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Abstract. In this report, thin layers of MoS, were in-situ incorporated into graphene oxide (GO)
to form MoS,/graphene nanocomposite by a facile ultrasonic-assisted hydrothermal method. X-
ray Diffraction (XRD) and Raman analysis revealed that the as-synthesized MoS, nanosheets
crystalized in hexagonal phase 2H-MoS, while High Resolution Transmission Electron
Microscopy (HRTEM) images confirmed that MoS, layers with average thickness of ~5-6 nm
(6-8 layers) attached on the edges and surfaces of graphene sheets with high density and
uniform shape restacking in three-dimensional (3D) architectures. The Scanning Transmission
Electron Microscopy — Energy Dispersive X-ray spectrum (STEM-EDX) investigation further
confirmed the low impurity of MoS,/graphene composite, and the well repairing of defects in
GO surfaces during the hydrothermal process. Our approach is promising for a scalable,
inexpensive, and accurate strategy to fabricate state-of-the-art materials with a certain structure
for various practical applications such as electrode material for Lithium battery or
supercapacitor.
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1. INTRODUCTION

Two-dimensional (2D) materials have recently gained extensive attention for their unique
structures and intriguing properties with potential applications [1, 2]. Graphene, a 2D atomic
layer of sp® bonded carbon atoms in a hexagonal lattice [3], is one of the most studied flat
materials. With fascinating properties such as high electron mobility (~200,000 cm? V* s%) [4,
5], large specific surface area (~2,600 m* g*) and excellent thermal conductivity (~5,000 W* K™)
[6], graphene makes its own a promising platform for various applications. Beyond graphene,
molybdenum disulphide (MoS,) is emerging as one of the most attractive 2D materials among
transition metal dichalcogenides (TMDs) group [7, 8]. With lamellar structure similar to that of
graphene, a mono layer of MoS, compacted with Mo and S atoms forming 2D S-Mo-S
covalently bonded tri-layers which in turn, stacked together by weak Van der Waals interactions
along the c-axis to form bulk MoS; crystal [9]. Recently, the combination of MoS, and graphene
to fabricate MoS,/graphene composite has attracted significant interest. These hybrid
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nanostructures have exhibited better performance in comparison to their single counterparts for
various applications including photocatalysts [10], batteries [11], sensing [12], and energy-
harvesting [13]. Such improved performance is primarily attributed to the robust hybrid structure

and the synergetic effects between few-layer MoS, and graphene sheets [10].

Table 1. Hydrothermal synthesis of MoS,/graphene composite.

Synthesis Structure and
e Precursors Experiment parameters morphology of Ref.
composite
MoS, flower-like
Hydrothermal GO, Na;,MoO,, and 180 °C, 24 h morphology, over 12 [19]
CS(NHz), layers
200 °C, 24 h,
GO, trimethylamine, | the product was
;;(;d;ﬁ:;rlrirr]]al Na,MoQ, and annealed at 800 °C for 2 h E':ﬂ cl)gzllg]rzfshene aerogel, [20]
9 | H,CNSNH, in H, (10 %) and balanced Y
by Ar.
GO, thioacetamide,
ammonium .
Hydrothermal | heptamolybdate 180 °C, 24 h |\>/I§g I:;\%/zgst,stgcrlfrr:]ess of [21]
tetrahydrate, Citric 2
acid
GO, thioacetamide
P ' o MoS; ~13-20 layers,
Hydrothermal ammonium 200°C, 24 h lateral size of ~several [22]
heptamolybdate :
micrometers
tetrahydrate
Hydrothermal | PANI, MoO; and 210 °C, 24 h, annealed in I';A%?é n;gﬂé?g\r/ers ~4-12
and potassium N, atmosphere at 500 °C ~3yOO—’700 nm. thickness [23]
carbonization | thiocyanate (KSCN) |for4h 12 nm ’
3D Graphene alcogel, Flocculent MoS,
Hydrothermal | Na,Mo00O,.2H,0 and 200 °C, 24 h nanostructures, diameter [24]
CS(NH,), ~ 300 nm, over 20 layers
GO, Na;M00,.2H,0, o ~
Hydrothermal and CS(NH,), 240°C, 24 h MoS, ~4-5 layers [25]
GO, (NH4),MoS,, Lateral size of the MoS,
Hydrothermal | DMF 200°C,12h nanosheets ~50-70 nm, [26]
and N,H,;.H,O 12-16 layers
GO, L-cysteine and .
Hydrothermal | Na,M0O,.2H,0. 240 °C, 24 h 3"(%%22;"’;“04&? r']f%’ers and | 171
CTAB )
I%?S-trgz;tierr]lt the MoS, nanopetal-like
GO, thioacetamide, shape in situ grow on
Ultrasound- . precursor of GO and .
- ammonium 2 N graphene surfaces and This
assisted MoO,~ by ultra-sonication, .
heptamolybdate . . edges, thickness of MoS, | work
hydrothemal follow by adding reducing
tetrahydrate 7 petals ~5-8 nm, 6-8
agent (S7) under lavers
hydrothermal condition. YErs.

There are several synthesis routes of the MoS,/graphene composites that include ex-situ and
in-situ synthetic strategies. In the ex-situ synthetic strategy, each component materials (MoS,
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graphene or GO) are prepared separately in advance, then the composites are fabricated by layer-
by-layer assembly [14], liquid phase exfoliation [15] or chemical exfoliation [16] methods. On
the other hand, the in-situ the synthesis process involves ionic reactions such as sol-gel [17],
solvothermal [18] or hydrothermal [19] methods that hold capability of synthesis nanoscale
materials with uniform dispersion and complex architectures. Although hydrothermal strategies
are widely used for the preparation of MoS,/graphene materials, the reported methods often
require long reaction time from several hours to several days [19-27] as shown in Table 1.
Therefore, there is still a huge challenge to develop fast simple, reliable and economical
synthetic routes for preparing MoS,/graphene composites.

Here, we report facile ultrafast hydrothermal synthesis strategy on in-situ growth of MoS,
nanostructure directly on GO to form MoS,/graphene composite. Our approach is promising for
a scalable, inexpensive, and accurate strategy to grow a 2D-3D MoS,/graphene nanocomposite
with different structures for potential applications in electronic and optoelectronic devices.

2. MATERIALS AND METHODS

MoS,/graphene nanocomposite was synthesized by a facile hydrothermal method, which is a
two-steps process: firstly, GO nanosheets preparation by Hummer’s modified method which has
been published elsewhere [28, 29] and then growing MoS, nanostructures on GO using a high
pressure Teflon-lined stainless steel autoclave reactor (Parr Instrument Co.). All majority
chemicals used in this report were purchased from Sigma Aldrich including graphite flakes
(~5 pm, 99.8 %), ammonium molybdate tetrahydrate (NH,;)sM0;0,4.4H,0, 98.0 %),
thioacetamide (CH3CSNH2, 98 %), HZSO4 (98 %), H3PO4 (85 %), KMnO4 (98 %), H202 (30 WL
%).

2.1. Preparation of GO

In order to prepare a homogenous colloidal suspension of GO in deionized (DI) water, the
high concentration obtained GO (~3.5 wt. %) was diluted several times with DI water (resulting
concentration of 1.0 g L™), and then the mild sonication was applied for 4 h to get stable GO
dispersion for the synthesis of MoS,/graphene nanocomposite.

2.2. Synthesis of MoS,/graphene nanocomposite

A volume ~30.0 mL of the above GO dispersion was ultrasonicated for 4 h. Then, 0.1506 g
ammonium molybdate tetrahydrate was added to this solution and continued to be ultrasonicated
for 2 h. Next, 0.3060 g of thioacetamide was dissolved in ~ 10 mL DI water an added to the
above mixture to form a homogeneous solution (pH ~ 8-9). Subsequently, the resulting solution
was transferred to a high pressure Teflon-lined stainless steel autoclave reactor (~75% volume
filled), sealed, heated to 230 °C and kept at this temperature for 2 h under stirring condition.
Afterwards, the reaction system was rapidly cool down to room temperature by uninstalling the
autoclave out of the electric furnace. The resulting precipitate was washed several times with DI
water and ethanol, then centrifuged and dried at 65 °C for 12 h in a furnace. The final
MoS,/graphene nanocomposite black powder was collected for characterization.

2.3. Characterization

X-ray diffraction (XRD) patterns were recorded using a Bruker D8 Venture diffractometer
utilizing Cu Ko radiation (. = 1.5418 A). The morphology of the samples was observed by Field
Emission Scanning electron microscopy (FESEM) (S-4800, Hitachi) and HRTEM (JEOL JEM-
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2100F). The High Angle Annular Dark Field Scanning Transmission Electron Microscopy
(HAADF-STEM) images were obtained with a JEM-ARM200F microscope (JEOL). Energy
Dispersive X-ray (EDX) spectrum and elements mapping were obtained using an EDX
spectrometer (EDX, Oxford Inca X-max 80) by STEM mode. X-ray Photoelectron Spectroscopy
(XPS) analysis was performed using a monochromatized Al Ka X-ray source (hv = 1486.6 eV)
(AXIS Nova spectrometer, Kratos, UK). Micro Raman measurements were carried out using
Horiba XploRA One spectrometer equipped with an Olympus BX50 microscope attachment to
focus the laser beam. Green argon laser (A = 532 nm) were used as an excitation source with
liquid nitrogen-cooled CCD.

3. RESULTS AND DISCUSSION

The crystalline structure and phase components of the as-synthesized MoS,/graphene
nanocomposite were examined by XRD. As shown in Figure 1(a), the XRD pattern of GO shows
a strong (001) peak at 26 ~ 10.8° and lower (002) peak at ~23.5°, which comparing to standard
diffraction pattern of GO (JCPDS 00-065-1528) confirms the GO component. For
MoS,/graphene nanocomposite, with reaction time of ~ 2 h, the XRD pattern of the
MoS,/graphene sample shows diffraction peaks at 20 ~ 14.4° 32.5° 39.6° and 58.9°
corresponding to (002), (100), (103) and (110) crystal planes of MoS,, respectively, which is in
good agreement with 2H-MoS, (JCPDS 00-037-1492) [30,31] without other peaks of impurities
phases. The strong (002) peak at ~14.4° corresponds to the d-spacing of ~0.63 nm, indicating
that layered MoS, grows well along the c-axis during the synthetic process.
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Figure 1. XRD patterns (a) and Raman spectra (b) of GO, pristine MoS, and MoS,/graphene
nanocomposite.

The formation of MoS, crystalline phase in graphene matrix can be well explained by the
reduction of MoO,* to form MoS, with mechanism (1) and (2) meanwhile the GO is also in situ
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reduced to graphene by H,S during the hydrothermal process. In this case, graphene provides a
platform for the nucleation and growth of MoS, nanostructures.

CH3CSNHjy(s) + 2H,0 — CH3COOH + NHj; (9) + H.S (9) (1)
4M00,> + 9H,S + 6CH;COOH — 4MoS, + SO,” + 6CH;CO0™ +12H,0 (2)

However, the broad and low intensity of diffraction peaks compared to that of pure MoS,
sample indicating that the MoS,/graphene sample is in a short-range order crystalline state. It
should be noted that, the Van der Waals interaction might lead to an irreversibly restacking
tendency of these MoS, thin sheets during the growth process. This phenomenon can be
explained when considering the phase transformation and structural refinement of MoS, when
increasing reaction time [32]. The restacked structure would lead to a dramatic decrease of
specific surface area of MoS,, which is unfavorable for wide applications. The longer the
reaction time, the thicker the nanopetal-like MoS, will be. For this reason, the total time of
reaction should be less than 2 hours to get the desired crystalline structure of MoS,/graphene
nanocomposite.

Raman spectra shown in Figure 1(b) are used to analyze the structures of MoS,/graphene
nanocomposite. For MoS,/graphene sample, two distinct peaks at ~383.9 and ~406.5 cm
represent for the in-plane E',, and out-of-plane A’y vibrational modes of 2H-MoS, which can be
clearly identified in both spectra of MoS,/graphene nanocomposite and pristine MoS, as reported
elsewhere [33]. The MoS,/graphene nanocomposite exhibit two dominant Raman peaks at
~1352 and ~1583 cm™*, which match well with the D and G bands of graphene, respectively, and
well agreed with that of GO [34,35]. The Ip/lg calculated value for the MoS,/graphene sample
(Io/lg = ~1.06) is smaller than that of GO (Ip/lg = 1.60) [34], indicating that the sp? conjugation
is restored during the hybridization process. The decreased frequency difference of the
MoS,/graphene sample compared to pristine MoS, confirms the ultrathin with few layers of
MoS; phase and matched well with HRTEM images observed in Figure 2(c, d).

The surface morphology and microstructure of MoS,/graphene nanocomposite were
examined by using FESEM and TEM as shown Figure 2(a, b). The obtained MoS,/graphene
sample has a thin sheet-like morphology joined together forming an aggregated petal-like
structure. TEM image shows overall morphologies of MoS,/graphene composite, where petal-
like MoS, nanosheets can be clearly observed, which are well distributed on surfaces and edges
of graphene sheets. It is obvious that the lateral size of the individual of graphene sheets is quite
large and up to several micrometers, while MoS, petal-like nanosheets have diameters in range
of ~200-300 nm and average thickness ~5-6 nm (6-8 layers).

To better elucidate the crystalline structure and morphological distinction between MoS,
nanopetals and graphene, HRTEM analysis was carried out as recorded in Figure 2(c, d). As
observation in Figure 2(d), MoS; layers grow directly on the graphene surfaces. MoS, occupied
space with lamellar structure that can be easily distinguished from the surrounding area where
hexagonal lattice of carbon in graphene clearly observed. From the HRTEM image in Figure
2(d), the spacing of ~0.63 nm can be easily measured and assigned to the distance between (002)
planes of 2H-MoS,. Figure 2(e, f) show a schematic view of MoS,/graphene model structures.
These observations help confirming the directly growth of MoS, nanostructures on graphene
surfaces.

To confirm the existence of graphene and MoS, in MoS,/graphene composite, the HAADF-
STEM and EDX spectroscopy mapping analysis were employed with the results are shown in
Figure 3. The selected EDX mapping region is observed in Figure 3(a) with the elemental
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mapping of C, Mo, and S, respectively, in Figure 3(b—d) indicating the co-existence of C, Mo
and S.

ot

HOO rl;y 7

5

graphene

Figure 2. (a) FESEM, (b) TEM, (c, d) HRTEM images of typical morphology of MoS,/graphene
nanocomposite, (e, f) schematic view of MoS,/graphene model structures.

Element Weight, % Atomic, %

CK 12.41 39.12
SK 33.44 39.50
Mo K 54.15 21.38

Figure 3. (a) The HAADF-STEM image and the corresponding EDX elemental mapping images of (b) C,
(c) Mo and (d) S for MoS,/graphene sample; e) EDX spectrum of MoS,/graphene.

These suggest that MoS, nanosheets are well attached on graphene with no serious
aggregation. The chemical composition of the MoS,/graphene sample is investigated by STEM-
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EDX spectrum as recorded in Figure 3(e). The measured Mo-to-S atomic ratio is around ~0.54,
which is consistent with the stoichiometric ratio of MoS, (1:2). However, the measured Mo-to-C
ratio is around ~0.55:1 which slightly differs from their corresponding precursor ratios 0.5:1.
This phenomenon could be attributed to the partially oxidized MoS, to MoO that consistent to
later XPS investigation.
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Figure 4. XPS spectra of MoS,/graphene sample. (a) Full-scan spectrum (0-1000 eV),
high-resolution core-level spectra of (b) C 1s, (c) Mo 3d, (d) S 2p.

To further confirm the chemical composition and chemical states of elements in
MoS,/graphene composite, the XPS measurements were performed. As shown in Figure 4(a),
the survey wide range spectrum of MoS,/graphene composite recorded from 0 to 1000 eV
reveals the presence of Mo, S and C elements in the sample. Figure 4(b) shows the high
resolution scan XPS with Lorentz peak-fitting result of C 1s region. One can see three resolved
peaks of sp>-hydridized C—C/C=C at ~284.7 eV, sp’ (amorphous carbon) C—C at ~285.3 ¢V and
oxygenated functional groups (C—O) at ~288.4 eV. The absence of the C(O)—O and C=0 peaks
indicates that the GO sheets have been almost reduced to graphene. From the high resolution
scan spectrum of the Mo 3d region in Figure 4(c), two major peaks at ~228.5 and ~231.7 eV are
observed which is assigned to the Mo™ 3ds, and Mo™ 3ds, in 2H-MoS,, confirming the
dominance of Mo(IV) in MoS,/graphene sample. Besides the Mo(lV) 3ds, signal, a peak
appears at ~226.2 eV which could be from the S 2s orbital. Also, a two shoulder located at
~229.4 and 232.5 eV corresponds to Mo™ 3ds, and Mo™ 3ds, in 1T-MoS, phase [36, 37]. Also
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a low broad peak at ~ 234.8 eV indicates molybdenum Mo(VI) in an octahedral configuration,
which is typically observed in partially oxidized MoS, to MoO; phase. Another peak at higher
binding energy of ~235.9 eV relates to the Mo ions in the +6 oxidation state, which may be due
to the inadequate reduction of MoO,> species during the hydrothermal synthesis. From the
higher resolution XPS spectrum of the S 2s in Figure 4(d), the main doublet located at binding
energies of ~161.5 and ~162.7 eV corresponds to the S 2py, and S 2ps, of pristine MoS,,
respectively, which is consistent with previous reports [38, 39]. Based on the XPS investigation,
the formation of MoS,/graphene nanocomposite and the extent of reduction of GO to graphene
can be successfully explained.

4. CONCLUSION

In summary, MoS,/graphene nanocomposite has been successfully synthesized by simple,
scalable and cost-effective hydrothermal technique. The results of FESEM, TEM, HRTEM,
XRD, Raman spectroscopy, XPS and EDX showed that the 2H-MoS, nanosheets with a
thickness less than of eight layers and lateral size of several hundred nanometers attached on the
graphene surfaces, resulting in the formation of 3D architecture of MoS,/graphene
nanocomposite. Our approach is promising for a scalable, inexpensive, and accurate strategy to
fabricate state-of-the-art materials with a certain structure for various practical applications such
as electrode material for batteries or supercapacitor.
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