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In this study, a facile and scalable method for synthesizing MoSe, nanomaterial via a sonication-
assisted liquid-phase exfoliation method is proposed. This study shows the successful synthesis
of few-layered MoSe, in various solvents including DI water, ethanol, N-Methyl-2-pyrrolidone
(NMP), Dimethylformamide (DMF) and Dimethylsulfoxide (DMSO). The exfoliated nanosheets
have remarkably different properties than bulk MoSe, which were studied using Field emission
scanning electron microscopy, Fourier-transform infrared spectroscopy, X-ray diffraction and UV-
Vis spectroscopy to investigate their morphology, functional groups, structure and optical prop-
erties, respectively. The mean values of the number of layers from an optical extinction spectrum
based on the effect of edge and quantum confinement were also calculated. Moreover, the exfo-
liated material using this method has potential application in energy storage as demonstrated by
the electrochemical performance of the bulk and exfoliated materials.

* Successful synthesis of the few-layer MoSe, from bulk MoSe, using liquid phase exfoliation
method in various solvents

» The investigation of the effect of solvent on the number of layers and optical properties of
MoSe,

Specification Table

Subject area:

More specific subject area:

Name of your method:

Name and reference of the original method:
Resource availability:

Material Science

2D materials

Liquid Phase Exfoliation

N.A.

Tip sonicator from electronics industries at 200 V

Introduction

2D materials have become the subject of research due to their enormous properties and diversified applications [1-4]. 2D materials
exhibit remarkable changes in the mechanical, chemical and physical characteristics when the thickness is reduced down to the atomic
level layer extent [5]. At present, there is a diverse range of 2D layered materials that can be isolated from their bulk counterparts
such as black phosphorus, graphene, MoS,, MoSe, MnOs,, etc. [6,7] Molybdenum diselenide (MoSe,) is a layered 2D semiconductor
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Table 1

2D materials produced via sonication as a function of exfoliation time and solvent.
Material Sonication Time (hour) Morphology Solvent Ref.
MosS, 1 Nanosheets CHP, DMA, DMF [5]
WS, 1 Nanosheets DMA, DMF, DMSO
BN 1 Nanosheets Methanol, DMA, Acetone
MosS, 12 Nanosheets DMF, NMP, Formamide [8]
Graphite 1 Nanosheets HFB, TFB, PFBN and PFP [27]
MoS, 3.5 Quantum dots NMP [28]
Black Phosphorus 4 Nanosheets ACN [29]
MoS, - Nanosheets NMP [30]
Black Phosphorus 24 phosphorene nanosheets NMP [31]
Bulk MoSe, 20 Nanosheets Lysine [32]
Graphene Nanosheets Nanoflakes NMP, GBL, DMEU and DMA [33]
Black Phosphorus 15 Nanoflakes DMF, DMSO [34]
MoSe, 2.5 Nanosheets NMP [35]
Graphene 4 Nanosheets SC
WS, 2.5 Nanosheets CHP

*DMF: Dimethylformamide, NMP: N-Methyl pyrrolidone, ACN: Acetonitrile, GBL: Gamma-butyrolactone, DMEU: Dimethyl ethylene urea, DMA:
Dimethylacetamide, DMSO: Dimethyl sulfoxide, HFB: Hexafluorobenzene, TFB: Trifluorobenzene, PFP: Pentafluoropyridine, PFBN: Pentafloroben-
zonitrile, SC: Sodium Cholate, CHP: N-Cyclohexyl-2-pyrrolidone.

material that belongs to the transition metal dichalcogenides (TMDs) [8-11]. MoSe, possesses good chemical stability, high surface
area and catalytic activity making it a potential candidate to be used in various applications including lubricants, photocatalysts,
energy storage, electrocatalysis and biosensors [12-15].

Exfoliation is the latest approach to achieve high-quality 2D materials, which includes liquid-phase exfoliation and mechanical
exfoliation [16,17]. Mechanical exfoliation was mainly applied for the production of single-layer or few-layered 2D materials from
their bulk counterparts. Mechanical exfoliation is a pollution-free method, however, it is not suitable for large-scale production due
to the lack of repeatability [15,16]. Liquid phase exfoliation has a lot of advantages including solution processing capability, stability,
low cost and the ability to produce high-quality sheets [15]. Liquid phase exfoliation is a multipurpose method for generating liquid
suspensions by sonication or shearing of layered materials in liquids and producing defect-free nanosheets. The efficient exfoliation
and stable dispersion require the match of the surface tension of the solvent with the material [18]. The series of solvents with
surface tension between 40 and 50 mJm~2 can efficiently exfoliate MoSe, by reducing the interfacial tension between MoSe, and
the solvent [9]. Numerous studies have reported the correlation between solvent surface tension and exfoliation efficiency. Ng et al.
reported the liquid phase exfoliation of graphene using green solvent and selected the solvent by matching the surface tension of
graphite and the solvent [19,20]. Morton et al. published the liquid phase exfoliation of graphite using eco-friendly solvent and also
optimized the ultrasonication conditions and achieved better quality flakes with improved stability [21,22]. Kaur et al. studied the
effect of temperature and acoustic pressure on the sono-exfoliation of graphene using water as a solvent [7]. Qin et al. developed a
simulation model for bubble oscillation and collapse dynamics under sonication. The mechanisms of particle dispersion in relation
to surface properties of materials and bubble oscillation dynamics were also proposed. A relationship model was also established
to understand the connection between produced shock waves and forces on the material surface [23,24]. Tyurnina et al. produced
few-layer graphene up to 3 layers via liquid phase exfoliation using two ultrasound sources of different frequencies. The optimization
of the frequency and pressure of the ultrasonic source resulted in the highest concentration of flakes. The relationship between the
thickness, surface area and yield of graphene as well as with the frequency and intensity of an ultrasonic source is also established
[25,26]. The examples of 2D materials produced via sonication are summarized in Table 1.

In this study, the liquid phase exfoliation of MoSe, in different solvents including DI Water, ethanol, NMP, DMF and DMSO has
been investigated. There are confined numbers of reports that correlate the number of layers with solvent. The effect of solvent
on the texture coefficient and optical properties of the bulk and exfoliated MoSe, was studied using XRD diffractogram and UV-
Vis spectroscopy, respectively. The exfoliated nanosheets showed a reduced number of layers as compared to the bulk material. In
addition, the electrochemical performance was also tested and exfoliated materials exhibited superior electrochemical performance
as compared with the bulk MoSe,.

Materials

Bulk MoSe, (99.9 %) was purchased from Aldrich, and ethanol (C,H5OH) with 99.9 % purity was supplied by Merck. N-Methyl-
2-Pyrrolidone (NMP) (CH,(CH,),CONCHj3) with 99.5 % purity and N,Ndimethylformamide (DMF) (HCON(CH3),) with 99 % purity
was purchased from Thermo Fisher Scientific India Pvt. Ltd and Merck Specialties Private Limited, respectively. Dimethylsulphoxide
(DMSO) ((CH3),SO) with a purity of 99.5 % was supplied by Avantor Performance Materials India Limited.
Synthesis

A Liquid-phase exfoliation is a straightforward and most suitable method for large-scale production. The liquid phase exfoliation
mechanism is shown in Fig. 1. The suitable solvent for the exfoliation of layered materials is determined by its ability to closely match
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Fig. 1. Possible mechanism for exfoliation of bulk MoSe,.
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Fig. 2. Schematic of liquid phase exfoliation technique (Left: MoSe, completely settles down at the bottom of solvent and Right: Solubilization of
MoSe, in respective solvents gives a dark colloidal dispersion).

the surface tension of the layered material. Energy is introduced into the system through sonication to surpass the van der Waals
cohesive forces acting among the layers of the bulk nanomaterial. The separation of individual layers begins when there is enough
energy to overcome the binding energy. Microcavities are created by the high-frequency vibration (>15 kHz) of the probe which
collapses and causes a high-energy pulse to emanate and shear the layered nanomaterial [33]. The shear forces originating from the
burst of cavitation bubbles facilitate the exfoliation of layers within the material [36]. The selection of a suitable solvent is of prime
importance as the suitable solvent not only improves the exfoliation but also sustains stable dispersions at high concentrations [37].

The liquid phase exfoliation of highly dispersed suspension of MoSe, in different solvents was performed using an ultrasonic
probe sonicator as shown in Fig. 2. The surface tension of DI water, ethanol, NMP, DMF and DMSO is 72.00, 22.10, 40.79, 37.10 and
43.54 N/m, respectively [9,38,39]. 40 mg of MoSe, powder was added to 40 mL of solvent in a beaker and sonicated in an ultrasonic
probe sonicator for 1 h. 1 mL of solution was extracted after a fixed interval of 10 min to measure the optical transmission using a
UV-Visible spectrophotometer.
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Fig. 3. FESEM images of the (a) bulk MoSe, and liquid phase exfoliated MoSe, using (b) DI water, (c) ethanol, (d) NMP, (e) DMF and (f) DMSO
solvent.

Characterizations

The morphology of the materials was examined by FESEM from Quanta 3D FEG. The crystallinity and texture coefficient of the
material were investigated using XRD from Rigaku Smart Lab. The Cu K, radiation with a wavelength of 1.540 A was used to study
the XRD diffractogram in the range of 20: 5-70°. UV-Vis spectrophotometer from Agilent Technologies, model-Cary 100 series was
used to study the optical properties of the materials. The baseline subtraction for the UV-Vis spectra of exfoliated MoSe, was done
using the respective solvent. FTIR spectroscopy from Bruker Tensor 37 spectrometer was used to analyze the vibrational bands of the
material in the range of 400-4000 cm~!. The electrochemical characterizations were performed using three electrode system from
the Metrohm autolab workstation. The active material deposited on platinum was used as the working electrode, while Ag/AgCl and
platinum wire were used as the reference and counter electrode, respectively.

Results and discussions

Fig. 3 shows the FESEM images of the bulk MoSe, and MoSe, nanosheets exfoliated using a liquid-phase exfoliation process
utilizing various solvents. As shown in Fig. 3(a), the bulk MoSe, nanosheets were agglomerated and size distribution was uneven.
Fig. 3(b) showed MoSe, nanosheets after being exfoliated using DI water, the nanosheets were noticed to be crippled into small sheets
after the exfoliation. Fig. 3(c) showed the MoSe, nanosheets exfoliated using ethanol, it was observed that the nanosheets remained
largely intact, without significant breakage or surface damage. Fig. 3(d—f) showed MoSe, nanosheets exfoliated using NMP, DMF
and DMSO, respectively. The aggregates were broken down, particle size was reduced, particles were uniformly dispersed and the
agglomeration between nanosheets was avoided effectively.

The crystalline structures of bulk MoSe, and as-exfoliated MoSe, nanosheets were characterized using XRD as shown in Fig. 4(i).
The presence of several peaks in the XRD diffractogram of bulk MoSe, confirms the presence of numerous layers. The bulk MoSe,
powder exhibited peaks positioned at 26: 13.6°, 27.5°, 31.4°, 37.9°, 41.9°, 47.5°, 55.8° and 56.8° corresponded to (002), (004), (100),
(103), (006), (105), (110) and (008), respectively as shown in Fig. 4i(a) (JCPDS no. 29-0914). The exfoliated MoSe, nanosheets
showed dominant orientation towards the (002) plane, and some distinguished peaks that were present in the bulk MoSe, were
absent in the exfoliated MoSe, which is in agreement with previously reported reports [40]. These results confirm that the few-
layered MoSe, has been successfully synthesized.

The other structural parameter, texture coefficient was calculated from the XRD data to investigate the relative transition intensities
before and after the exfoliation. The equilibrium between energy dissipation and the incoming flux holds great significance in the
development of texture due to the involvement of kinetic and thermodynamic processes in texture advancement [41]. The texture
coefficient of the plane denotes the orientation pattern of a particular crystallographic plane. The deviation from the orientation
found in the basic bulk sample suggests favorable growth conditions. The rate of TC((,, declines as the number of layers or average

4
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Fig. 4. (i) XRD diffractograms, (ii) Texture coefficient and (iii) FTIR spectra of bulk MoSe, powder and the liquid phase exfoliated MoSe, using DI
Water, ethanol, NMP, DMF and DMSO solvent.

crystalline size increases. The texture coefficient (TC(p)) of the (002) plane is determined from the XRD diffractogram using the
following formula:

1| Loy ,
Tc(hkl) Z N |:IO(hkl):| M

The texture coefficient for the diffraction peak in different solvents of the exfoliated sample was calculated from their intensities
relative to each other as per equation (i), in which TCy, is the texture coefficient, I is the intensity of the peak in the exfoliated
sample, Iy is the intensity of the peak in the bulk sample and N is the number of considered peaks [42]. The calculated texture
coefficients of MoSe, with various solvents are as shown in Fig. 4(ii). The calculated texture coefficient values for MoSe, exfoliated
using DI water, ethanol, NMP, DMF and DMSO are 0.16, 0.15, 0.24, 0.23 and 0.30, respectively. The texture coefficient values show
that DMSO exhibited the maximum TC followed by NMP and DMF.

To study the bonding and interaction between MoSe, and solvent, FTIR spectroscopy was carried out. The FTIR spectra of bulk
MoSe, and MoSe, exfoliated in DI water, ethanol, NMP, DMF and DMSO are as shown in Fig. 4iii(a-f), respectively. As observed from
the FTIR spectrum, the exfoliated MoSe, spectra showed distinctive peaks and spectral modifications as compared to bulk MoSe,.
The characteristic vibrational peaks were present in both bulk and exfoliated MoSe, spectra. The peaks at 2935 cm~! and 2852 cm™!
corresponded to C-H vibrations and the CH, groups [43]. The peak at 2335 cm™! corresponded to the C-O stretching mode [44]. The
peak located at 1705 cm™! is attributed to the C=0 stretching and COO~ bonds [45]. The band corresponding to the Se-O stretching
vibration was observed at 1040 cm‘l, confirming the successful production of MoSe, [46]. The peak positioned at 873 cm~! may be
due to the structural damage of MoSe, nanosheets in the solution and the peak at 741 cm™! is related to the Mo-O bond [47]. The
FTIR spectra confirm the alterations in the vibrational modes of the exfoliated MoSe,.

The UV-Vis absorption spectra of MoSe, at regular intervals of 10 min during sonication were studied to understand the ability of
the solvent to disperse the MoSe, [48]. Fig. 5(a—e) shows the absorbance spectra of MoSe, exfoliated using DI water, ethanol, NMP,
DMF and DMSO solvent in the wavelength range of 600-900 nm. The excitonic peaks in the range of 695 and 800 nm confirm the
successful dispersion of bulk MoSe, in the solvents. It can be concluded from the observed results that the DMSO showed the best
dispersing ability because it exhibits the highest absorption intensity followed by the NMP and DMF. The higher absorbance intensity
in optical absorption implies a higher yield of exfoliated MoSe, nanosheets.
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Fig. 5. UV-Vis absorption spectra of liquid phase exfoliated MoSe, using (a) DI Water, (b) ethanol, (c) NMP, (d) DMF and (e) DMSO solvent.
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Fig. 6. Extinction spectra of liquid exfoliated MoSe, in (a) DI Water, (b) ethanol, (c) NMP, (d) DMF and (e) DMSO solvent and (f) exfoliation time
vs average number of layers for different solvents.

Fig. 6(a—e) shows optical extinction spectra of exfoliated MoSe, in different solvents. The extinction coefficient (¢) can be calculated
using the following equations:

T =105 (i)
E, =¢eCl (iii)

Where T is the transmission, ¢ is the extinction coefficient, C is the concentration of material and 1 is the cuvette thickness [49].
Optical extinction spectra of exfoliated transition metal dichalcogenides show characteristic excitonic peaks that vary systematically
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Fig. 7. Tauc’s plot of liquid exfoliated MoSe, in (a) DI Water, (b) ethanol, (c¢) NMP, (d) DMF and (e) DMSO solvent.

with exfoliation time. The A and B extinction peaks of MoSe, are positioned in the range of 695 and 800 nm, respectively [50]. The
peak in the range of 695 nm is attributed to the direct excitonic transition at the K-point in the Brillouin zone [51,52]. The spectra
depend on the length and mean nanosheet thickness of MoSe, nanosheets due to effect of edge and confinement effect, respectively
[53,54]. The A-exciton peak exhibit blue shift in wavelength with exfoliation time is due to the reduction in number of layers of the
nanosheets. The average number of layers of MoSe, nanosheets can be calculated using equation (iv):

(N) =23 x10%0754888/4 (iv)
Where N is the layer number and A is the excitonic peak position [6,55]. Fig. 6(f) shows a comparative average number of layers
with the exfoliated time for different solvents. The average layer number of MoSe, was 95, 108, 58, 52 and 51 for DI water, ethanol,
NMP, DMF and DMSO, respectively in the first 10 min. The average layer number of bulk MoSe, decreased to 15, 14, 5, 4 and 3 for
DI water, ethanol, NMP, DMF and DMSO, respectively in 60 min. DMSO, NMP and DMF acted as a successful solvent and decreased
the average number of layers significantly in 60 min.

The band gap of the nanomaterial is larger than the bulk counterpart of that material. The indirect bandgap increases with reducing
the number of layers of the material whereas the direct band gap remains nearly constant [56]. The bandgap of the exfoliated MoSe,
was calculated using tauc’s plot to further investigate the impact of solvents. The tauc’s plot of MoSe, exfoliated using DI water,
ethanol, NMP, DMF and DMSO is as shown in Fig. 7(a—e). Band gap energies were estimated from the plot of (¢hv)!/2 vs hv, where
«a is absorption coefficient, characterized as a = 2.303 A/t, where “A” is absorbance and t is the thickness of cuvette. Liquid phase
exfoliation of MoSe, in various solvents revealed that band gap of the increases with exfoliated time. Band gap increases from 1.94
to 2.78 eV for DI water, from 1.86 to 2.47 eV for ethanol, from 1.50 to 2.35 eV for NMP, from 1.47 to 1.94 eV for DMF and from
1.88 to 2.75 eV for DMSO. The exfoliated MoSe, shows broad range of bandgap which has significant potential for technological
applications and could be particularly intriguing in the advancement of TMD heterostructures [57].

Electrochemical performance

The electrochemical performance of the exfoliated MoSe, was tested in three electrode system using 1 M Na,SO, as electrolyte.
The Fig. 8(a) shows the cyclic voltammetry (CV) curve at a scan rate of 100 mVs~! within a potential window of 0 to 0.5 V for
bulk and exfoliated MoSe, using different solvents. The exfoliated MoSe, shows similar redox peaks with the higher surface area
corresponding to the larger specific capacitance as compared to bulk MoSe,. The MoSe, exfoliated in DMSO shows highest specific
capacitance followed by NMP and DMF. The electrochemical impedance spectroscopy (EIS) of bulk and exfoliated MoSe, using
different solvents is shown in Fig. 8(b). The Nyquist plot is semicircular with interfacial charge transfer resistance (R) of 1.07, 0.97,
0.90, 0.55, 0.51 and 0.39 kQ for bulk and exfoliated MoSe, using ethanol, DI water, DMF, NMP and DMSO, respectively. These results
confirm the fast oxidation and better charge transfer kinetics in exfoliated MoSe, as compared to bulk MoSe,.
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Fig. 8. (a) Cyclic Voltammetry and (b) electrochemical impedance spectroscopy of bulk MoSe, and MoSe, exfoliated using different solvent.

Conclusion

The bulk MoSe, was exfoliated by the facile and low-cost liquid phase exfoliation process by utilizing various solvents. This
study identified suitable organic solvents (NMP, DMF and DMSO) in which MoSe, nanosheets can be exfoliated with high dispersion
and long-term stability. The exfoliated MoSe, nanosheets exhibit the reduced number of layers as supported by XRD diffractograms
and extinction spectra. Finally, the electrochemical performance of exfoliated MoSe, nanosheets exhibited enhanced charge transfer
and fast oxidation as compared to bulk MoSe, indicating it as a potential candidate for energy storage applications. The ease of
synthesizing MoSe, nanosheets with high performance characteristics, this research has the potential to create new avenues for
large-scale production of two-dimensional materials.
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