanosheets (Figure S15a—d). Separately, the electro-
magnetic enhancement factor of Ti;C,-based multiporous
nanosheet stacking structures is about an order of magnitude
lower than that of Nb,C-based multiporous nanosheet stacking
structures, which is consistent with the SERS performance of
experimental Raman spectra. Moreover, whether the single
few-layer MXene nanosheet model or these two intersecting
MXene nanosheet models simulating multiporous nanosheet
stacking structures, their electromagnetic enhancement can be
effectively excited by the TESF source with the entire visible
region, which is consistent with the aforementioned results of
Raman spectra.

The existence of intersecting MXene nanosheets on the
surface of MXene-based multiporous nanosheet stacking
structures can enhance the electromagnetic enhancement
factor by about 2 orders of magnitude (Figure Se), which is
less than the experimental results in SERS EF with 3 orders of
magnitude improvement. Therefore, the development in
physical adsorption of MXene-based multiporous nanosheet
stacking structures on MeB molecules was reasonably
considered. The characterized {-potential and BET surface
area indicate (Figures Sf and S1Se) that the significantly
increased specific surface area of multiporous nanosheet
stacking structures can provide more adsorption sites for
probe molecules, and the multiporous nanosheet stacking
structures with surficial negative potential are conducive to
attract molecules with positive charges such as MeB,
collectively promoting the physical adsorption effect to
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Figure 6. Ultrasensitive detection of CAP. (a) Comparison of Raman spectra of CAP on a-VO,/Nb,O;@Nb,C substrates, CAP powder, and
calculated Raman spectra of the single CAP molecule. (b) Raman spectra and linear relationship between Raman intensity and molecular
concentration of CAP with a concentration of 100 yg/mL on a-VO,/Nb,O;@Nb,C substrates. (c, d) Raman spectra and Raman mapping image
(c) and the corresponding scatter plots of Raman intensity (d) at 1590 cm™" of 10 ug/mL CAP on a-VO,/Nb,O;@Nb,C substrates. The step size

is 10 pm.

develop its SERS performance. In conclusion, the SERS
sensitivity of MXene-based multiporous nanosheet stacking
structures is optimized by orders of magnitude under the
multiple synergistic contributions of the developed physical
adsorption, the chemical enhancement arising from the
dynamic Raman enhancement, and the conspicuously
improved electromagnetic enhancement originating from the
intersecting MXene nanosheets.

With the increasing abuse of antibiotic drugs, it is imperative to
achieve normalized and portable detection of CAP in
aquaculture and agricultural products due to its high toxicity.
Motivated by the remarkably enhanced SERS sensitivity and
the developed physical adsorption for molecules attributed to
the high BET of Nb,C-based multiporous nanosheet stacking
structure substrates, Raman detection of the CAP antibiotic
with a concentration of 100 pg/mL was conducted. The CAP
molecule on a-VO,/Nb,O;@Nb,C substrates exhibits an
obviously stronger Raman enhancement with the excitation
laser of 532 nm than the other two excitation lasers of 633 and
785 nm (Figure S16). Under the optimal irradiation of the 532
nm laser, the characteristic Raman peaks of CAP located at
Raman shifts of 1117, 1368, and 1585 cm™" are significantly
enhanced, which are assigned to the N—C stretching mode in
the phenyl ring, the stretching vibration mode between an
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electron-withdrawing group of nitro (—NO,) with the phenyl
ring, and the phenyl ring stretching mode of CAP, respectively.
All these enhanced Raman peaks of CAP and their
corresponding Raman vibration mode are listed in Table S3.
In order to determine the accuracy of SERS-enhanced spectra
of CAP on a-VO,/Nb,Os@Nb,C, theoretical Raman spectra
of the isolated CAP molecule were calculated, and Raman
spectra of CAP powder were directly detected. As shown in
Figure 6a, the calculated Raman peaks and the directly
detected Raman peaks of CAP powder match well with the
Raman shifts of the CAP antibiotic enhanced by a-VO,/
Nb,O;@NDb,C substrates, except for the difference in the
Raman intensity caused by the synergistic SERS enhancement
of CM and EM. Analysis results on LOD investigation (Figure
6b) indicate that a-VO,/Nb,O;@Nb,C substrates still exhibit
a more excellent SERS enhancement on the CAP antibiotic
with a low LOD of 1 ng/mL, which is beneficial to monitor the
residual level of CAP in food-producing animals. The linear
correlation between the intensity of the obviously enhanced
characteristic Raman peak at 1585 cm™" and the concentration
of CAP ranging from 1 ng/mL to 100 ug/mL is satisfactory in
logarithm with a correlation coeflicient of 0.99S. Furthermore,
according to the Raman mapping of 10 pug/mL CAP on a-
VO,/Nb,Os@NDb,C with 225 test points in an area of 150 X
150 pum?* and its corresponding Raman intensity scatter plots at
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1585 cm™' (Figure 6¢,d), the calculated RSD of 12.88%
indicate the excellent uniformity of the enhanced eftect for the
Raman signal of CAP on a-VO,/Nb,O;@NDb,C. In a word, the
developed Nb,C-based multiporous nanosheet stacking
structure with excellent detection sensitivity and SERS
enhancement uniformity for CAP has a great promising
perspective for the trace detection of other antibiotics in
microsystems.

In summary, a universal optimization strategy of SERS
performance that assembles few-layer MXene nanosheets
into multiporous nanosheet stacking structures to improve
the detection sensitivity of MXenes by orders of magnitude
was innovatively proposed. The experimental key of this
optimization strategy is incorporating NH,VOj; to induce the
generation of amorphous oxides on the surface of MXenes,
thus destroying the original van der Waals attraction that
existed in the MXene nanosheet layers and further making the
nanosheets intersect each other and forming multiporous
nanosheet stacking structures. Taking Nb,C MXene nano-
sheets as an example, the successfully synthesized multiporous
nanosheet stacking structures are composed of Nb,C MXene
nanosheets with an average thickness of about 5.8 nm
intersecting each other, and their phase structure is determined
to be a-VO,/Nb,O;@Nb,C. With the optimal excitation laser
of 633 nm, Nb,C-based multiporous nanosheet stacking
structures achieve ultrahigh detection sensitivity for MeB
molecules with a low LOD of 107" M and a high EF of 2.6 X
10°, which is improved by at least 3 orders of magnitude
relative to few-layer Nb,C MXene nanosheets. The SERS
enhancement mechanism is mainly derived from the multiple
synergistic contributions of the following three aspects: the
increased BET surface area and the maintained surficial
negative potential develop the physical adsorption capability,
the existence of amorphous oxide on the MXene nanosheet
surface promotes the dynamic chemical enhancement, and the
intersecting MXene nanosheets can improve the electro-
magnetic enhanced factor by about 2 orders of magnitude.
Furthermore, the few-layer Ti;C, MXenes are applied as
assembly templates to successfully synthesize Ti;C,-based
multiporous nanosheet stacking structures with the SERS
sensitivity optimized by 2 orders of magnitude, which verifies
the universality of this SERS optimization strategy. Based on
the developed Nb,C-based multiporous nanosheet stacking
structures, ultrasensitive detection of CAP with a wide linear
range from 100 pug/mL to 1 ng/mL was achieved. It is believed
that this developed SERS optimization strategy can be
extended to other MXene materials with surficial negative
charges through appropriate adjustment and provide a novel
effective approach to conspicuously improve SERS sensitivity
for the trace detection of other antibiotics in microsystems.

In this work, MXene-based multiporous nanosheet stacking structures
were synthesized by the one-step hydrothermal reaction by adding
ammonium metavanadate to the mixture of few-layer MXene
nanosheets. First, we prepared few-layer MXene nanosheets as
assembly templates of multiporous nanosheet stacking structures.
Here, 3.0 g of Nb,AIC powder or 2.0 g of Ti;AIC, powder (Forsman
Co., Ltd., Beijing, China) was dispersed in S0 mL of analytical
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hydrofluoric acid (40 wt %, HF, Aladdin Co., Ltd., Shanghai, China)
and electromagnetically stirred at room temperature for 14 days and 1
day, respectively. The etched products were centrifuged and washed
with water and ethanol more than five times. The obtained clear
multilayer Nb,C or Ti;C, MXene powder was dispersed in 60 mL of
TPAOH solution and electromagnetically stirred for 3 days at room
temperature, as well as washed with deionized water and absolute
ethanol more than three times to obtain the exfoliated multilayer
Nb,C or Ti;C, MXene black powder. Then, this exfoliated multilayer
Nb,C or Ti;C, powder was evenly dispersed in 30 mL of deionized
water, ultrasonically oscillated for 36 h in an ice bath, and then freeze-
dried to obtain the black fluffy few-layer Nb,C or Ti;C, MXene
nanosheet powder.

In the next hydrothermal reaction, 0.02 g of few-layer Nb,C or
0.016 g of few-layer Ti;C, MXene powder was dispersed into a mixed
solution with a ratio of 30 mL/6 mL of deionized water and ammonia
and ultrasonically vibrated for 20 min for uniform dispersion to obtain
black mixed solution A. Simultaneously, 0.750 g of NH,VO; was
dissolved in 30 mL of deionized water and electromagnetically stirred
for 30 min at 50 °C to obtain transparent solution B. Then, prepared
black mixed solution A was added to transparent solution B and
electromagnetically stirred for 20 min to mix evenly. The obtained
precursor solution was transferred into a 100 mL hydrothermal
reactor and hydrothermally reacted at 150 °C for 6 h to obtain gray
and black fluffy precipitates. Finally, Nb,C- or Ti;C,-based multi-
porous nanosheet stacking structure fluffy powder was obtained after
centrifugation, washing, and freeze-drying.

The XRD spectra of few-layer Nb,C and Ti;C, MXene nanosheets
and Nb,C- and Ti;C,-based multiporous nanosheet stacking
structures were obtained by a Rigaku D/MAX-2200 PC XRD system
under the Ka radiation of Cu, a wavelength (1) of 1.54 A, and current
and voltage of 40 mA and 40 kV, respectively. The micromorphology
and phase structure of few-layer MXene nanosheets and MXene-based
multiporous nanosheet stacking structures were characterized by an
FEI Magellan 400 field emission scanning electron microscope
(FESEM) and a JEM-2100F field emission source transmission
electron microscope (200 kV) to obtain the SEM, TEM, HRTEM,
EDS, and SAED images. The average thickness of few-layer Nb,C and
Ti;C, MXene nanosheets was collected from AFM images measured
by a Veeco DI Nanoscope MultiMode V system. A Thermo Fisher
Scientific ESCAlab250 was used to provide the XPS spectra of few-
layer MXene nanosheets and MXene-based multiporous nanosheet
stacking structures.

Here, Raman detections of MeB molecules with concentrations of
107°~107'° M and the CAP antibiotic with concentrations of 100 pg/
mL—1 ng/mL were conducted based on MXene-based multiporous
nanosheet stacking structures. First, about 0.01 g of product powder
was added to 30 mL of MeB solutions and 10 mL of CAP solutions
with different concentrations and ultrasonically mixed for 2 h. The
bottom 10 uL of the mixture of molecules and substrates was
collected and dropped on a glass slide after centrifugation and air-
dried at room temperature to form a circle with a diameter of about 1
cm for the Raman test. All Raman spectra were measured by a
Renishaw inVia Reflex Raman spectrometer with excitation lasers of
532, 633, and 780 nm. Laser powers were S0 mW X 1% for 532 nm,
17 mW X 1% for 633 nm, and 300 mW X 0.05% for 785 nm. The
accumulation time was 20 s, and the laser beam was 50X microscope
objective. At least three different points were tested on each
molecule—substrate complex, and the Raman peak at 1620 cm™
was selected to calculate the SERS EF value as well as to analyze the
relationship trend between Raman intensity and MeB concentration.

The first-principles calculations based on DFT* were employed to
analyze the contribution of the existence of surficial amorphous oxides
of V and Nb to the chemical enhancement in the SERS activity of
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Nb,C-based multiporous nanosheet stacking structures based on DFT
calculations. First, the supercell expansion of 2 X 2 X 1 for the Nb,C
MZXene crystal structure was constructed, and then —O and —VO,
groups were adsorbed on the surface of the supercell structure of
Nb,C MXenes to construct the amorphous adsorption models of
Nb,CO, and Nb,CO,V. After geometric optimization, the electronic
structures, UV—vis absorption, and dielectric function spectra of
Nb,C MXenes and amorphous adsorption models Nb,CO, and
Nb,CO,V were calculated by the CASTEP program. During the
calculation process, we adopted the PBE method in the generalized
gradient approximation (GGA) to describe the periodic boundary
conditions and the interelectronic exchange-correlation energy.*’ The
interaction potential between the ion core and valence electrons was
achieved by the ultrasoft potential (Ultrasoft). The cutoff energy of
500 eV in the wave vector K-space and the Brillouin zone of 7 X 7 X 1
were chosen according to the special K-point of Monkhorst—Pack.*
The outer electron configurations of the atomic pseudopotential
calculation were 4d*Ss! for Nb, 3d%4s* for V, 2522p2 for C, and 2522p4
for O, and the U values of Nb and V were both set to 3.0. The
calculation accuracy of the crystal structure system reaching the
convergence state was set as follows: the total energy change of the
system was stable within § X 107° €V, the force acting on each atom
in the unit cell was less than 0.01 eV/A, and the residual stress of the
unit cell and the tolerance deviation were 0.02 GPa and 1073 A,
respectively.

Then, in order to directly analyze the influence of the existence of
surficial amorphous oxides of V and Nb on their Raman enhance-
ments, the complex models of MeB-Nb,C, MeB-Nb,CO,, and MeB-
Nb,CO,V were constructed to calculate the static Raman spectra by
the Gauss09 program. Becke’s three-parameter hybrid exchange
functional and Lee, Yang, and Parr’s (B3LYP) exchange functional
combined with basis sets were adopted for all calculations. The probe
molecules and cluster models were optimized without virtual
frequencies to ensure keeping all structures in a stable state with
the lowest energy. The 6-311+G(d,p) group including a polarization
function and a diffusion function was selected for the C, H, O, N, and
S atoms in the MeB molecule system. The transition metal Nb and V
atoms were described by the Lanl2dz basic group.

The electric field distributions of few-layer MXene nanosheets and
MZXene-based multiporous nanosheet stacking structures were
simulated by the FDTD solution and can obtain the SERS enhancing
factor |EI*/IE\|* contributed by EM. This method provides a
convenient and general approach for calculating the optical response
of nanostructures of arbitrary geometry to an incident light wave.
First, we constructed a single few-layer MXene nanosheet model with
the size of 5.3 nm X 100 nm X 40 nm composed of 10 layers of
MXene nanosheets stacked with a layer spacing of 0.28 nm. Then, the
regular triangular intersecting and irregular intersecting MXene
nanosheet models were constructed by the above few-layer MXene
nanosheet model to simulate the local morphology of MXene-based
multiporous nanosheet stacking structures. Among them, each layer of
MZXenes in this simulation was set as a two-dimensional conductor,
and the electrical conductivity of Ti;C, and Nb,C was set as 0.5 X 10°
and 1.33 x 10° Q'm™', respectively.** The Z-polarized TESF
sources of 532, 633, and 785 nm parallel to the normal to the MXene
nanosheets were aligned to simulations. To obtain accurate results in
the simulations, the Yee cell size was set to 2 nm X 2 nm X 0.1 nm,
and an external medium of vacuum was used.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00758.
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Experimental details on enhancement factor calcula-
tions; material synthesis; and characterization (Figures
S1-S16 and Tables S1-S3) (PDF)
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