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ABSTRACT: Molybdenum disulfide (MoS,), a promising N\ N

two-dimensional transition-metal dichalcogenide, presents a \\w....w. NaKalloy % _Quenching __

challenge in the tuning of its optoelectronic and chemical \wuw... __/<\
2H-MoS,

properties. Herein, we demonstrate an efficient route to alter  (semiconducting) Exfoliated 1T-MoS,

the crystalline structure of MoS, by chemical exfoliation. oo . (Metallic)
Using NaK metal alloys, exfoliated and covalently function- s OL
alized MoS, derivatives were obtained with a high metallic @ so), Ny'BFS (> Fle
(1T) phase ratio, up to 94.5%. Consequently, exfoliated MoS, © @ RN
showed a significant surface-enhanced Raman scattering Y
activity toward rhodamine 6G (R6G) and crystal violet, e

with low detection limits. The versatility of this approach
allows the covalent functionalization of MoS, without relying on edge or basal-plane defects of the structure and preserving the
high-ratio 1T phase.

H INTRODUCTION materials such as graphene and TMDs.'*'® In this context,
MoS, has been shown to display unusually efficient SERS-
enhancing properties,'® with the dominant contribution being
supported by CT resonances. The CT mechanism for different
dye molecules (copper phthalocyanine, CuPc, rhodamine 6G,
R6G, and crystal violet, CV) has been described as a two-step

denum disulfide (MoS,), one of the most interesting 2D process, where (I) electrons are excited from the highest

materials, features properties such as a direct band gap (1.9 occupied molecular orb.ital (HOMO) in.to the 19west
¢V) and high carrier mobility (200—500 cm? V™! s71), as well unoccupied molecular orbital of the dye, leaving holes in the
’ HOMO level, and subsequently, (II) electrons migrate from

the valence band edge of the MoS, material into the HOMO,

MoS, is commonly found as a polytype involving the 2H thus recombining with holes."” Thereby, the SERS response
phase (2H-MoS,) with semiconducting properties and the 1T -signiﬁcantly depends on the phase state in wbich the material
phase (1T-MoS,) with metallic properties.® 1T-MoS, features is presented. Although step (II) in the semiconductor phase
conductivity up to 107 times higher than 2H-MoS,, as well as requires an extra energy to transfer electrons from the low-

) . . . .
superior charge transfer (CT) ability. Therefore, the metallic lﬁng valenFe band edge, in th? metalh_c IT phase, the hlgber—
phase of MoS, may find applications including supercapacitors, lying Fermi electrons could migrate without extra energy into
hydrogen evolution reaction, and SERS.”'2 the HOMO. The resulting higher electror}O 1transmon

: 7

SERS is one of the most selective and ultrasensitive probability lead.s to a higher SERS enhancement . o
analytical techniques in bioimaging and biosensing"® because The preparation o.f the MOSZ lT'ph:.ise with high purity 1s
of the unique vibrational fingerprints of the target molecules thus crucial toward improving applications that require high
and low detection limits. The common SERS phenomenon conductivity and effective CT. However, current methods do
mainly relies on the so-called electromagnetic (EM) enhance- not allow the production of a pure 1T phase MoS, material by
ment via localized surface plasmon resonances induced at the any simple approach because of stability issues and moderately

Since the discovery of graphene, two-dimensional (2D) layered
transition-metal dichalcogenides (TMDs) have attracted great
attention because of their interesting properties in various
application fields, such as electronic and sensor devices,
. . 1 1-s
energy-storage, catalysis, and composite materials. > Molyb-

as interesting optical properties, such as surface- enhanced
Raman scattering (SERS) and high thermal stablhty

surface of metal nanostructures to improve the sensitivity. On effective processes.”'”'” Ding et al. produced a pure MoS, 1T
the other hand, chemical enhancement (CE) in SERS, which is

based on interface dipole—dipole interactions at the substrate Received: April 30, 2019

as well as CT resonances between the substrate and analyte, is Revised:  July 17, 2019

considered as the dominant enhancement mechanism in 2D Published: July 17, 2019
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phase by a hydrothermal process in the presence of a magnetic
field, using harsh conditions.”® In this approach, the
considerably high magnetic field (up to 10 T) and temperature
used in the synthesis of 1T-MoS, hinder the applicability of
this method and the large-scale production of 1T-MoS,. On
the other hand, the 1T phase (octahedral), which is
metastable, readily converts into the stable 2H phase (trigonal
prismatic). This limitation has hindered progress regarding the
preparation of 1T-MoS,. Existing approaches include chemical
exfoliation, electron-beam irradiation, electron transfer of
plasma hot electrons, mechanical strain, colloidal synthesis,
and hydrothermal reaction.”'® Nevertheless, most of the
reported methods were shown to produce only mixtures of
1T and 2H phase MoS, nanomaterials.

In general, the most useful and effective methodology
prepare 1T-MoS, on a large scale is chemical exfoliation.' ™
In this approach, metal ions (M: Na, K, or Li) are intercalated
between MoS, layers and then isolated by ultrasound-assisted
hydration to achieve the 1T phase in high yield. The
intercalating agents lead to partial conversion of the crystal
structure from the 2H to the 1T phase, due to electron transfer
from the metal ions.”” The highest reported 1T phase ratio of
MoS, exfoliated by n-butyllithium (n-BuLi), the most common
intercalating agent for TMD exfoliation, has been ~60—
65%.”"*° Recently, the electrochemical exfoliation of MoS, has
also been performed by lithium-ion intercalation under
ambient conditions, and the corresponding 1T phase ratio
was only 40%.”° Interestingly, even though metal alloys
comprising Na and K are rich electron sources, they remain
unexplored in terms of phase engineering for TMDs.””

We report herein a highly efficient and simple route to
obtain 1T-MoS, by metal intercalation with NaK alloys,
followed by surface functionalization without using structural
defects. This reducing agent, which has excessive negative
charges, facilitates MoS, exfoliation, with a significantly higher
ratio of 1T phase compared to previous reports.'”” ">
Consequently, the exfoliated 1T-MoS, material was used as a
SERS platform for the detection of various probe molecules.
Our SERS results demonstrate that 1T-MoS, significantly
increases the Raman signal of probe molecules through
efficient CT.'® Furthermore, the obtained negatively charged
1T-MoS, layers feature the versatility to chemically modify the
MoS, structures for potential sensing applications.

to
1,22

B EXPERIMENTAL SECTION

General. MoS, (~6 um) powder, iodine (I,; 99.8%), n-
butyllithium (2.5 M in hexane), 4-fluoroaniline (99%), 4-chloroani-
line (98%), 4-bromobenzenediazonium tetrafluoroborate (96%), and
4-nitrobenzenediazonium tetrafluoroborate (97%) were purchased
from Sigma-Aldrich. All chemicals including organic solvents used in
the reaction and purification were purchased from either Sigma-
Aldrich or Alfa-Aesar and used as received. Bulk-MoS, was prepared
from a suspension of MoS, powder (S mg) in Milli-Q water (5 mL).
The resulting suspension was then sonicated (Ultrasons-H Selecta)
for 1 h. Centrifugation was carried out (Heraeus Megafuge 16R) at
500 rpm to precipitate the larger flakes. After centrifugation, the top
two-thirds of the dispersion were extracted by a pipet. The obtained
suspension was filtered (PTFE Millipore filter, 0.45 ym pore size) and
dried under vacuum to obtain bulk-MoS, (1 mg).

Chemical Exfoliation. MoS, powder was dried at 150 °C under
vacuum overnight prior to use. Our chemical exfoliating 1T-MoS,
pregaration was a modification of the method reported by Feng et
al? Briefly, Na (35 mg, 1.5 mmol) and K (59 mg, 1.5 mmol) metals
were mixed with 1,2-dimethoxyethane (DME) solution (20 mL) and
vigorously stirred for 2 h at room temperature to obtain a liquid NaK
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alloy dispersion with a blue color. Then, MoS, powder (160 mg, 1
mmol) is added to this solution, and the mixture is allowed to stir for
24 h. The reaction is then quenched by the addition of I, (761 mg; 3
mmol) to the stirring solution. The mixture is washed three times
with cyclohexane/water (1:1, v/v) solution and then filtered
thoroughly using polytetrafluoroethylene (PTFE; 0.45S pm) mem-
brane filters with dimethylformamide (DMF; 4 X 30 mL), ethanol (2
X 20 mL), acetone (2 X 20 mL) and water (2 X 20 mL).

For comparison, the chemical exfoliation of MoS, was also
performed by n-BuLi, in a similar method as reported by Knirsch et
al.>* n-BuLi solution (3 mL, 2.5 M in hexane) is added to the 200 mg
MoS, suspension in dry hexane (10 mL) and allowed to stir under an
inert atmosphere for 24 h. The black precipitate was filtered
thoroughly with dry hexane to remove the unreacted n-BuLi and
organic impurities and followed by quenching of the reaction with 100
mL of Milli-Q water. The resulting MoS, suspension was centrifuged
at 750 rpm for 1.5h to remove the nonexfoliated material and then
filtered thoroughly using PTFE (0.45 pm) membrane filters with
Milli-Q_water.

Diazonium Salt Synthesis. 4-Fluorobenzenediazonium tetra-
fluoroborate and 4-chlorobenzenediazonium tetrafluoroborate were
synthesized from precursors such as 4-fluoroaniline and 4-chloroani-
line following the published diazotization procedure (Scheme $1).**
First, 4-fluoroaniline (1 mmol) was added to into HBF, aqueous
solution (0.4 mL). Then, 40 mL of acetic acid was added and
isoamylnitrite (0.4 mL; 3 mmol) solution dissolved in 20 mL acetic
acid was slowly added dropwise to the mixture. The reaction was
stirred for 15 min at room temperature. The mixture was then
quenched by adding of 40 mL of diethyl ether solution and stored at
—22 °C overnight. The resultant product was filtered via PTFE filter
(0.45 uM) and then washed several times with diethyl ether. The
obtained 4-fluorobenzenediazonium tetrafluoroborate was dried
under vacuum at room temperature. The 4-chlorobenzenediazonium
tetrafluoroborate was prepared by same diazotization procedure as
presented above. The Fourier-transform infrared spectroscopy
(FTIR) spectra of 4-fluorobenzenediazonium tetrafluoroborate and
4-chlorobenzenediazonium tetrafluoroborate show the characteristic
bands of diazonium salt at around 2270 cm™" as presented in Figure
S1.

Covalent Functionalization. For covalent functionalization of
MoS,, MoS, intercalated with the NaK alloy as described in the
chemical exfoliation paragraph was reacted with 4-fluorobenzenedia-
zonium tetrafluoroborate (630 mg; 3 mmol), 4-chlorobenzenediazo-
nium tetrafluoroborate (680 mg; 3 mmol), 4-bromobenzenediazo-
nium tetrafluoroborate (812 mg; 3 mmol), and 4-nitrobenzenediazo-
nium tetrafluoroborate (711 mg; 3 mmol). After the reaction, each of
the resulting precipitates were filtered thoroughly using the PTFE
(0.45 um) membrane filters with DMF (4 X 30 mL), ethanol (2 X 20
mL), acetone (2 X 20 mL), and water (2 X 20 mL). The exfoliated
and functionalized MoS, materials were then dried under vacuum for
the structural and morphological characterizations.

Characterization of Exfoliated Materials. To evaluate the
exfoliation of the bulk crystal of the layered MoS, precursor (bulk-
MoS,), the exfoliated materials were measured by X-ray diffraction
(XRD) and transmission electron microscopy (TEM). XRD analyses
were carried out in a Bruker D8 Advance diffractometer with an X-ray
source of Cu Ka (1600 W). The diffractometer presents Bragg—
Brentano 0—0 configuration for powder samples. TEM images were
obtained using a JEOL JEM-1400PLUS electron microscope at 120
kV equipped with a GATAN US1000 CCD camera. High-resolution
TEM (HRTEM) images and selected area electron diffraction
(SAED) patterns were acquired with a JEOL JEM-2100F UHR
electron microscope at 200 kV equipped with a TVIPS F-216 CMOS
camera. The TEM samples were prepared by drop-casting sample
solutions on the ultrathin carbon film-coated Cu-grids (Ted Pella Inc,,
USA) and desiccated under ambient conditions.

The change of crystallinity was detected by Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS) and UV—vis spectroscopy
(UV). Raman spectra were recorded with a Renishaw inVia Raman
microscope equipped with laser wavelengths 4 = 532, 633, and 785
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nm, a lens-based spectrometer with two gratings (1800 gr/mm for vis
and 1200 gr/mm for near infrared), and a Peltier-cooled front-
illuminated CCD (1024 px X 532 px). XPS measurements were
performed in a SPECS Sage HR 100 spectrometer with a
nonmonochromatic X-ray source of aluminium with a Ka line of
1486.6 eV energy and 300 W. XPS measurements were performed in
a SPECS Sage HR 100 spectrometer with a nonmonochromatic X-ray
source of aluminium with a Ko line of 1486.6 eV energy and 300 W.
The fitting of the XPS data was applied using CasaXPS software. The
quantification of the 1T phase was calculated by the deconvolution of
Mo 3s core levels. UV—visible spectra were studied in a Jasco V-630
BIO or Varian Cary 5000 spectrophotometer.

The chemical modification of MoS, was characterized by Raman
spectroscopy, XPS, thermogravimetric analysis (TGA), and FTIR.
TGA measurements were performed on a TA Instruments Discovery
system under air starting from 100 °C with ramp of 10 °C/min up to
800 °C after an isotherm at 100 °C for 20 min. The functionalization
degree (FD) for all functionalized samples was calculated by
considering the decomposition of MoS, at 650 °C in the
corresponding TGA profiles (eq 1). FD is expressed in terms of
number of MoS, molecules per introduced functional group. R and L
are corresponded to the weight loss (%) and residue (%) observed at
650 °C, after having subtracted the analogous loss from the pristine
MoS,. The expected moiety on the MoS, surface is expressed as
(M,,), and the molecular weight of MoS, determined to be 160.07 g/
mol.

£p = R (%)M, (g/mol)
L (%)-160.07 (g/mol)

(1)

The FTIR characterization was carried out in transmission mode
by means of a Nicolet 6700 spectrometer. For this purpose, solid
MoS, powders (2 mg) were mixed with a 200 mg KBr matrix, stored
in the oven at 80 °C, pestle, and pressed to discs (diameter 13 mm)
under 154 MPa using a KBr pellet kit and hydraulic press (Specac).

Elemental analysis was performed using a TRUSPEC CHNS
microanalyzer, which is able to determinate the contents of C, H, N,
and S by combustion of the sample at 1100 °C under an oxygen
atmosphere and with the quantitative detection of the combustion
products. Before the sample analysis, the determination of blanks was
performed (in absence of samples) to check the detection levels of the
device. The maximum values of the verified blanks are the following:
0.06% for C, 0.16% of H, 0.02% for N, and 0.35% for S.

SERS Measurements. The SERS substrates were prepared on
300 nm SiO,/Si surfaces after the cleaning procedure with ethanol
and Milli-Q water. NaK-MoS, and Li-MoS, were dispersed in Milli-Q_
water for 1 h, and then, Mo$S, dispersions (1 mg mL™") were covered
by drop casting onto the cleaned SiO,/Si (~25 mm?) surfaces. The
substrates were dried at room temperature and then incubated in the
different concentrations of R6G and CV solutions for 2 h. The R6G
and CV-deposited MoS, substrates were washed with Milli-Q water to
remove the free R6G or CV and dried under nitrogen atmosphere.
Bulk-MoS, was also exfoliated by sonication for 1 h to obtain few-
layered material for comparison of the SERS activity with NaK-MoS,
and Li-MoS,. Afterward, the bulk-MoS, substrate was also prepared
according to the same preparation procedure mentioned above for
SERS measurements. The SERS spectra of so-prepared bulk-MoS,,
NaK-MoS,, and Li-MoS, substrates were recorded using a 100X
objective (NA = 0.85) at excitation wavelengths of 532 nm (0.9 mW
power laser, 30 s of integration time), 633 nm (0.9 mW power laser,
30 s of integration time), and 785 nm (1.7 mW power laser, 10 s of
integration time in scanning mode). The presented spectra were
baseline corrected and normalized to the same laser power and
integration time. The enhancement factor (EF) value of the fabricated
MoS, substrates was estimated according to the eq S1.>

B RESULTS AND DISCUSSIONS

Phase Engineering by Chemical Exfoliation. Exfoliated
and functionalized MoS, sheets were synthesized using NaK
alloy intercalation (Scheme 1), as detailed in the Experimental
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Scheme 1. Schematic Representation of Chemical
Exfoliation and Functionalization for MoS, with High 1T
Phase Ratio

N

.
NaK alloy . I, \ww
Janaoy, —
1,2-DME
Bulk-MoS,
(2H phase) NaK-Mos,
. Mo R (1T phase)

R

o2
Y

section. Briefly, the exfoliation mechanism of bulk-MoS,,
which is a 2H polytype, can be explained by the intercalation of
cations between layers of MoS,.”” First, bulk-MoS, is reduced
with solvated electrons, which are generated from the very
potent electron source NaK alloy dissolved in DME at room
temperature. The initially formed solvated electrons would be
consumed by the bulk-MoS, and further reduction proceeds
until the maximum ratio of cations to MoS, is reached. Thus,
the exfoliation process is produced by Coulombic repulsion
between layers of reduced MoS,. The negative charges on
MoS, are balanced by solvated and intercalated Na* or/and K*
cations. In addition, the phase of TMDs depends stronSgly on
the d orbital electron density of the transition metal.” As a
consequence of the reduction process of bulk-MoS,, the
electron density in the d orbital is increased, leading to a strong
structural reorientation, from the thermodynamically more
stable semiconducting 2H polytype to the metallic 1T
polytype. Finally, the negatively charged MoS, is quenched
by 1, as electrophile to obtain an exfoliated material NaK-MoS,
with a high proportion of 1T phase. For comparison purposes,
MoS, was also exfoliated by n-BuLi (Li-MoS,) as a
conventional intercalating agent for MoS, exfoliation.”'

Chemically exfoliated MoS, was studied by XRD, Raman
spectroscopy, XPS, UV, TGA, and TEM. The chemical
exfoliation of MoS, was confirmed by XRD. Figure S2
indicates typical 26 values of bulk MoS, and NaK-MoS,,
with the characteristic sharp (002) diffraction peak of bulk-
MoS, at 14.5°, shifted to 14.2° and broadened (Figure 1A),
indicating the expansion of the interlayer distance and
successful exfoliation of MoS,.""*" In addition, TEM images
of NaK-MoS, demonstrated few layers of MoS, with relatively
small lateral dimensions, in the nanometer size range (Figure
$24B). HRTEM images showed well-ordered and well-
oriented crystalline structuring in the sample, which allows
the acquisition of SAED patterns from individual sheets
(Figure S25). The crystal structure of NaK-MoS, was
determined by selected area electron diffraction (Figure
S25B), confirming the lattice spacing for our structure to
coincide accurately with published reference data for
MoS,.* =33

Raman spectroscopy was used to characterize the change in
crystallinity. Figure 1B shows the Raman spectra of bulk-MoS,
and NaK-MoS, excited at 633 nm. In the spectrum of bulk-
MoS,, we observed the two main phonon peaks located at
~380 and ~405 cm™’, arising from the Ey (in-plane) and Ay
(out-of-plane) vibration modes of MoS,, respectively. In
addition, a typical second-order longitudinal acoustic phonon

N,"BF,
R=F, Cl, Br, NO,

s
. [K(Solv.),J*
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Figure 1. (A) Magnified XRD patterns of the (002) peaks of bulk-MoS, and NaK-MoS, crystals; (B) Raman spectra of bulk-Mo$S, and NaK-MoS,
obtained by excitation at 633 nm; (C,D) XPS core level spectra of Mo 3d (~25 meV shift) and S 2p (~24 meV shift) for bulk-MoS, and NaK-

MoS,.

peak (2LA(M)) around ~450 cm™ was also detected. After
chemical exfoliation, new peaks were observed at 187, 224, 289
cm™!, which correspond to the J;—J; phonon modes of NaK-
MoS,, respectively. These low-frequency phonon modes
confirm that NaK-MoS, has 1T phase features, and is in line
with the characterization of Li-MoS, (Figure S3) and with
previously reported values.”***

In the UV spectrum of bulk-MoS, (Figure S4), the two
excitonic A and B bands, which are related to the presence of a
highly ordered structure, were observed.”>*® These character-
istic bands disappeared after exfoliation of MoS, by NaK allo?r,
confirming a change in the crystallinity from 2H to 1T MoS,."

The XPS analysis was employed to obtain the MoS, 1T/2H
ratio, by fitting Mo 3d and S 2p core levels. Sharp Mo 3d
signals at 233.05 (Mo 3d*?) and 229.92 (Mo 3d*?) were
observed in bulk-MoS,; however, the corresponding signals
after exfoliation were shifted (~25 meV) to lower binding
energies, suggesting the existence of both 1T and 2H phases
after exfoliation (Figure 1C,D). The 1T phase was identified
by a shift (~0.8 eV) with respect to that for 2H phase in the
fitting of Mo 3d for NaK-MoS,. A similar XPS result was
obtained for Li-MoS, (Figure SS); but deconvolution of the
Mo 3d peak shows two new peaks for MoO; and MoO, in Li-
MoS,, whereas NaK-MoS, does not display any significant
peak from oxidized products of MoS,. We hypothesize that this
may be due to the quenching agent (H,O) used in the
preparation of Li-MoS,.”****’

Upon deconvolution of the corresponding Mo 3d core level,
the 1T phase ratio was found to be ~94.5% for NaK-MoS,
(Table 1). Such a high value indicates that NaK alloy is a
suitable intercalating agent, more efficient than Li, and single
Na or K.'”** Several factors are crucial for successful
exfoliation and phase conversion of TMDs. For instance,
Loh et al. reported the high influence of the cation species of
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Table 1. Ratio of 1T Phase for Exfoliated and
Functionalized Samples, Based on Integrated Areas of Mo
3d Core Level Spectra”

sample 2H (%) 1T (%)

bulk-Mo$, 100

NaK-MoS, S.5 94.5
Li-MoS,” 19.0 59.0
MosS,/p-(F)Ph 112 88.8
MosS,/p-(Cl)Ph 139 86.1
MoS,/p-(Br)Ph 11.1 88.9
MoS,/p-(NO,)Ph 20.7 79.3

“Bibliographic data from ref 21. bLi-Mo$, additionally presents 22%
of MoOj; and MoO,.

alkali metal naphthalenides in the exfoliation efficiency of
TMDs, Na® being more efficient than Li* and K" More
recently, Sofer et al. also reported that the cation size of
intercalating agents is a dominating factor for phase engineer-
ing, with smaller cation species showing a better exfoliation
and 1T phase conversion for electrochemically exfoliated
TMDs.>* However, other parameters such as dispersibility of
intercalating agents must be considered for an efficient
chemical exfoliation and phase conversion. Comparing NaK
alloy with single Na or K, the alkali alloy (which is a liquid) is
more easily dispersed in solution than Na or K solid metals at
room temperature under stirring conditions, thus leading to
higher intercalation and conversion efficiencies than individual
Na or K.

SERS Performance. To show the effect of the phase
transition from 2H to 1T on the SERS efficiency, a NaK-MoS,
substrate was prepared on a 300 nm SiO,/Si surface and
compared to MoS, exfoliated by n-BuLi (Li-MoS,)*" and to
bulk-MoS,, in the detection of rhodamine 6G (R6G) and CV
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Figure 2. SERS spectra of 10 uM R6G (A) and CV (B) on bulk-MoS, (a), Li-MoS, (b), and NaK-MoS, (c) substrates, excited by $32 nm laser;
SERS spectra of various concentrations of R6G (C) and CV (D), deposited on NaK-MoS,.

as target analytes. Figure 2A,B displays the SERS spectra of CV
and R6G on three MoS, modifications excited at 532 nm. The
main vibrations of CV were recorded at 1618, 1583, 1378,
1175 (symmetric and asymmetric in-plane CC ring stretch
modes), and 914 cm™" (out-of-plane CC ring bending mode).
The most intense R6G vibrations were found at 1647, 1575,
1363 (in-plane CC ring stretch modes), 775, and 611 cm™
(out-of-plane CC ring bending modes). The results indicate
that exfoliated MoS, samples provided a significantly higher
SERS enhancement than bulk-MoS, for both probe molecules
(Table 2). The EF of the prepared substrates was calculated to

Table 2. Calculated EFs for bulk-MoS,, Li-MoS,, and NaK-
MoS, Substrates on Different Raman Dyes

EFs
dyes  Raman shift (em™)  bulk-MoS, Li-MoS, NaK-MoS,
R6G 611 204 x 10> 173 x 10* 292 x 10*
Ccv 1618 212 x 10> 139 x 10  2.87 x 10*

evaluate their SERS efficiency using 10 yM Raman dye
solutions, according to the eq S1 (details are given in
Supporting Information). NaK-MoS, showed an EF 1 order
of magnitude higher than bulk-MoS, and 2 times higher than
Li-MoS,, for both R6G and CV. Interestingly, the difference
between the EFs of NaK-MoS, and Li-MoS, practically
coincides with the difference between their 1T ratios,
indicating a higher conductivity which corresponds to a
higher-lying Fermi level and provides more efficient CT from
the substrate to probe molecules.”®”’

The SERS performance of the NaK-MoS, substrate was also
estimated by evaluating the detection limits for R6G and CV.
As shown in Figure 2C,D, the SERS intensity is directly
correlated to the concentrations of Raman probes. Although
Yin et al. and Anbazhangan et al. reported the use of MoS,
with a high 1T phase ratio, as SERS substrates for R6G and CV
detection,'”"” we demonstrate here superior SERS sensitivities
for both R6G and CV, using NaK-MoS,. The lowest detected
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concentrations for R6G and CV on NaK-MoS, were as low as
107 and 107 M, respectively, which compare favorably with
previously reported studies,'”'”***' and are even comparable
to efficient metallic substrates.*”**

Trying to understand in more the depth the origin of such
an unusually strong SERS effect for NaK-MoS,, UV,
photoluminescence (PL), and Raman scattering were meas-
ured. As mentioned above, contributions to SERS may be of
both EM nature, due to excitation of localized surface
plasmons, and of chemical nature (CE), due to the probe-
substrate interactions providing CT and molecular resonances.
The EM mechanism can be nearly excluded because of the
absence of strong plasmons or excitons in the UV—vis
spectrum (Figures 3 and S4). The quenching of the intrinsic
absorbance and PL of CV and R6G with increasing NaK-MoS,
concentration indicates a strong coupling between probe and
substrate, leading to effective (nonradiative) CT resonances
(Figures S10—S13). Measurements of R6G and CV using 532,
633, and 785 nm excitation wavelengths revealed that only
strong SERS signals were recorded when the laser was in
resonance with an electronically excited state of the probe, or
close to it. In addition, we note that no Raman signals were
detected when using other probe molecules such as
mercaptobenzoic acid (data not shown), which can be readily
measured on metal nanostructures.”*”*® In conclusion, all
these experimental data suggest as the major cause of SERS is
the CE mechanism. The molecular resonances were identified
by UV—vis spectroscopy to be around 527 nm in R6G (Figure
3A) and around 595 nm, with a prominent shoulder around
545 nm, in CV (Figure 3B). The difference between the UV—
vis spectra of NaK-MoS, in the presence and absence of the
dyes did not display new resonances close to the excitation
wavelengths, but in the case of CV, the 7 nm (blue) shift of the
545 nm shoulder indicated significant binding of the molecule
to the surface, concomitantly pushing the resonance maximum
close toward the 532 nm excitation wavelength. This, in turn,
could explain the relatively high SERS intensity of CV at 532
nm.
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Figure 3. UV—vis absorbance spectra of dye-NaK-MoS$, (red line) and pure NaK-MoS, (black line) suspensions compared to pure dye solutions
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highlight available laser excitation wavelengths. The difference spectrum between the dye-NaK-MoS, and NaK-MoS, (purple lines) reveal that the
excitation of the molecular resonances of adsorbed dyes is partially quenched by the presence of NaK-MoS,, indicating effective interaction with the

MoS, substrate.
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Figure 4. (A) Raman spectra of bulk-MoS, MoS,/p-(F)Ph, MoS,/p-(Cl)Ph, MoS,/p-(Br)Ph, and MoS,/p-(NO,)Ph at 633 nm; (B) TGA profiles
of bulk-MoS,, NaK-MoS,, MoS,/p-(F)Ph, MoS,/p-(Cl)Ph, MoS,/p-(Br)Ph and MoS,/p-(NO,)Ph from 100 to 650 °C under air; core level
spectra of (C) F 1s, (D) Cl 2p (E) Br 3d and (F) N 1s for MoS,/p-(F)Ph, MoS,/p-(Cl)Ph, MoS,/p-(Br)Ph and MoS,/p-(NO,)Ph.

The SERS mechanism can thus be explained by the
excitation of a molecular resonance coupled with electron

transfer from the Fermi level of the substrate into the molecule.
As the Fermi level Ep of NaK-MoS, (Ex = —5.0 eV) lies
energetically above the HOMO of both dyes (Eyopo, CV =
—6.0 eV and Eyopo, R6G = —5.7 V), the subsequent CT

from Eg to the HOMO does not require extra energy and thus
is strongly favored. This eventually results in a greatly
enhanced electron transition probability, leading to high signal
intensities for R6G and CV at 532 nm. At 633 nm excitation, a
preresonance condition originates strong CV intensities,
whereas no R6G signal can be measured because it is off-
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resonance with the molecular excitation. The absence of
electronically excited states in both dye molecules at 785 nm
and the consequently missing SERS signals are in line with this
interpretation (Figure S6). Further, the extraordinarily large
enhancement of the vibrational out-of-plane modes at 611 and
775 cm™" in R6G and the mode at 914 cm™" in CV, compared
to the in-plane modes, are related to vibrionic coupling
between a molecular resonance and CT state.*”**

The reproducibility and signal homogeneity are also
important parameters for SERS substrates in routine analytical
applications. The homogeneity of the SERS signals for R6G at
611 cm™' and CV at 1620 cm™' on NaK-Mo$, was studied by
Raman mapping (Figures S7—S9). To evaluate the reprodu-
cibility for R6G and CV, we randomly collected SERS spectra
from 20 different positions on the same NaK-MoS, substrate
(Figures S8 and S9). The results indicate uniform and
reproducible SERS signals over the whole surface, which is
likely related to homogenous and efficient capture of the probe
molecules.

Chemical Modification. In addition, chemical exfoliation
by intercalation of metal ions is highly versatile because it
allows carrying out chemical modifications on the exfoliated
MoS, structure.” The chemical modification of 2D-based
materials is of high interest, as it allows modifying chemical
and physical properties such as conductivity, stability, and
reactiv1'ty.49’50

In general, the functionalization of MoS, is typically
achieved by exploiting sulfur vacancies or defects occurring
on the surface during chemical exfoliation. Recently, Pérez et
al. reported a versatile mild covalent functionalization at basal
planes of exfoliated 2H-MoS, and WS, through the
nucleophilic attack of sulfur atoms from the metal transition
dichalcogenide structure on maleimide derivatives.”’ M.
Pumera et al. reported a highly efficient modification of
MoS, in water with thiobarbituric acid by nucleophilic attack
of its sulfur on the exfoliated MoS, material.”> 1T-MoS,
presents a higher chemical reactivity toward functionalization,
especially at basal sites, as compared to 2H-MoS,.>* Voiry et al.
successfully functionalized the surface of 1T-MoS, via the
covalent attachment of organohalide functional groups.”®
Chemically exfoliated MoS, can also be covalently function-
alized by aryl diazonium compounds. Knirsch et al. and Benson
et al. reported a well-known chemical approach, which does
not rely on structural defects, to functionalize the surface of
chemically exfoliated 1T-MoS, with substituted phenyl
diazonium salts.”*** Thus, the negatively charged 1T phase
MoS, nanolayers obtained by treatment with NaK alloy were
functionalized with different para (p)-substituted aryl diazo-
nium salts, thereby demonstrating the versatility of the
proposed reaction on the MoS, surface. For this purpose, we
selected four para-substituted (R: F, Cl, Br, and NO,) aryl
diazonium salts with heteroatoms because they can be readily
analyzed by XPS. We refer to MoS, functionalized with para F,
Cl, Br, or NO,-phenyl rings as MoS,/p-(F)Ph, MoS,/p-
(CI)Ph, MoS,/p-(Br)Ph, or MoS,/p-(NO,)Ph, respectively. It
is worth mentioning that, in principle, substituents of phenyl
groups would not be reduced by the NaK alloy during the
reaction because the same amount of diazonium compounds
and NaK alloy were used, and the diazonium group is more
readily reduced.”**?

Chemically functionalized MoS, derivatives were charac-
terized by Raman spectroscopy, XPS, FTIR, TGA, and TEM.
In Raman spectroscopy, all functionalized MoS, samples were
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found to display the expected transitions around at 376 cm™

(Ey) and 402 cm™ (A,,) and also to have weak Raman peaks
for ]}, J,, and J; modes, indicating the presence of the 1T phase
after functionalization (Figure 4A).** The covalent function-
alization of MoS, layers was also confirmed by FTIR (Figure
S14). All functionalized samples showed the characteristic C=
C stretching bands of benzene rings located around 1640 cm™"
and the weak C—S stretching bands between 620 and 690
cm™!, suggesting that the benzene moieties were covalently
attached to the MoS, surface via C—S bonds. Additionally,
MoS,/p-(NO,)Ph presented two main bands at 1504 and
1330 cm ™!, which were attributed to characteristic asymmetric
and symmetric stretching of a nitro group attached to the
phenyl moiety.

The thermal properties and FD of chemically exfoliated and
derivative MoS, samples were investigated by TGA in air.
Figure 4B shows that 2H-MoS, started to lose weight at
approximately 350 °C, which is attributed to partial oxidation
of MoS, into MoOs;. In addition, the surface functional groups
were decomposed in the range of 200—500 °C, as expec