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1. Introduction

Two-dimensional MBenes with ordered metal
vacancies for surface-enhanced Raman scatteringt

® Caiye Zhao,? Juan Gao, (2@ Zhongwei Qu,?
® and Teng Qiu & *°€

Leilei Lan,?® Xingce Fan,
Wenzhe Song,® Haorun Yao,” Mingze Li

As an emerging class of two-dimensional (2D) materials, MBenes show enormous potential for opto-
electronic applications. However, their use in molecular sensing as surface-enhanced Raman scattering
(SERS)-active material is unknown. Herein, for the first time, we develop a brand-new high-performance
MBene SERS platform. Ordered vacancy-triggered highly sensitive SERS platform with outstanding signal
uniformity based on a 2D Moy/sB, MBene material was designed. The 2D Moy,3B, MBene presented
superior SERS activity to most of the semiconductor SERS substrates, showing a remarkable Raman
enhancement factor of 3.88 x 10° and an ultralow detection limit of 1 x 107> M. The underlying SERS
mechanism is revealed from systematic experiments and density functional theory calculations that the
ultrahigh SERS sensitivity of 2D Mog4,3B, MBene is derived from the efficient photoinduced charge transfer
process between MBene substrates and adsorbed molecules. The abundant electronic density of states
near the Fermi level of 2D Mo,,3B, MBene enables its Raman enhancement by a factor of 100 000 times
higher than that of the bulk MoB. Consequently, the 2D Mog4,3B, MBene could accurately detect various
trace chemical analytes. Moreover, with ordered metal vacancies in the 2D Moy/zB, MBene, uniform
charge transfer sites are formed, resulting in an outstanding signal uniformity with a relative standard devi-
ation down to 6.0%. This work opens up a new horizon for the high-performance SERS platform based
on MBene materials, which holds great promise in the field of chemical sensing.

noble metals (i.e., Au and Ag) have been dominant as SERS-
active materials because of their ultra-high sensitivity even at

As a powerful molecular fingerprinting technique with ultra-
high sensitivity, non-destructiveness, and label-free detection,
surface-enhanced Raman scattering (SERS) has been widely
applied in environmental science, biomedicine, molecular
analysis, and catalytic mechanism exploration.' Normally,
there are two widely accepted SERS enhancement mecha-
nisms, the electromagnetic mechanism (EM) and the chemical
mechanism (CM). The former mainly originates from a magni-
fying local electromagnetic field depending on localized
surface plasmon resonance (LSPR), while the latter benefits
from the charge transfer (CT) between the substrates and the
adsorbed molecules.*” In the SERS measurement, substrate
materials play an important role. Traditionally, EM-based
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single-molecule level detection. Nevertheless, some inevitable
shortcomings including expensive price, poor signal uniform-
ity, lack of stability, and complicated “hotspots” regulation,
greatly restrict the large-scale application of noble metal SERS
substrates. In contrast, noble-metal-free materials have the
advantages of abundant sources, tunable band structure, good
chemical stability, superior biocompatibility, and unique
selectivity to target molecules,®” which could effectively make
up for the shortcomings of noble metals and greatly broaden
the application of SERS.

Recently, the discovery of CM-based two-dimensional (2D)
SERS materials opens a new prospect for SERS research. 2D
materials possess atomically flat surfaces, large specific
surface areas, and insufficient coordination number of surface
atoms, making it more likely that surface atoms and adsorbed
molecules are combined and further form uniformly distribu-
ted surface complexes, which induce efficient photoinduced
charge transfer (PICT) process and good signal uniformity.® So
far, a series of 2D SERS-active materials, including graphene,’
transition metal dichalcogenides,®'® transition metal
oxides,"""* metal-organic frameworks,"® and transition metal
carbides/nitrides (MXenes)'*'> have been developed. To
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further improve their SERS performance, some enhancement
strategies such as heterojunction engineering,'® phase tran-
sition,'® amorphization treatment,’> defect engineering,'”
molecular enrichment,'® and thickness adjustment'® have
been explored. Among them, defect engineering is widely used
in the research of 2D materials, which provides an effective
strategy for the activation and promotion of intrinsic SERS
activity. In general, defect engineering breaks the periodic
arrangement of atoms, producing point defects or higher
dimensional disorder.”® The introduction of defects in 2D
materials would change their surface properties, band struc-
tures, and density of states (DOS), leading to strong surface
interactions, light-trapping capability, or charge transport
efficiency, bringing about a direct effect on the SERS perform-
ance of 2D materials.?! For example, Zhao et al. demonstrated
that ultrathin 2D nanostructures with surface defects could be
advantageous in promoting SERS sensitivity.'' Seo et al
reported that single-atom vanadium-doped 2D ReSe, platform
could achieve attomolar level molecular sensing capability.”?
Nb, Re dual-doped WSe, exhibits ultra-high SERS sensitivity
with a femtomolar level detection limit.>®> However, since these
defects are usually either produced inadvertently or formed in
macroscopic processes, leading their types and extents are not
highly controlled. The disorder defects with uneven distri-
bution can improve the SERS sensitivity but cause poor signal
uniformity. Therefore, large-scale control of the ordered
defects at the atomic level is of great significance for simul-
taneously improving the SERS sensitivity and signal uniformity
of 2D materials.

As an emerging class of 2D materials, MBenes (transition
metal borides) have been theoretically predicted first and
experimentally synthesized in the past few years.>*?! In
general, MBenes are the derivative of ternary or quaternary
MAB phases (where M is an early transition metal, A is an
A-group element, and B is a boron element), which possess
diverse structures and stoichiometries. Thus far, some types of
MBenes, such as MoB,?° TiB,”” CrB,*° and ZrB,,*° have been
synthesized by selective etching of element A from their MAB
phases. These 2D MBenes featuring excellent electrical con-
ductivity, large surface areas, high mechanical strength/stabi-
lity, and outstanding thermal conductivity, have been exten-
sively studied in the fields of batteries, catalysts, and
biomedicine.?**%3%3! Egpecially, similar to the SERS-active
MXene materials, MBenes show metallic behavior, which may
produce an efficient PICT process between the Fermi level of
MBenes and the molecular level of the probe molecules.
Moreover, MBenes possess multiple types of crystallographic
arrangements and structural transformations, making them
more likely to optimize their SERS performance. These pro-
perties inspired us to further study 2D MBene materials as
they may become an innovative SERS platform.

Herein, ordered vacancy-triggered highly sensitive MBene-
based SERS substrate with superior signal uniformity was
developed. 2D Mo,;3B, MBene with ordered metal vacancies
was fabricated by selectively etching both the Al and Y atoms
from an in-plane chemically ordered (Mo,/3Y1/3),AlB,. It is
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demonstrated that 2D Mo,;3B, Mbene could be used as a
SERS-active material, which has not been reported before.
Furthermore, we verified that high SERS activity of 2D Mo,43B,
Mbene substrate was achieved based on the efficient PICT
process between the probe molecules and MBene substrates.
Compared with bulk MoB, 2D Mo,;B, MBene has more abun-
dant DOS near the Fermi level, thereby improving the SERS
sensitivity by up to 100 000 times. Consequently, 2D Mo,/3B,
MBene could accurately detect various chemical analytes at the
trace level. In addition, 2D Moy;3B, MBene substrate also
shows excellent air-stability (over one month), good signal uni-
formly with a relative standard deviation (RSD) of 6.0%, and
superior quantitative analysis ability with a coefficient of deter-
mination R*> of 0.996, which are essential for the practical
applications. Our work enriches the diversity of SERS-active
materials and may inspire more researchers to explore other
2D MBenes with excellent SERS performance.

2. Results and discussion
2.1 Synthesis and characterization of the 2D Mo, ;B, MBene

2D Mo,;3B, MBene was synthesized by a two-step chemical
exfoliation process (Fig. 1a). Firstly, hydrofluoric acid (HF) was
used to etch Al and Y atoms from (Mo,/;3Y4/3),AlB,. The
Mo,3Y,3A1B, is a structure with space group R3m (no. 166),
which displays the characteristic in-plane chemical order of
Mo and Y and Kagoméordering of the Al atoms.** Then,
etched MBene powder was further delaminated in tetrabutyl-
ammonium hydroxide (TBAOH) aqueous solution to reduce
the vertical dimension. Because of the ordered arrangements
of Mo and Y atoms in the original (Mo,,3Y;/3),AlB, MAB phase,
highly ordered metal vacancies are formed after the selective
removal of Y atoms.**"> The preparation methods are detailed
in the experimental section. Fig. 1b shows the XRD patterns of
(Mo,/3Y13)-A1B, MAB phase and Moy3B, MBene, in which all
the diffractive peaks belonging to the MAB phase disappeared
completely, and a new broadened (00!) peak at 7.3° (d-spacing
= 1.21 nm) appeared, implying the successful synthesis of 2D
MBene.*® This low-angled (00{) peak is usually observed in 2D
MXenes prepared by the HF-etched MAX phase.>*?” The
element composition and chemical states of (Mo,/3Y1/3)>AlB,
MAB phase and 2D Mo,;3B, MBene were investigated using
X-ray photoelectron spectroscopy (XPS). In the survey XPS
survey spectra (Fig. 1c), the photoemission of Mo, B, Al, Y, O,
and C elements was observed in the (Mo,3Yy/3),AlB, MAB
phase. After the HF etching treatment, the photoemission
from the Y 3p and Al 2p orbitals disappeared. The removal of
Al atoms was further confirmed by the high-resolution XPS
spectrum of Al 2p (Fig. 1d). The XPS results indicate that the Y
and Al atoms were effectively removed from the
(Moy/3Y1/3),AIB, MAB phase. In addition, the surface termin-
ations of the -O, -OH, and -F functional groups were also
observed on 2D Moy;B,. In Fig. 1e, the Mo 3d photoemission
spectrum of 2D Moy,;3B, MBene can be fitted with four pairs of
deconvoluted peaks in the range of 226.0 to 237.0 eV, which

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2nr06280a

Published on 06 enero 2023. Downloaded on 9/12/2025 15:50:22.

View Article Online

Nanoscale Paper

(a) (Mo,,,Y,,;),AlB, Multi-layered Mo,;B, 2D Mo,;B,

HF Etching
of Y and Al I
000000000000000000
850000800006666006
© 00000000 Y
ettt OOl
000000000000000000 © Mo
© 000000 00 ° B
000000000000000000
560300600060000000
(e S S
(b) g —_ 2D Mo,,B, (c) —_ 2D Mo, B, (d)[ o, 2p —_ 2D Mo,,B,
- < — (Mo,;Y,,,),AlB, . @ (Mo,;Y,;),AlB, . — (Mo,,Y,,,),AlB,
3 3 3
= - = «\/»/\\/\A/\/NV\/\-\,\/\/\,\/\M/\A
2 2 2
‘@ ] ) ALO,
c c c
e e K R Alin
£ ‘ = = (Mo,,Y,,)AIB,
R 1 s
e L T —M_ | Z
10 20 30 40 50 60 750 600 450 300 150 76 74 72 70
26 (°) Binding Energy (eV) Binding Energy (eV)

(e) — Mo-B Mo 3d (f) (g) !
- - 3 p
3 3 815 s
& S o
> ) 2
s s ©
a 2 240 338 3
2 o )
£ £ 3 =

<
236 234 232 230 228 226 200 350 500 650 800 950 200 350 500 650 800

Binding Energy (eV)

Raman Shift (cm™)

Wavelength (nm)

Fig. 1 Synthesis and characterization of 2D Mo4,3B, MBene. (a) Schematics of the synthesis of 2D Moy4,3B, MBene by a two-step chemical exfolia-
tion process. (b and c) XRD patterns and XPS spectra of (Mo,,3Y1/3),AlB, MAB phase and 2D Mo4,zB, MBene. (d and e) Al 2p and Mo 3d XPS spectra
of 2D Moy/3B, MBene. (f) Raman spectrum of 2D Moy,3B, MBene. (g) UV-vis absorption spectrum of 2D Mo,,3B, MBene. Inset: a photograph of 2D

MBene dispersion.

are attributed to Mo-B (229.3, 232.5 eV), Mo"" (230.8, 233.9
eV), Mo®" (231.6, 234.8 eV) and Mo®" (232.6, 235.8 eV). The
Raman spectrum of 2D Mo,;B, MBene was measured, as
shown in Fig. 1f, where three observed Raman peaks at 240,
338, and 815 cm™ " are assigned to molybdenum boride.*®*°
The Raman peaks at 240 and 338 cm™ " originate from the E;gq
and Egg vibration modes of molybdenum boride and the peak
at 815 cm™' is ascribed to the vibration mode of the Mo-B
band. Fig. 1g shows the UV-vis absorption spectrum of 2D
Mo, 3B, MBene dispersion, in which, a distinct absorption
peak at ~215 nm was observed and ascribed to the presence of
surface functional groups.'* The inset of Fig. 1g shows a
photograph of 2D Mbene dispersion, which appears in brown
color and is accompanied by an obvious Tyndall effect.
Scanning electron microscope (SEM), transmission electron
microscope (TEM), and atomic force microscope (AFM) were
used to examine the sample morphologies. The SEM image of
(Mo0,/3Y4/3)-AlB, is shown in Fig. 2a, in which a 3D particle-like
structure with several micrometers is observed. After the HF
etching treatment, the compact layers are expanded and the
multi-layered morphology is formed (Fig. 2b and c).
Furthermore, the few-layered structure of delaminated 2D

This journal is © The Royal Society of Chemistry 2023

Mo,3B, MBene with a lateral size of several hundred nanometers
is observed (Fig. 2d), which is similar to the morphologies of
typical MXenes."**® The AFM image and the corresponding line
profile of the few-layered Mo, ;;B, MBene are presented in Fig. 2e
and f, further revealing the 2D feature of Mo,;;B, MBene with a
thickness of only ~4 nm. The SEM image and the corresponding
elemental mapping images of the 2D Mo,;;B, MBene substrate
are shown in Fig. 2g, where a smooth morphology of the 2D
Mo,3B, MBene is observed and the Mo, B, F, and O elements are
homogeneously distributed in the sample.

2.2 SERS performance of the 2D Mo,;;B, MBene substrate

The SERS performance of 2D Mo,/;B, MBene was investigated
by adopting Rhodamine 6G (R6G) as a probe molecule under
the illumination of 532 nm. In the Raman spectrum of R6G (1
x 107® M) adsorbed on 2D Mo,;;B, MBene (Fig. 3a), four
characteristic Raman peaks located at P1 (612 cm™'), P2
(773 em™), P3 (1360 cm ™), and P4 (1650 cm™') can be clearly
observed, among which, P1 and P2 are assigned to the in-
plane and out-of-plane bending modes of the aromatic C-H,
respectively, and P3 and P4 correspond to the stretching
vibrations of the aromatic C-C.*° While no Raman signal of

Nanoscale, 2023,15, 2779-2787 | 2781
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Fig. 2 Characterizations of the surface morphologies of MAB, multi-layered, and 2D Mog4,3B, MBenes. (a and b) SEM images of (Mo,,3Y1/3),AlB; and
multi-layered Moy4,3B, MBene. (c and d) TEM images of multi-layered and 2D Mog4,3B, MBenes. (e) AFM image of 2D Moy4,3B, MBene. (f) Line profile
across the dashed line in the image (e). (g) SEM image and the corresponding elemental mapping images of the 2D Mo,,3B, MBene substrate.
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Fig. 3 SERS performance of 2D Mo,,3B, MBene substrate. (a) Raman spectra of R6G (1 x 10~ M) adsorbed on bare Si and 2D Mo,,sB, MBene sub-
strates. (b) Raman spectra of R6G at different concentrations (1 x 10~% to 1 x 10~° M) adsorbed on 2D Mo,,3B, MBene substrates. (c) The logarithm
of the integral Raman intensity at 612 cm™ as a function of molecular concentration, and corresponding fitting curves. (d) Raman spectra of R6G (1
x 107® M) acquired from 30 random sites on the 2D Moy,sB, MBene substrate. (e) The intensity columns of 612 cm™ peaks derived from (d). (f)
Raman spectra of R6G (1 X 107 M) acquired on 2D Moy,3B; substrates before and after storing in the air for one month.

R6G can be observed on bare Si, excluding the Raman material. The detection limit was evaluated by immersing 2D
enhancement effect of the bare Si substrate. It is for the first Moy;B, MBene substrates into R6G solutions with different
time to demonstrate 2D Moy;B, MBene as a SERS-active concentrations (1 x 107 to 1 x 107° M) (Fig. 3b). The Raman
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peaks of R6G can still be detected even at a concentration of as
low as 1 x 107° M, indicating that 2D Mo,,;B, MBene is an
ultrasensitive SERS platform. The corresponding Raman
enhancement factor (EF) was estimated to be 3.88 x 10° at the
concentration of 1 x 10~° M, which is comparable to those
reported for high-performance semiconducting or even noble
metal SERS platforms (Table S1 in the ESIf).>'>'%1241750
Detailed calculation of the Raman EF is shown in Section S1
in the ESL{ Fig. 3c presents the working curve of the Raman
intensity with R6G concentration in the logarithmic scale. A
saturated region is distinguished at high R6G concentrations
(>1 x 107° M). Besides, the working curve of the Raman inten-
sity versus R6G concentration was fitted as a linear function
(R? = 0.996) over the concentration range of 1 x 107° M to 1 x
10~° M, which laid the foundation for the potential application
of quantitative detection. Next, 30 random points were tested
on the 2D Mo,;B, MBene substrate (Fig. 3d) to investigate
their SERS signal uniformity. By monitoring the Raman inten-
sities of peak P1, the RSD was calculated to be 6.0% (Fig. 3e),
which is much lower than those of the tantalum oxide with
disordered oxygen vacancies (13.5%),"® plasmonic gold nano-
rods (22%),”" and atomically thin TaSe, film (11.8%).*” The
relatively low RSD value proves the excellent signal uniformity
of 2D Moy;;B, MBene. Generally, SERS substrates require the
homogeneity of CT sites or plasmonic “hotspots” to generate
superior signal uniformity. In this work, 2D Mo,;B, MBene
substrates showed smooth surface morphology (Fig. 2g and
Fig. S1 in the ESIt) and the ordered metal vacancy sites, which
guarantee the homogeneity of the CT sites and enable ideal
SERS signal uniformity. The 2D Mo,,;B, MBene also possesses
high air stability and its SERS activity remains virtually
unchanged after one month of storage in air (Fig. 3f). The 2D
Moy,3B, MBene substrate can also be used to detect a series of
chemicals, such as fuchsin acid (FA), crystal violet (CV),

View Article Online
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methylene blue (MB), malachite green (MG), and rhodamine B
(RhB), and brilliant green (BG) (Fig. 4), among which CV and
MG are both the banned fish drugs for their adverse effects on
the health and the environment.? The detection limits of FA,
CV, MB, MG, RhB, and BG were tested as low as 1 x 1077, 1 x
107%,1x107% 1 x107% 1 x 1075, and 1 x 1077 M, respectively,
demonstrating the enormous potential of 2D Mo,/;;B, MBene
in practical applications. In short, all the results clearly certify
that the 2D Mo,;3B, MBene substrate is an innovative and
high-performance SERS platform.

2.3 Raman enhancement mechanism of 2D Mo,;;B, MBene
substrate

To reveal the Raman enhancement mechanism of 2D Moy3B,
MBene, experiments and density functional theory (DFT) cal-
culations were performed. Generally, EM contribution orig-
inates from the enhanced local electromagnetic field, which is
generated by the LSPR effect.*> However, the LSPR band was
not observed in the UV-vis absorption spectrum (Fig. 1g) and
the planar surface morphologies of 2D Mo,;;B, MBene sub-
strates (Fig. 2g and Fig. S1 in the ESIf) should not induce
LSPR effect as well, suggesting the EM mechanism can be
excluded. Therefore, we speculated that the underlying Raman
enhancement mechanism of 2D Mo,;;B, MBene should be
CM-dominated. Compared with the UV-vis absorption spec-
trum of R6G, the absorption peak of Mo,;B,-R6G shifts
(Fig. 5a), indicating the chemisorption of R6G on 2D Moy/3B,
surface and the CT behavior at the Mo,;B,-R6G interface.**
The shifted absorption band of R6G originates from the strong
dipole interaction and the quasi-covalent bond interaction
between Mo,;3B, MBene and R6G, which could offer
additional routes of charge exchange and greatly increase the
Raman scattering cross-section of the adsorbed molecules con-
sequently. A similar phenomenon could also be observed in
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Fig. 4 Raman spectra of the detected chemicals by using 2D Mo4,3B, MBene SERS substrates. Raman spectra of (a) AF, (b) CV, (c) MB, (d) MG, (e)
RhB, and (f) BG molecules with different concentrations adsorbed on the 2D Mo4,3B, MBene substrates.
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(@) UV-vis absorption spectra of R6G and Mo,,3B,-R6G. (b) PL spectra of

R6G, Mo4,3B, and R6G-Moy/3B,. (c and d) The DFT calculations of electronic band structure and work function of 2D Moy4/3B,. (e) The schematic
energy level diagram of the Mo,/3B,-R6G system under the illumination of 532 nm (2.33 eV). (f) Raman spectra of R6G (1 x 10~ M) adsorbed on 2D
Moy,/3B> measured using the laser at 532 and 633 nm wavelengths. (g) Raman spectra of R6G (1 x 10~* M) adsorbed on bulk MoB and 2D Mo,,3B.

(h) The DFT calculations of the DOS of bulk MoB and 2D Moy,3B. (i) The D

CV-Mo,/3B, system (Fig. S2 in the ESI}). Fig. 5b shows the
photoluminescence (PL) spectra of R6G, Mo,/3B,, and Mo,,;B,-
R6G, where the PL quenching of R6G was observed upon the
addition of Moy3B,. The quenched PL evidences the efficient
CT process between R6G and 2D Mo,,;B, MBene.?” Besides,
2D Mo,3B, MBene does not show PL emission, which provides
an ideal SERS platform with a weak background (Fig. S3 in the
ESIf). The CT degree of R6G (1 x 107® M) on 2D Moy;B,
MBene was estimated to be 0.64, further indicating the CM-
dominated feature of this system."' For the detailed calcu-
lations of the CT degree please refer to section S2 in the ESL
Furthermore, the electronic band structure and the DOS of 2D
Mo,3B, MBene are shown in Fig. 5¢ and Fig. S4 in the ESIf
respectively, confirming its metallic character. Metallic
Moy3B, shows abundant electronic DOS near the Fermi level
such that the possible PICT processes would occur between
the Fermi level of Mo,;;B, MBene and the molecule energy
levels. Based on the DFT calculations (Fig. 5d), the Fermi level
of Mo,/3B, is located at —4.19 eV with respect to the vacuum
level. Taking R6G as a probe molecule, its highest occupied
molecule orbital (HOMO) and lowest unoccupied molecule
orbital (LUMO) levels are located at —5.70 eV and —3.40 eV,
respectively. In general, the polarization tensor (a) can be

2784 | Nanoscale, 2023,15, 2779-2787

FT calculations of the DOS of 2D Mo,B, and Mog4,zB, and Mo,,3B,.

expressed as a = A + B + C, where A term represents the contri-
butions from the resonance Raman scattering, and B and C
terms are relevant to the substrate-to-molecule and molecule-
to-substrate CT transitions. As shown in Fig. 5e, the molecular
resonance (A-term) would be induced under laser excitation of
532 nm because the energy gap between the HOMO and
LUMO levels of the R6G molecule (2.30 eV) is close to the inci-
dent photon energy (2.33 eV). It is found that the Raman
intensities of R6G (1 x 10™> M) adsorbed on Mog/;B, MBene
under the excitation of 633 nm (1.96 eV) is much lower than
that under the excitation at 532 nm (Fig. 5f), which is likely
caused by the mismatch between the excitation laser of
633 nm and the HOMO-LUMO energy gap of the molecule
(Fig. S5 in the ESIf).*® Additionally, the PICT processes from
the Fermi level of MBene to the LUMO of R6G (B-term), and
from the HOMO of R6G to the Fermi level of MBene (C-term)
are allowed (Fig. 5e). These PICT processes would borrow
intensities from the nearby molecular resonance through the
Herzberg-Teller vibronic coupling, magnifying the Raman
scattering cross-section of molecule consequently.>” Plasmon-
free SERS substrates have unique molecular selectivity.'®>
Furthermore, taking 4-mercaptopyridine (4-MPy) as a probe
molecule, its HOMO and LUMO levels are located at —9.7 eV

This journal is © The Royal Society of Chemistry 2023
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and —5.6 eV, respectively.”® Under the excitation of 532 nm
laser (2.33 eV), the molecular resonance is ruled out (the
energy gap between HOMO and LUMO of 4-MPy is ~4.1 eV),
the PICT process from the HOMO of 4-MPy to the Fermi level
of MBene is not allowed (Fig. S6 in the ESIf). Only the PICT
process between the Fermi level of MBene and the LUMO of
4-MPy could occur. Therefore, the 4-MPy molecule adsorbed
on 2D Mo,/;B, showed a poor SERS signal (Fig. S7 in the ESIT).
This selective Raman enhancement further demonstrates that
the SERS mechanism of 2D Mo,/;B, is CM-dominated.

To further understand the efficient PICT processes in
Mo,3B,-molecule system, the Raman spectra and intensity
columns of R6G (1 x 10~* M) collected on bulk MoB and 2D
Mo,3B, Mbene are shown in Fig. 5g and Fig. S8, respectively,
in the ESL.} The characterizations of bulk MoB are shown in
Fig. S9 and S10 in the ESI.T Notably, the SERS performance of
2D Moy;3B, MBene is superior to that of bulk MoB. The
enhanced Raman peak P1 of R6G on 2D Mo,,;B, MBene shows
~116 times higher intensity than that on bulk MoB.
Furthermore, the lowest detectable concentration of R6G on
2D Mo,3B, MBene is 1 x 10° M (Fig. 3b), which is 5 orders of
magnitude lower than that of bulk MoB (1 x 10™* M, Fig. S11
in the ESIT). Other molecules, such as CV and MG, adsorbed on
2D Mo,/3B, MBene were also observed with stronger SERS inten-
sities compared to bulk MoB (Fig. S12, in the ESI}). DFT calcu-
lations were conducted to explain why the 2D Mo,;;B, MBene
shows superior SERS activity to the bulk MoB. According to
Fermi’s golden rule, the electron transition probability can be
described as wyp, = 2% |(b|M|a)|*gy, in which A is the reduced
Planck constant, |a) and |b) are the initial and final states for
the charge transition, M is the interaction operator of the two
states, and g, is the DOS of the final state.>® Therefore, plenty of
allowed energy states near the Fermi level will give rise to a high
electron transition probability between the adsorbed molecules
and the SERS substrates. As shown in Fig. 5h, 2D Moy;B,
MBene possesses a higher electronic DOS value near the Fermi
level than that of the bulk MoB. The larger DOS value is ben-
eficial to the improvement of the electron transition probability
rate, leading to a remarkable Raman enhancement effect on the
2D Mo, 3B, MBene. Previous studies have demonstrated that
vacancies play an important role in enhancing the non-noble-
metal SERS effect.”>”® Furthermore, we calculated the DOS of
2D Mo,B,, Mo,/3B,, and Mo,;;B, MBenes. As shown in Fig. 5i,
the DOS of 2D molybdenum boride Mbenes near the Fermi
level follows the sequence of Moy;B, > Mo0,;3B, > MO0,B,.
Therefore, we believe that the presence of ordered metal
vacancies in 2D molybdenum boride MBenes could improve
their SERS sensitivity. Higher SERS sensitivity could be achieved
by regulating the number of metal vacancies.>”

3. Conclusion

In summary, we developed a brand-new high-performance
MBene SERS platform for the first time. 2D Mo,;3B, MBene
with ordered metal vacancies could be synthesized by selec-
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tively etching the Al and Y atoms from the in-plane chemically
ordered (Mo,/3Yy/3),AlB,. The 2D Mo,;3B, MBene substrate
exhibits an ultrahigh Raman EF of 3.88 x 10° and an ultralow
detection limit of 1 x 107 M, which is comparable to most of
the semiconductor SERS-active materials and even plasmonic
noble metals. The Raman enhancement mechanism of 2D
Mo,,3B, MBene substrate is mainly attributed to the efficient
photoinduced charge transfer process between the adsorbed
molecules and the MBene substrates. 2D Mo,;;B, MBene pos-
sesses a more abundant electronic DOS near the Fermi level,
presenting a Raman EF by up to 5 orders compared with bulk
MoB. Consequently, 2D Moy,3B, MBene could accurately detect
7 types of trace chemical analytes. In addition, with ordered
metal vacancies in 2D Mo,/;B, MBene, uniform charge transfer
sites are formed, resulting in superior signal uniformity with a
relative standard deviation down to 6.0%. Our work not only
extends SERS-active material to a brand-new realm of MBene
substrate but also provides a novel strategy to design high-per-
formance MBene-based SERS platforms.

4. Experimental section
4.1 Fabrication of 2D Mo,;;B, MBene

2D Mo,3B, MBene was prepared by selective etching the Al
and Y atoms from (Moy;3Yq3)AIB,. Typically, 1.0 ¢
(Moy/3Y1/3),AIB, (200 mesh) was slowly added to 10 mL HF
(40 wt%, Aladdin Regent Co. Ltd) and stirred for 3.5 h at 35 °C.
Afterwards, the etched sample was centrifuged at 5000 rpm for
2 min and washed several times with deionized water until the
pH value of the supernatant reached 7. Then, the multi-layered
Mo,/3B, MBene was obtained after drying in a vacuum oven at
60 °C for 12 h. The 2D Mo,;;B, MBene was prepared by further
delamination of multi-layered Mo,,;B, MBene. The obtained
multi-layer Mo,4;B, MBene was dispersed in 15 mL of TBAOH
(20 wt%, Shanghai Macklin Biochemical Co. Ltd) and stirred for
2 min. Then, the sample was centrifuged at 6000 rpm for 2 min
and washed three times with deionized water to remove the
residual TBAOH. After decanting the supernatant, 10 mL of de-
ionized water was added to the intercalated powders. Then, the
mixture was shaken for 10 min and centrifuged at 6000 rpm for
2 min. Finally, the stable 2D Mo,;;B, MBene colloidal suspen-
sion was obtained.

4.2 Characterization

XRD patterns were recorded on a Rigaku Smartlab X-ray diffr-
actometer. XPS spectra were acquired on a Thermofisher
ESCALAB 250Xi apparatus. We used argon ions to remove the
surface oxide layer of the sample before the XPS measure-
ments. TEM images were obtained on an FEI TEM (Talos
F200X) instrument. SEM images and the corresponding
elemental mapping images were obtained on a FEIXL-30 SEM.
The thickness of the samples was measured on an atomic
force microscope (AFM, BRUKER Dimension Icon). The UV-vis
absorption spectra were recorded with a spectrophotometer
(Shimadzu, UV-2600).
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4.3 Raman measurements

The Mo,/;B, dispersion was deposited on the Si substrate and
then dried in ambient air. Before the Raman measurements,
Mo,3B, MBene substrates were immersed in the probe mole-
cule solutions for 1 h and then dried using N,. Raman
measurements were conducted on a Jobin Yvon Lab RAM
HR800 Raman spectrometer with laser excitations of 532 and
633 nm. During the measurements, the laser power on the
sample surface was 250 pW and all the integral times were 5 s.

4.4 First-principles calculations

All our first-principles calculations were carried out within the
framework of DFT, as implemented in the Vienna ab initio
simulation package, to obtain insights into the equilibrium
structure and electronic properties of Mo,;B, and MoB.
Periodic boundary conditions were used for the 2D structures
throughout the study and a vacuum spacing of 30 A was
employed to eliminate the interactions between layers. The
vdW correction of the DFT-D2 method was considered when
dealing with multilayers. The reciprocal space was sampled by
a fine grid of 6 x 6 x 1 k-points in the Brillouin zone. The pro-
jector-augmented-wave pseudopotentials and the Perdew-
Burke-Ernzerhof exchange-correlation approximation were
used. The electronic wave function was expanded on a plane-
wave basis set with a cutoff energy of 550 eV. A total energy
difference between subsequent self-consistency iterations
below 107> eV was used as the criterion for reaching self-con-
sistency. All geometries were optimized using the conjugate-
gradient method until none of the residual Hellmann-
Feynman forces exceeded 1072 eV A",
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