
Nano-Raman and Nano-Infrared Imaging of Dimerization of
4‑Bromothiophenol on 2D Molybdenum Disulfide and Molybdenum
Disulfide@Gold Hybrids
Published as part of The Journal of Physical Chemistry C special issue “Celebrating 50 Years of Surface
Enhanced Spectroscopy.”

Swati J. Patil and Dmitry Kurouski*

Cite This: https://doi.org/10.1021/acs.jpcc.4c05236 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Although metal dichalcogenides have unique optical
and mechanical characteristics, they are 2D materials that as catalysts
for light-driven reactions are yet to be fully understood. In this study,
we used atomic force microscopy-infrared (AFM-IR) and tip-
enhanced Raman (TER) spectroscopy to examine catalytic properties
of 2D molybdenum disulfide (MoS2) synthesized by a hydrothermal
approach as well as its hybrid with gold nanoparticles (MoS2@
AuNPs). We found that both MoS2 and MoS2@AuNPs
dehalogenase and dimerized 4-bromothiophenol (4-BTP) yielded
thiophenol (TP) and 4,4′-biphenyldithiol (4,4′-BPDT), respectively.
Although an equal yield of TP was observed on both MoS2 and
MoS2@AuNPs, we observed a much greater yield of 4,4′-BPDT on
MoS2@AuNPs compared with MoS2. These results demonstrated
that metal dichalcogenides and their plasmonic hybrids could perform catalysis transformations previously evident for plasmonic
metals such as gold and silver. Fabrication simplicity of metal dichalcogenides and their low costs open new avenues for synthetic
approaches that can be used to develop a novel class of catalysts with the desired properties.

1. INTRODUCTION
Hot carriers are highly energetic species that can be injected
into orbitals of molecules located in close proximity to metallic
surfaces.1−5 Hot carriers are produced as a result of a decay of
localized surface plasmon resonances (LSPRs) and coherent
oscillations of conductive electrons on the surfaces of
nanostructures, which in turn are generated by light.6−12

Most noble metal nanomaterials generate strong LSPRs.13,14

However, their catalytic properties are limited to only a few
reactions.1−5 This limitation can be overcome by the use of
catalytic metals in a reactor-antenna concept. Alternatively,
both catalytic and plasmonic metals can coassembled in the
core−shell or alloy bimetallic nanostructures.15−18
Two-dimensional (2D) nanomaterials, including metal

dichalcogenides such as MX2 (M = Mo, W, Nb, and X = S,
Se, Te), attracted a broad interest for their excellent physical
and chemical properties.12,19 There has been a significant
amount of interest in the development of these innovative
materials for plasmonic catalysts and optoelectronics.20−22 For
instance, Li et al.23 found that hydrothermally grown Au/
graphene hydrogel could be used for the catalytic reduction of
4-nitrophenol (4-NP) to 4-aminophenol (4-AP).24 Abid et
al.25 introduced a novel hybrid plasmonic metal-2D MXene-

based Au@Ag@Pd/Ti3C2 photocatalyst for superior catalytic
performance on plasmon-driven hydrogenation of nitro-
aromatics. 2D materials have also shown intriguing potential
for optoelectronics applications26 such as light sources,27

optical modulators,28 photodetectors,29 field-effect transis-
tors,30 logic circuits,31 and sensors.32−34

A growing body of evidence indicates that optical and
catalytic properties of 2D materials are determined by their
nanostructure.35−37 For instance, Rahaman et al.38 demon-
strated that 2D crystal/plasmonic heterostructure determined
the local strain in MoS2 during heterostructure formation.
Using tip-enhanced Raman spectroscopy (TERS), Kalo et al.39

showed that the nanoscale inhomogeneities such as defects and
wrinkles in MoS2 deteriorate the remarkable physical and
optoelectronic properties of materials. In TERS, a metallized
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scanning probe is brought in close proximity to the sample of
interest.1−4 Next, the apex of the scanning probe is illuminated
by light, which generates LSPRs at the metal surface.5−12

LSPRs enhance Raman scattering from the molecules located
directly under the tip up to a million-fold, which enables single-
molecule sensitivity.13,14 Furthermore, the electric field is
confined under the tip down to a pico-volume. Therefore, if
the tip is rastered above the sample, its chemical image can be
recovered with subnanometer spatial resolution.
In this study, we used TERS to examine the nanoscale

plasmonic and photocatalytic properties of MoS2. For this,
hydrothermally synthesized MoS2 was modified with a
monolayer of 4-bromothiophenol (4-BTP). Using TER, we
found that 4-BTP on MoS2 could be reduced to 4,4′-
biphenyldithiol (4,4′-BPDT) and thiophenol (TP). We also
found that the yield of this plasmon-driven reaction was
enhanced when the surface of MoS2 was decorated by AuNPs.
We infer that the observed chemical transformations were
driven by hot carriers, highly energetic species that could be
directly or indirectly injected into molecular orbitals of
molecular analytes. We also used atomic force microscopy-
infrared (AFM-IR) spectroscopy, complementary to TER
analytical technique, to confirm the observed TER chemical
transformations on the surface of MoS2, as well as its hybrid
with gold nanoparticles (MoS2@AuNPs). This technique
allows for the identification of unknown characteristics through
the use of absorption maps and point-specific spectra.
Furthermore, it brings together the nanoscale spatial resolution
offered by an AFM tip with the high chemical specificity of IR
spectroscopy, and it has been studied on a wide range of
samples.40 In AFM-IR, a pulsed tunable IR laser causes thermal
expansions in the sample that are recorded by the metallized

scanning probe, which can be positioned on the object of
interest.41−44 Next, thermal expansions are converted into the
IR spectrum.9,45−47 Our group previously demonstrated the
advantage of such a bimodal imaging approach in the analysis
of complex biological systems.48,49

2. RESULTS AND DISCUSSION
We used a hydrothermal approach to synthesize MoS2
nanomaterials from ammonium molybdate ((NH4)6Mo7O24·
4H2O) and thiourea (NH2CSNH2) (Scheme )1. In this
reaction, Mo6+ in Mo7O24 6-ion was reduced to Mo4+, which
then reacted with H2S to form MoS2. The newly formed
material is typically seen as an interlayer of S and Mo atoms
covalently interconnected via weak van der Waals forces. Next,
MoS2 nanomaterials were decorated with AuNPs to synthesize
MoS2@AuNPs plasmonic hybrids. Using UV−vis spectrosco-
py, we found that MoS2 had absorption bands at 486, 622, and
684 nm (Scheme 1(c,d)), whereas MoS2@AuNPs exhibited an
absorption band around 536 nm, which corresponds to LSPR
of AuNPs.
The nanostructures of the synthesized MoS2 and MoS2@

AuNPs were further characterized using field emission-
scanning electron microscopy (FE-SEM) (Figure S1(a−d),
respectively). FE-SEM images of both synthesized materials
confirmed the uniform growth of nanoflower with a diameter
of around 500 nm. The close-up view of the MoS2 nanoflower-
composed nanosheets consists of vertical-aligned nanolayers of
MoS2. In addition, the chemical composition and oxidation
state of MoS2@AuNPs were characterized by the X-ray
photoelectron spectroscopy (XPS) technique, and results are
provided in Figure S1(e−h). For the spectrum of MoS2@
AuNPs, it denotes four main peaks for Au 4f, S 2p, and Mo 3d

Scheme 1. (a). Schematic Illustration of the Synthesis of MoS2 Nanomaterials and MoS2@AuNPs Hybrids; (b) Nucleation and
growth of MoS2 Nanomaterials; (c) UV−Vis Absorbance Spectra of MoS2, MoS2@AuNPs, and AuNPs, and Enlarged View of
MoS2 and MoS2@AuNPs as Shown in (d)
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(Figure S1(e)). As shown in Figure S1(f), the high-resolution
Mo 3d spectra with doublet peaks at 228.1 and 231.72 eV are
attributed to Mo 3d5/2 and Mo 3d3/2, respectively. S 2p XPS
spectra (Figure S1(g)) that appear at 161.31 and 162.98 eV are
associated with S 2p3/2 and S 2p1/2, respectively.

19 Au 4f
spectrum as seen in Figure S1(h) exhibits peaks at 82.26 and
87.13 eV, which can be attributed to the doublet of Au 4f7/2
and Au 4f5/2, respectively. From these it is confirmed that
AuNPs are in metallic state.50,51

We also used TERS to investigate the crystalline structures
of MoS2. TERS revealed the presence of four vibrational bands
that corresponded to E1μ(M)-TA(M) at 204 cm−1; E2g(M)
mode at 372 cm−1; A1g (T) mode at 401 cm−1; and 2 ×
LA(M) at 459 cm−1 (Figure 1(a)). The strong in-plane E2g
mode originated from the out-of-plane vibrations of the S
atoms with respect to the Mo atoms, whereas the A1g (T)
mode could be assigned to the out-of-plane vibration of the S
atoms alone (Figure 1(b)).52,53 The most intense mode

around 459 cm−1 originated from the second-order process
that involved the longitudinal acoustic phonons at the M point
(LA(M)). The strong intensity of the LA(M) vibration in the
acquired TER spectra indicated the multilayered nature of the
synthesized MoS2 nanosheets. TER maps of E12g (blue-pixel),
A1g (T) (green-pixel), and 2 x LA(M) (red-pixel) are
displayed in Figure 1(c−e), respectively, and the correspond-
ing atomic force microscopy (AFM) image as shown in Figure
1(g).
Next, we used TERS to investigate the optical and

photocatalytic properties of MoS2. For this, MoS2 nanoma-
terials were exposed to 4-BPT that formed a monolayer on
their surfaces. TERS spectra acquired from such MoS2
exhibited vibrational bands at 1064 and 1555 cm−1, which
could be assigned to the C−Br and C−C stretching modes of
the benzene ring of 4-BTP, respectively.54 In addition to the
vibrational fingerprint of 4-BTP, we also observed vibrational
bands at 1575 and 1585 cm−1, which corresponded to TP and

Figure 1. (a) Representative TERS spectra from dark and bright pixels in panel (f). (b) The TERS spectrum of MoS2 highlighted point number
shown in (g), deconvoluted using fitted Lorenz curves. TERS images of (c) E12g (M), (d) A1g (T), and (e) 2 × LA(M) in MoS2. (f) TERS of
mixed E12g (M), A1g (T), and 2 × LA(M) modes of MoS2. (g) The AFM image of MoS2. The scale bar in each image is 1 μm.

Figure 2. (a) Representative TER spectra of 4-BTP on the surface of MoS2 collected at the outlined points from the map (l). (d) AFM topography
of MoS2. (b, c) TER spectra deconvoluted using Lorenz curves. (d) AFM and the corresponding TER image of 4-BTP-modified MoS2: (e) E2g1, (f)
A1g (T), (g) 2 × LA(M), and (h) their overlay TER image of MoS2. Optical and photocatalytic coupling of MoS2: (i) 4-BTP (blue pixels)
demonstrating the formation of (j) TP (green pixels) and (k) 4,4′-BPDT (red pixels). (l) An overlay TER image of 4-BTP, TP, and 4,4′-BPDT
signals on MoS2. The scale bar in each image is 300 nm.
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4,4′-BPDT, respectively (Figure 2 (a, b)).18,55 These results
demonstrated that MoS2 enabled photocatalytic reduction of
4-BTP to both TP and 4,4′-BPDT. Finally, the acquired TER
spectra also possessed the above-discussed E2g1(M), A1g (T),
and 2 × LA(M) modes of MoS2 (Figure 2(b)). TERS imaging
revealed a largely uniform distribution of the intensity of the
vibrational bands originated from MoS2 (Figure 2(e−h)).
However, we did not observe the equal uniformity in the
intensity of the vibrational bands that could be assigned to 4-
BPT, TP, and 4,4′-BPDT (Figure 2(i−l)). Specifically, the
edges and central parts of the MoS2 nanosheets had a much
higher intensity of 4-BTP than that of the thin nanolayer for
MoS2. These results showed that MoS2 could be used to both
dehalogenate and dimerize 4-BTP to form TP and 4,4′-BPDT,
respectively. Our results also indicated that MoS2 provided a
strong gap-mode enhancement that was previously reported
for plasmonic nano and microplates.56,57

Using TERS, we examined the optical properties of the
MoS2@AuNPs hybrids. TERS spectra acquired from MoS2@
AuNPs exhibited in-plane E2g1 (M) vibrational mode at ∼395
cm−1 together with the out-of-plane A1g (T) mode at 404 cm−1

(Figure 3(a,b)). We also observed intense 2 × LA(M) mode at
465 cm−1 (Figure 3(a,b)). Thus, in the TERS spectra acquired
from MoS2@AuNPs, we observed a blue shift of these
vibrational bands compared with their frequencies in the
TERS spectra collected from MoS2. Since E2g1 (M) represents
the degree of structural distortion in MoS2, one can expect that
the observed blue shifts originated from the AuNPs-induced
distortion of the van der Waals interactions between the layers
of MoS2.

58,59 TERS imaging of MoS2@AuNPs revealed site-
specific blue shifts of E2g1 (M), A1g (T), and 2 × LA(M)
modes (Figure 3(e−h)). However, we did not observe any

correlation between the location of AuNPs and the blue shifts
of the vibrational bands discussed above. Therefore, one can
expect that the blue shift of E2g1 (M), A1g (T), and 2 × LA(M)
modes is caused by the exciton coupling between AuNPs and
MoS2. This expectation is further supported by the vanishing
of AuNPs LSPR (∼520 nm) that is taking place upon their
deposition on MoS2 (Scheme 1(c)).
We used TERS to investigate the photocatalytic properties

of MoS2@AuNPs. Similar to the experiments discussed above
with MoS2, we exposed MoS2@AuNPs to 4-BTP. TERS
spectra acquired from 4-BTP-modified MoS2@AuNPs ex-
hibited vibrational bands at 1064 and 1555 cm−1, as well as
intense vibrational bands at 1575 and 1585 cm−1, which
corresponded to TP and 4,4′-BPDT, respectively (Figure 3
(c)).18,55 It should be noted that in the TERS spectra acquired
from MoS2@AuNPs, the intensities of 1064, 1555, 1575, and
1585 cm−1 bands were much greater compared with the
intensities of these vibrational bands in the TERS spectra
collected from MoS2. These results indicate that MoS2@
AuNPs enabled much more efficient catalysis of 4-BTP
compared with MoS2. We also found that TERS imaging of
MoS2@AuNPs revealed largely uniform intensities of 1575 and
1585 cm−1 (Figure 3(i−l)), indicating that AuNPs-enhanced
photocatalysis was not localized only on AuNPs, but rather was
expanded to the entire volume of MoS2@AuNPs. These
findings are in good agreement with the previously reported
results by Zhan et al.60 Specifically, the researchers
demonstrated that the presence of AuNPs in graphene rather
than their abundance enabled the strong enhancement of the
electric field in such nanomaterial.
We performed a quantitative analysis of the yield of 4,4′-

BPDT on MoS2 and MoS2@AuNPs, as shown in Figure 4. For

Figure 3. (a) Representative TER spectra of 4-BTP on the surface of MoS2@AuNPs. (b, c) TER spectra deconvoluted using the Lorentzian
approach at outlined points in maps (h, l). (d) AFM topography of MoS2@AuNPs. TER mapping of 4-BTP-modified MoS2 AuNPs: (e) E2g1 (M),
(f) A1g (T), (g) 2 × LA(M), and (h) their overlay. Optical and photocatalytic coupling of MoS2@AuNPs: (i) 4-BTP (blue pixels) demonstrating
the formation of (j) TP (green pixels) and (k) 4,4′-BPDT (red pixels). (l) An overlay of 4-BTP, TP, and 4,4′-BPDT signals. The scale bar in each
image is 300 nm.
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this, we counted the pixels in the above-discussed TER maps
that possessed spectra with the vibrational signatures of 4,4′-
BPDT, as well as the spectra that corresponded to TP.
Previously reported results by our group showed that this
approach could be used for a robust and reliable quantification
of molecular species formed in plasmon-driven reac-
tions.11,66−69 We found that MoS2@AuNPs demonstrated
more than 3 times greater yield of 4,4′-BPDT compared with
MoS2. These results confirmed that MoS2@AuNPs exhibited
much greater catalytic reactivity compared with MoS2. We also
found that MoS2@AuNPs and MoS2 enabled equivalently
efficient dehalogenation of 4-BTP that yielded TP. Exper-
imental results recently reported by our and Chen’s groups
indicated that the 4-BTP dehalogenation yielded TP, which in
turn reacted with another 4-BTP molecule to form 4,4′-
BPDT.18

We also utilized AFM-IR, a complementary TERS approach,
to investigate the photocatalytic properties of MoS2 (Figure
S5). AFM-IR point spectra obtained from the MoS2 nanosheet
exhibited five characteristic bands: 1407, 1466, 1543, 1691,
and 1734 cm−1 (Figure S5(b−f)). Peaks at 1407 and 1618
cm−1 are attributed to MoS2.

61 Peaks at 1466 and 1543 cm−1

originate from the stretching vibration of the C�C groups in
the benzene ring of 4-BTP.62 We also observed vibrational
bands that could be assigned to phenol O−H bending (1310−
1390 cm−1), S�O stretching (1407 cm−1),63 aromatic C−H
bending (1438 cm−1), C�C stretching (1566−1650 cm−1),
and C�O stretching (1734 cm−1).64,65 These results
demonstrate that AFM-IR could be used to probe the chemical
structure of MoS2, as well as detect 4-BTP on their surfaces.
As seen in Figure S6a, single-point AFM-IR spectra

exhibited vibrational signatures of C−H bending, C�C
stretching, and C�O stretching. The observed differences in
the characteristic bands’ intensity were attributed to the effects
of 4-BTP demineralization on the surface of MoS2 with Au
surrounding. By a comparison of the AFM topography map of
MoS2@AuNPs with the height of the nanosheets, it can be
seen that these disparities directly relate to the height of the
nanosheets. At thicker regions of MoS2@AuNPs, we observed
a stronger intensity of AFM-IR spectra.
Recently reported results by the Raschke group demonstrate

that the observed catalytic reactivity of both MoS2 and MoS2@

AuNPs could be caused by excitons.66−69 Specifically, the
presence of dark excitons that have an antiparallel spin
configuration with generally forbidden radiative emission. Park
and co-workers demonstrated that coupling of a plasmonic
scanning probe with WS2 resulted in a high yield of dark
excitons.68,69 Our results indicate that dark excitons are highly
likely to trigger chemical transformation in 4-BTP present on
the surface of MoS2 and MoS2@AuNPs. Thus, excitons can
perform chemical transformations in molecular analytes that
were previously evident only for hot carriers.10,11 It should be
noted that exciton−plasmon coupling can be expected
between MoS2 and AuNPs that are present in MoS2@
AuNPs, which results in a much greater yield of 4,4′-BPDT
that was observed on these hybrids compared with MoS2
alone.70−72 One can expect that in this case, excitons can
trigger plasmon resonances on AuNPs that decaying will form
hot carriers.5−7 In turn, these highly energetic species cause
dimerization of 4-BTP on MoS2@AuNPs. However, in the
previously reported study, we demonstrated that such
dimerization was not possible on AuNPs, but rather required
the presence of catalytic metals, such as Ni.73 Based on these
results, we can conclude that 4-BTP dimerization is catalyzed
by MoS2, while catalytic potential is enhanced on MoS2@
AuNPs by AuNPs-provided exciton−plasmon coupling.

3. EXPERIMENTAL SECTION/METHODS
3.1. Chemicals. All chemical reagents were purchased and

used without further purification.
3.2. MoS2 Synthesis. The chemical synthesis of MoS2

nanomaterial was obtained by hydrothermal technique. To
prepare MoS2 nanomaterials, initially 10 mg of ammonium
molybdate tetrahydrate ((NH4)6Mo7O24·4H2O) was added in
40 mL of distilled water and kept on a magnetic stirrer for 30
min to get a clear solution. Further, 4 mM thiourea
(NH2CSNH2) was dissolved in the Mo-contained solution
under constant magnetic stirring for a further 30 min. In the
second step, the prepared final solution was transferred to a 50
mL capacity of Teflon-lined stainless-steel autoclave and kept
at 200 °C for 24 h, and after completing reaction, it was
allowed to cool down naturally. Further, the obtained product
was collected and then alternately washed with distilled water
and ethanol to remove organic residues.

3.3. MoS2@Au Synthesis. Subsequently, MoS2@AuNPs
were obtained using a chemical synthesis process. To
incorporate AuNPs, the stock solution was initially obtained
by dissolving 0.1 mM HAuCl4 in 10 mL of distilled water
under ultrasonication for 10 min. Aqueous sodium citrate
tribasic dihydrate (1 wt %, 1 mL) solution was obtained and
then mixed with the as-prepared 10 mL solution was
magnetically stirred for another 30 min. Further, MoS2
nanomaterials were added to the abovementioned mixed
solution and stirred continuously for 10 min and then washed
with ethanol and distilled water twice. The resultant MoS2@
AuNPs were obtained and used for the TERS experiment.

3.4. Modification of MoS2@AuNPs with Chemical Agent.
To prepare samples on silicon (Si) wafer, first, a Si wafer was
cut into small squares of about 5 mm × 5 mm each, rinsed with
acetone and ethanol, and then dried with nitrogen gas. As-
prepared MoS2 and MoS2@AuNPs solutions were then
dropped onto the precleaned Si wafer and kept at room
temperature for 30 min, allowing for the adsorption of
nanoparticles onto the surface. Next, 2 mM 4-BTP solution
was dropcasted on MoS2@AuNPs Si wafer and left for 1 h to

Figure 4. Bar diagram showing obtained yield of 4-BTP on MoS2 and
MoS2@AuNPs surfaces; the inset shows the dehalogenase and
dimerization of 4-BTP reaction pathway.
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form a monolayer of 4-BTP molecule on it. The modified
sample was then rinsed with ethanol trice to remove the
uncoordinated molecules.

3.5. AFM Probe Preparation. First, 240AC series AC mode
AFM tips were purchased from Opus MikroMasch USA. The
AFM tip parameters are force constant 2 N/m, resonance
frequency 70 kHz, and amplitude 20 nm, respectively. Further,
AFM tips were modified by metal deposition. For metal
deposition, AFM tips were placed in a thermal evaporator
(MBrown, Stratham, NH). Metal deposition was conducted at
∼1 × 10−6 mbar by thermal evaporation of gold (Kurt J.
Lesker, Efferson Hills, PA) at 0.1 A/s rate to a final 70 nm Au
thickness on the AFM tips. The temperature at the tip surface
was ∼54 °C upon metal deposition.

3.6. AFM-TER Imaging. An AIST-NT system is equipped to
perform the TERS measurement in a side-illumination
geometry using a 100× Mitutoyo microscope objective by
633 nm continuous wavelength (CW) laser and a modified
AFM tip with a radius of <7 nm*. Scattered electromagnetic
radiation was collected using the same objective and directed
into the HORIBA iHR550 spectrograph equipped with a
Synapse EM-CCD camera (HORIBA, Edison, NJ). During
TERS measurements, the system is running in intermittent
contact (AC) mode, and the spectra are taken at the moment
the tip touches the surface, and the contact time is defined by
the spectral acquisition time, which is 2.0 s.

3.7. Materials Characterizations. Field emission-scanning
electron microscopy (FE-SEM) imaging was performed using a
JEOL scanning electron microscope (JSM- 7500F). X-ray
photoelectron spectroscopy (XPS) measurements were
performed with a Thermo Scientific instrument with an Al
K-α X-ray source.

4. CONCLUSIONS
Using TER, a modern analytical technique that demonstrates
single-molecule sensitivity and subnanometer spatial resolu-
tion, we examined the optical and catalytic properties of MoS2
and MoS2@AuNPs nanomaterials. Using TER, we demon-
strated that MoS2 could be used to dehalogenate and dimerize
4-BTP to form TP and 4,4′-BPDT, respectively. The same
reaction products were also observed on MoS2@AuNPs.
However, these plasmonic hybrids provided a much greater
yield of 4,4′-BPDT compared with the yield of this molecular
analyte on MoS2. These findings indicate that metal
dichalcogenides can catalyze chemical reactions that were
previously evident only for noble metal nanomaterials and their
bimetallic analogues. We also found that the yield of exciton-
driven reactions on such metal dichalcogenides can be
enhanced by their decoration with noble metal nanomaterials.
These findings open new routes for the synthetic approaches
that can be used to fabricate novel catalysts with the desired
reactivity and specificity.
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