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A B S T R A C T

In this study, a novel hydrothermal route has been developed for the synthesis of MoS2/graphene composite with
controllable structures, in which ammonium molybdatetetrahydrate, as-prepared graphene oxide (GO), and
thioacetamide were used as staring materials. Effects of Mo4+-to-C precursor ratios and crystalline time on the
structures, components and morphologies of MoS2/graphene were investigated. MoS2/graphene samples were
characterized using XRD, FESEM, HRTEM, FTIR, Raman spectroscopy, HAADF-STEM/EDS, HXPES and electrical
measurements. The results show that petal-like MoS2 nanostructures with ultrathin petals (~1–10 layers) and
coexistence of 1T- and 2H-MoS2 phases can be synthesized on graphene surface in a short time (~2 h).
Comparison of crystallization conditions, we found that the crystallization time had a significant effect on the
size of the MoS2 nanopetals. The shorter the reaction time is, the thinner the petal-like MoS2 nanoscale is. On the
other hand, by adjusting the ratios of Mo4+to C (denoted as: MoS2/C (1:2), MoS2/C (3:2), MoS2/C (2.5:1) and
MoS2/C (3:1)), different MoS2/graphene architectures including “sandwich-liked”, “layer–by–layer” and “an-
chored” can be obtained. On the basis of these results, a possible growth mechanism of MoS2nanopetals on GO
was proposed. Interestingly, the as-synthesized material depicts its memristive behavior through the Volt-
Ampere characteristics, suggesting a potential application in logic memory devices.

1. Introduction

Atomically thin two-dimensional (2D) materials have recently
gained extensive attention because of their unique structures and in-
triguing physicochemical properties with potential applications [1–7].
Graphene, anatomic layer of sp2 bonded carbon atoms in a hexagonal
lattice, is one of the most studied 2D materials. Many fascinating

properties of graphenesuch as high electron mobility (~200 000 cm2

V−1 s−1), large specific surface area (~2600m2 g−1) and excellent
thermal conductivity (~5000W−1 K−1) [8,9], all of which make it a
promising candidate for various applications including gas sensors
[10], batteries [11,12], supercapacitors [13,14], fuel cells [15], pho-
tovoltaic devices [16–20], solar cells [21–23] and biosensors [24].
Beyond graphene, molybdenum disulphide (MoS2) is emerging as one
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of the most attractive 2D materials amongst the transition metal di-
chalcogenides (TMDs). Similar to graphene, MoS2 has a layered struc-
ture in which Mo and S atoms are covalently bonded to form 2D
S–Mo–S tri-layers that stacked together by weak van der Waals inter-
actions along the c-axisto form the bulk MoS2 crystal [4,25]. MoS2
exhibits a thickness-dependent band gap [2] that changes from indirect
band gap of ~1.3 eV for bulk MoS2 to direct band gap of ~1.9 eV in
monolayer form [3,26], exhibiting strong photoluminescence (PL) [2],
high in-plane carrier mobility (~200–500 cm2 V−1 s−1) [27] and ro-
bust mechanical properties [28]. Interestingly, such indirect-to-direct
gap transition due to quantum confinement results in giant enhance-
ment in PL quantum yield [3], together with its strong interaction with
light [29,30], this has opened up the possibility of using few-layer
MoS2-based materials in various practical applications such as field
effect transistors, photodetectors [31,32], light-emitting diodes [33],
solar cells [34], spintronic [35] and environmental applications
[36,37].

Recently, the combination of MoS2 and graphene to fabricate MoS2/
graphene hybrid structure has attracted significant interest due to their
potential in combining properties of both individual components for
specific applications. Importantly, these hybrid nanostructures have
exhibited better performances in comparison to their single counter-
parts for various applications including photocatalysts [38,39], bat-
teries [40,41], sensing [42], energy-harvesting [30] and memory de-
vices [43,44]. Such improved performance is primarily attributed to the
robust hybrid structure and the synergetic effects between few-layer
MoS2 and graphene sheets.

There are several routes for the synthesis of MoS2/graphene com-
posites including ex-situ and in-situ strategies [45]. In the ex-situ syn-
thetic strategy, each component (MoS2, graphene or GO) are prepared
separately in advance, then the composites are fabricated by layer-by-
layer assembly [46], liquid phase exfoliation [47–50], and chemical
exfoliation [51] methods. Despite many advantages include low cost
and scalable production, the ex-situ synthetic strategy requires multiple
complex and time-consuming steps to prepare raw component mate-
rials. Moreover, since the component material has completely formed, it
is difficult to control the preparation of the composites due to its ran-
domly dispersed and weak interactions. For the in-situ strategy, the
synthetic process involves ionic reactions such as sol–gel [52], hydro-
thermal [53,54] or solvothermal [55,56] methods which hold cap-
ability of synthesis nanoscale materials with uniform dispersion and
architectures compared to the ex-situ strategies. Therefore, the in-situ
synthetic strategy is receiving large amount of attention, such as the
preparation of GO and g-C3N4, to synthesize MoS2/GO [57] and MoS2/
g-C3N4 [58] composite materials.

The crystalline structure, morphology and distribution of the na-
nostructures in a composite are strongly affecting the properties of the
final materials [59,60]. Therefore, the control of shape, size and mor-
phology through the proper setting of the growth conditions plays a
crucial role in controlling the functional properties. Previous studies
have demonstrated that the morphology and crystallization behaviour
of pure MoS2 could dramatically change with different reaction con-
ditions [61,62]. In hydrothermal process, MoS2/graphene composite is
directly precipitated from the solution and the unique temperature-
pressure interaction of the hydrothermal solution allows the prepara-
tion of different phases of MoS2 on graphene surfaces and edges. It is
noted that the crystalline structure, size, and densityof MoS2 in the
composites can be easily adjusted by controlling the reaction condi-
tions. However, the morphologies of the reported composites mostly
depend on their corresponding graphene substrates. The large specific
surface areas of GO or graphene are beneficial to improve the dispersity
of MoS2 along with other unique properties. In addition, the lattice
mismatch is significant effective to the composite architectures. Gra-
phene and MoS2 have the same hexagonal crystal structure and both are
well-known quasi 2D materials, but the lattice constants of graphene
(2.461 Å) [63] and MoS2 (2H-MoS2, 3.160 Å) [64] are quite different,

causing a large lattice mismatch between them. For this reason, MoS2
can interact with graphene at atomic level to form different types of
nanocomposite structures such as 2D-2D and 2D-3D architectures.

Despite the recent progress in hydrothermal synthesis with different
combinations of synthetic parameters such as reaction temperature,
time and precursor’s molar ratio, the required reaction time reported in
literatures so far, is still significant long reaction time from several
hours to several days [52,65,66] that remaining a huge challenge to
develop fast simple, reliable and economical strategies for synthesis of
MoS2/graphene nanocomposites.

In this report, we developed a novel hydrothermal synthesis strategy
for the growth of MoS2 nanostructures on GO to fabricate MoS2/gra-
phene nanocomposite by pre-introducing Mo4+ ions on graphene oxide
surfaces through the sonication before in situ hydrothermal growth of
MoS2 and simultaneously restoration of graphene from GO by adding
sulphur source as a reducing agents. And following by the post-adding
sulphur source (S2–) as reducing agents into hydrothermal medium,
simultaneous with samples extraction technique for structural analysis
that benefit for determination of suitable reaction time. To do this, we
use a high pressure autoclave reactor with a specific sampling valve
which enables to withdraw samples at a specific reaction time for in-
stant analysis during the growth of MoS2/graphene composite. This
strategy is not only capable of rapid evaluation of crystallization of
MoS2/graphene microstructures and morphologies with acceptable
quality and precise determination of suitable reaction time but also
provides instant monitoring of the crystallization, microstructure,
morphology of MoS2 and interlayer coupling in MoS2/graphene nano-
composite. Four MoS2/graphene composite samples with different
Mo4+-to-C molar ratios, denoted as MoS2/C (1:2), MoS2/C (3:2), MoS2/
C (2.5:1) and MoS2/C (3:1) were prepared, respectively. Our results
show that MoS2 crystalline phase with nanopetal-like shapes can be
grown on graphene surface at 230 °C within ~2 h. And we have suc-
cessfully incorporated MoS2nanostructures into graphene surfaces that
resulting three observed types of nanocompositearchitectures including
“sandwich-like”, “layer-by-layer” and “anchored”by controlling the
Mo4+-to-C precursor molar ratios. Interestingly, the as-prepared MoS2/
C (3:2) sample depicts its memristive behavior through the Volt-
Ampere characteristics that opened up a potential application in
memory devices.

2. Experiment

2.1. Preparation of GO

A detailed for the synthesis of the GO has been published elsewhere
[67,68]. In brief, a volume 180mL of H2SO4 (98%) was added to a
mixture of 5 g graphite flakes (~ 1 – 5 μm, 99.8%, Sigma Aldrich) and
~ 60mL of H3PO4 (85%) within an ice bath media at ~ 0–5 °C. Then,
60 g of KMnO4 (98%) was added slowly to the mixture with stirring it
for ~3 h at a temperature of 35 ± 5 °C. After that, ~450mL of DI
water was slowly added and stirred at 90 ± 5 °C for 5 h. Finally, ~
800mL of distilled water was added, and then ~ 60mL of H2O2 (30%)
was added for terminating the reaction. The obtained mixture was
purified by using a high speed centrifuge at ~ 10000 rpm for 30min
after adding HCl (5%) in the first round of centrifugation and adding DI
water for additional several rounds of centrifugations, until the pH of its
supernatant liquid reached ~7. After the final centrifugation at
15000 rpm and removal of supernatant, we obtained a relatively high
concentration of GO paste (here, ~3.5 wt%). Next, to generate a
homogenous colloidal suspension of GO in deionized (DI) water, the
obtained graphite oxide was diluted several times with DI water (re-
sulting concentration of 1.0 g L–1), and then the mild sonication was
applied for 4 h in order to obtain stable and homogenous GO dispersion.
The as-prepared GO dispersion was used for the synthesis of MoS2/
graphene nanocomposite.
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2.2. Synthesis of MoS2/graphene nanocomposite material

A volume ~ 30.0mL of GO (1.0 g L–1) brown colloidal dispersion in
DI water was prepared by ultrasonication for 4 h. Subsequently, an
amount of 0.1506 g ammonium molybdatetetrahydrate
((NH4)6Mo7O24·4H2O) was added to this solution and continued to be
ultrasonicated for ~ 2 h. Next, 0.3060 g of thioacetamide was dissolved
in ~10mL DI water in an ultrasonic water bath to form a homogeneous
solution (pH of this solution is kept at 8–9), and then added to the
above mixture solution and stirred at 25–30 °C for 15min.
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. Nitrogen gas (99.9%) was introduced to the auto-
clave through inject valve to adjust and keep pressure in the autoclave
at 50 bar during the synthetic process. Afterwards, the reaction system
was rapidly cooled down to room temperature by uninstalling the au-
toclave out of the electric furnace. The resulting precipitate was washed
several times with DI water and ethanol, then centrifuging and finally
dried at 60 °C for 24 h in a vacuum furnace. The final MoS2/graphene
nanocomposite black powder was collected for characterization. For
comparison purposes, the pristine MoS2 was also synthesized under the
same conditions except for the addition of the aqueous dispersion of the
GO.

In order to investigate the formation and growth of MoS2 on gra-
phene surface versus reaction time, a volume of ~ 3.0 mL sample was
taken out of the reactor through a sampling valve on the autoclave
reaction system at every period of reaction time of 15, 30, 45min and 1,
2, 4, 6 h for XRD, FESEM, HRTEM, HAADF-STEM/EDS, HXPES, Raman,
FTIR analyses. The samples was withdrawn to 25mL glass vials which
have already contained ~ 10mL DI water in order to fast cooling down
the samples to room temperature and stopped the crystallization of the
materials for as accurate as possible in further structural and chemical
composition characterization.

2.3. Characterization

X-ray diffraction (XRD) patterns were recorded using a XRD Bruker
D8 Venture diffractometer utilizing Cu Kα radiation (λ=1.5418 Å)
with a Silicon p-type zero-background cell holder, operated at 40 kV
and 200mA. The morphology of the samples was observed by field
emission scanning electron microscopy (FESEM; Hitachi S-4800), with
an acceleration voltage of 10 kV and high resolution transmission
electron microscopy (HRTEM, JEOL JEM-2100F) at 200 kV in the
bright field. TEM samples were prepared by drop casting the disper-
sions on a carbon-coated copper grid, followed by drying under vacuum
for 72 h at 50 °C. The high angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) images were obtained
with a JEM-ARM200F (JEOL) at an acceleration voltage of 200 kV.
Energy dispersive X-ray spectrum and mappings of the MoS2/graphene
composite samples were obtained using an EDX spectrometer (EDX,
Oxford Inca X-max 80) by STEM with an acceleration voltage of 200 kV.
The hard X-ray photoelectron spectroscopy (HXPES) measurements
were performed at the synchrotron radiation facility BL15XU in 15
SPring-8 by using a VG Scienta R4000 analyzer. The energy of the ir-
radiated X-ray beam was 5.95 keV. The binding energy is referred to as
the Fermi level of a thin Au film. The detailed machine setup and ex-
perimental conditions of the HXPES measurements were reported in a
previous paper [69–71]. Raman measurements were carried out using
Horiba XploRA ONE spectrometer equipped with an Olympus BX50
microscope attachment to focus the laser beam on a 180×120 μm2

selected area of the sample, a 15 mW green argon laser (λ=532 nm)
were used as an excitation source with exposition time of 15 s along
with a 900 lines per mm grating monochromator with liquid nitrogen-
cooled CCD. The Fourier transform infrared spectroscopy (FTIR) spectra
(500–4000 cm−1) were obtained using a Nicolet IR100 FTIR

spectrometer.

2.4. Electronic device fabrication

An eight-Platinum electrodes (60 nm thick) device with 400 nm gap
size on 100 nm SiO2/Si n-type substrate was fabricated by standard
photolithography method. For I–V measurement, a single thin flake of
MoS2/C composite was attached on the very center of the gap among
these electrodes by dielectrophoresis (DEP) method [72,73]. For this
process, the dispersion of MoS2/C (3:2) nanocomposite powder samples
in ethanol was prepared. Briefly, ~3.3mg of nanocomposite powder
was dispersed in ~10.0 mL ethanol (98%), then slightly sonicating for
3min and ready for usage. To attach a MoS2/graphene nanocomposite
flake on device, dropwise an aqueous dispersion of the as-prepared
solution on the very center of electrodes on the device, and a sinusoidal
potential difference is applied to the bias electrode typically –5 to 5 V,
with frequency at 5MHz by an arbitrary function generator (200MS/s
Four-Channel Arbitrary WAVEFROM GENERATOR WW2074, Tabor
Electronics Ltd.) in order to apply an electromagnetic force to grab,
move and trap the thin flakes composite tightly on electrodes. For ex-
amination of device quality, SEM images were investigated using
Scanning Electron Microscope (S3400N Hitachi, Japan). The devices
are dried at 75 °C for 30min using gas protection electric furnace (N2

gas environment, FT-10T, FULL TECH Co., Japan). The electronic
property (I–V characteristic) measurement of the devices with different
nanostructures patterns of MoS2/graphene composite using a HP 4156B
precision semiconductor parameter analyzer instrument with applied
voltage is –10 V to 10 V and scanning step of 0.2 V. The devices were
placed in a dark vacuum probing chamber at room temperature.

3. Results and discussion

3.1. Characterizations of MoS2/graphene nanocomposites

The crystalline structure and phase components of the as-synthe-
sized MoS2/graphene nanocomposites samples were examined by XRD.
Fig. 1(a) shows XRD patterns of the as-prepared GO, pristine MoS2 and
MoS2/graphene under different hydrothermal reaction time.The XRD
pattern of GO shows a strong (0 0 1) peak at 2θ = ~ 10.8°, corre-
sponding to interlayer distance (d-spacing) of ~8.18 Å(estimatedfrom
Bragg equation) [74]. Such d-spacing is considerably larger than that of
graphite (3.35 Å), indicating that GO contains a large numbers of
oxygen-containing functional groups on both sides and surfaces of the
basal sheets. These functional groups endow GO with a good hydro-
philicityand favorable water solubility, which is beneficial to an effec-
tive dispersion of GO as precursor in aqueous solution [75]. Ad-
ditionally, a broad (0 0 2) peak near ~ 23.5 to 26° may be due to
incomplete oxidation of graphite in synthesis procedure.

For the pristine MoS2 sample which exhibits high crystallinity, and
the diffraction peaks observed at ~14.4°, 32.5°, 39.6° and 58.9° corre-
spond to (0 0 2), (1 0 0), (1 0 3) and (1 1 0) crystal planes of MoS2
crystalline phase respectively, which is in good agreement with the
standard diffraction pattern of MoS2 (2H-MoS2, JCPDS 00-037-1492)
[76–78]. The strong (0 0 2) peak at ~14.4° corresponds to the d-spacing
of ~0.613 nm, indicating that individual layer of MoS2 grows well
along the c-axis during thesynthetic process. For MoS2/graphene
sample, as seen in Fig. 1(a), which have the same crystalline structure
as that of the pristine MoS2, but a slightly lower crystallinity that can be
observed for samples with the growth time less than 1 h. In fact, there is
no clear characteristic peaks of the MoS2 phase in MoS2/graphene
samplewere observed in the XRD patterns of the samples with growth
time from 15 to 45min, revealing that there is no formation of crys-
talline phase of MoS2 on the graphene and/or owing to the low MoS2
content. The lack of formation of MoS2 crystals may be attributed to the
incorporation of the graphene in the initial formation stage of MoS2,
resulting in the inhibition of the growth of the layered MoS2 crystal
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during the hydrothermal process. When the reaction time is 1 h, the
growth of the MoS2 crystalline phase starts to occur, as proven by the
appearance of three diffraction peaks centered at around 2θ = ~14.4°,
32.5° and 58.9°, corresponding respectively to (0 0 2), (1 0 0), and
(1 1 0) planes of the hexagonal MoS2 phase. The formation of Mo-
S2crystalline phase in the graphene matrix can be explained by the
reduction of MoO4

2– to form MoS2, meanwhile the GO is also in situ
reduced to graphene by H2S during the hydrothermal process. In this
case, graphene provide a platform for the nucleation and growth of
MoS2 nanostructures. However, it is found that almost all of the dif-
fraction peaks are broad and low intensity compared to the MoS2 peaks
ofthe pure MoS2 sample, indicating that the sample is in a poorly
crystalline state with only a short-range crystalline form. In addition,
the broadening of XRD peaks may result from small grain sizes. When
reaction time is increased up to 2 h, the crystalline structure of the
MoS2/graphene nanocomposite sample undergoes some significantly
changes. The three characteristic peaks of MoS2 crystals become more
visible and narrower peak shape, accompanied by the appearance of a
new peak centered at around 2θ = ~40.1° due to the diffraction of
(1 0 3) plane of MoS2. The emergence of the new peak might be due to
the fact that MoS2 crystals are growing bigger and stacking thicker in
dimensionality. Overall, all of the diffraction peaks in this XRD pattern
can be well indexed to the hexagonal phase of MoS2, without the
characteristic peaks for the other impurities. Additionally, there is
noobvious difference in the XRD pattern ofthis MoS2/graphene sample
compared tothe pristine MoS2, implying that the introduction of GO in
the synthetic process does not change the phase of MoS2. However, it
should be noted thatbecause of the Van der Waals interactions between
ultrathin MoS2 sheets, which lead to an irreversibly restacking tendency
during the growth process. The restacked structure would lead to a
dramatic decrease of specific surface area of MoS2, which is unfavorable
for wide applications of MoS2. In a general way, the longer the reaction
time, the thicker the nanopetal-like MoS2will be. For this reason, under
the controlling of synthesis parameters, the total reaction time should
be less than 2 h to get the desirablecrystalline MoS2/graphene nano-
composite. With the further increase of the reaction time up to 4 and
6 h, the four main diffraction peaks exhibit more intensive while the
peak positions shift closer to that of pristine MoS2. To gain deeper
understanding of crystallization change at different reaction times,
Fig. 1(b) plots the restacking tendency of MoS2 layersversus reaction
times. Evidently, as the reaction time gradually increases, the (0 0 2)

peakposition of MoS2 shifts towards higher diffraction angle (from 2θ
= ~13.5 to 14.2°), the d(0 0 2)-spacing of MoS2 decreases from ~0.656
to ~0.619 nm which is closer to the pristine 2H-MoS2. This phenom-
enon can be explained by considering the phase transformation and
structural refinement of MoS2 when increasing reaction time [79,80].

The microstructure and morphology of MoS2/graphene nano-
composite were examined by FESEM, TEM and HRTEM with results are
shown in Fig. 2. As depicted by the FESEM image in Fig. 2(a), the ob-
tained GO has a thin slightly curved sheet-like morphology joined to-
gether forming an aggregated flake-like structure with estimated
thickness of ~1.2 nm by atomic force microscopy [81].

TEM image in Fig. 2(b) shows overall morphologies of MoS2/gra-
phene nanocomposite, where the well distributed MoS2 nanostructures
can be clearly observed on graphene surfaces and edges. It is obvious
that the lateral size of the individual of graphene sheets is quite large up
to several micrometers, while petal-like MoS2 nanosheets have dia-
meters in range of ~ 200–300 nm with average thickness of ~
0.63–5.60 nm (1–10 layers). Fig. 2(c) shows digital photo of a (3×3)
cm black paper-like film of MoS2/C (3:2) samples collected after drying
while the dispersion in DI water is in brown color as seen in Fig. 2(c)
(top-right).

To better elucidate the crystalline structure and morphological of
MoS2/graphene nanocomposite, HRTEM analysis was carried out as
recorded in Fig. 2(d–g). Ultrathin MoS2 layers are grown directly on
both sides of the graphene surface which generate vertically stacked
architectures with a corresponding HRTEM image shown in Fig. 2(d).
MoS2 occupied space with distinctive lamellar structure that can be
easily distinguished from the surrounding area where hexagonal lattice
of carbon in graphene clearly observed. From HRTEM images in
(Fig. 2(e, f)), the spacing of ~ 0.63–0.64 nm can be easily identified and
assigned to the distance between (0 0 2) planes of 2H-MoS2, as well as
distance of ~ 0.25 nm which can be attributed to that of zig-zag chain
gap in a unit cell of graphene lattice (0.2461 nm) [63] as shown in
Fig. 2(f). The insets in both cases show schematic view of MoS2 and
graphene model structures for a better understanding. Interestingly, in
thelarge scaleof HRTEM image in Fig. 2(g), a thin layer of orthorhombic
lattice structure is clearly observed. This atomic region however, pos-
sibly not be attributed to MoS2 nor graphene in both cases. This ul-
trathin layer bridges and forms the interconnection as a bonding
structure between MoS2 petals and graphene layers in the as-prepared
composite materials. Based on the controlling of synthetic process and

Fig. 1. (a) XRD patterns of GO, pristine MoS2 and MoS2/C (3:2) nanocomposites synthesized at different reaction times, (b) the (0 0 2) peak position and corre-
sponding d(0 0 2)-spacing of MoS2in MoS2/C (3:2) samples.
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chemicals composition of precursors along with chemical states with
instinctive binding energy detected in HXPES (as will be shown later)
and measurable layer distance of ~ 0.21 nm, this can be attributed to
molybdenum oxide (MoO3) with typical orthorhombic structure in
Pnma space group. These observations help confirming the directly
growth of MoS2 nanostructures on graphene surfaces.

3.2. The growth mechanism of nanopetal-like MoS2 on graphene

We interpret the growing process of MoS2nanopetalson graphene as
a growth instability characteristic of a diffusion-limited process [82].
This process is taken place under four regimes:

In the first regime: When dispersed in water by ultrasonication,
exfoliated GO forming a well-dispersed and negatively charged colloids
due to the existence of defects and the ionization of the carboxyl and
hydroxyl groups attached onGO sheets [83–85]. In this condition,
MoO4

2– anions released from (NH4)6Mo7O24·4H2O, randomly adsorbed
on the edges and surface of GO. These anions, in turn, become the ra-
dicals that facilitate the in-situ growth of MoS2 islands. Depending on
Mo4+concentration, the thin electrochemical charged layers on GO
surfaces will significantly affect to growth process and geometry of
MoS2 under the hydrothermal reduction of H2S and restacking of gra-
phene layers.

In the second regime: When thioacetamideis soluble in water, it
releases H2S gas (at ~ 230 °C) as a sulfide source, also a reducing agent
(process (1)) while the buffer solution form of acetic acid and ammonia
help maintaining pH (~ 8–9) of the reaction system during the hy-
drothermal process. In this regime, MoS2 first formation (process (2))
under the disordered in thin layers or islands forms as shown in FESEM
image in Fig. 3(a) and corresponding HRTEM image in Fig. 3(h).

CH3CSNH2(s)+ 2H2O→ CH3COOH+NH3(g)+H2S(g) (1)

4MoO4
2− + 9H2S+ 6CH3COOH→ 4MoS2+ SO4

2− + 6CH3COO−

+12H2O (2)

The initial precursor of MoO4
2– only slightly exceeds that for H2S

reduction. The formation of first MoS2 layers steers the structures to-
wards each other’s growth fronts or close to the graphene substrate
while MoO4

2– building blocks are continued supplying and pilling up
from hydrothermal solution as illustrated in Fig. 4(a).

In the third regime: Under the reduction of H2S in hydrothermal
condition, Mo4+ was reduced and shaped in to thin layers of 2H-
MoS2with one to several layers (Fig. 3(b, c)). This shaping process
leaves behind an ultrathin wall of MoS2 crystals after restacking of
graphene and forming a layer-by-layer composite structure. By con-
trolling of the reaction temperature and the reaction time, H2S gas
violently dissolved in the hot bath with the reducing of MoO4

2– to form
a bunt of disordered MoS2 clusters on the surface and edges of graphene
sheets. These MoS2 clusters immediately undergo a phase transforma-
tion into 2H-MoS2 vertically along (0 0 2) planes on graphene surface to
form into petal-like shape as seen in Fig. 3(d), with corresponding
HRTEM image in Fig. 3(k) and schematic view of composite model
structure (Fig. 4(b-c)). Due to the continuous supplying of MoO4

2–

building blocks to the reaction zones, the formation of 2H-MoS2 is also
continuing to grow. In fact, the concentration of Mo cations in the
precursor was fixed to the Mo4+-to-C molar ratio so, the growing front
of MoS2 petals will stop at a specific size. We characterized a typical
MoS2 petal by an average length (L, nm), thickness (w, nm) and the
aspect ratio w/L. Each of MoS2 petal is approximated by a hemisphere
with a time-dependent radius R(t). We found that the projected circular
area of the petal grows linearly in reaction time with projected circular
area≅ πR2≅ t. As seen in FESEM images in Fig. 3(a–g), and corre-
sponding HRTEM in Fig. 3(h–n), it is not until the reaction time reaches
45min, the presence of MoS2 phases started to appear in which can be
clearly distinguished on the carbon surface. Although MoS2 mor-
phology looks like particles distributed on carbon surface at around
30min with an average size of ~ 0.7 nm in diameter as in Fig. 3(b), but
it rapidly gathered to form the petal-like shaped with the increasing of
reaction time. The wall thickness, w, is limited by the MoS2 formation

Fig. 2. (a) FESEM image of GO, (b) TEM image of MoS2/graphene nanocomposite, (c) Digital photo of a paper-like film of MoS2/graphene nanocomposite with the
inset shows colloidal suspension of MoS2/graphene in DI (top-right), (d) HRTEM image of the as-prepared MoS2/C (3:2) sample and high magnification of the regions
pointed out by the white rectangles in image (d) of:(e) MoS2, (f) graphene and (g) MoO3.
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to w ≈ 0.63–12.3 nm (Fig. 3(c–f)) even as the wall itself continues to
extend laterally over lengths of order from ~ 50 to 360 nm or larger.
The resulting low-aspect ratio structure w/L~0.0126–0.0342 may thus
be well approximated as a surface that is left behind by a space curve,
which represents the growth front and evolves over time.

In the regime 4: In a supersaturated solution, a larger critical sized
of 2D MoS2 will spread laterally across the face until it reaches a
boundary, which could be the edge of the petals or a grown front from
another spiral. This results in the formation of helical or petal-like
shaped structures (Fig. 3(d–f)) which develops a high-curvature front
within a lower oligomer concentration at the interface. The buffering
ability of the oligomers is then reduced which induces the lowering of
the local MoO4

2– precursor’s concentration. As a result, these structures
inherently bend away from the bulk with disordered forms of curvature.
Helical structures display a high edge-to-surface ratio with strong cur-
ling of the walls which reduce the Mo4+ concentration at the growth
site. Leaves grow along the substrate by forming a curved front. Evol-
ving leaves develop tips with high curvature, where the precipitation
rate increases and, in turn, sharpens the tips even more. When in-
creasing the reaction time to 360min, MoS2 petals tend to restack and
form large spherical shapes (Fig. 3(g)) which construct from several
dozen of Mo-S-Mo single layer as shown in Fig. 3(n). After front

splitting, a diffusion-limited growth front lays down another thin-
walled in the MoS2/graphene composite structure. These petals con-
tinue growing and branching until the supplying of MoO4

2– and is
disconnected.

3.3. Influence of Mo4+-to-C molar ratio on the MoS2/graphene structures

In order to investigate further structural formation of MoS2/gra-
phene nanocomposite as well as to evaluate the effect of Mo4+-to-C
molar ratio in our studied materials, XRD and HRTEM analyses were
performed and the results are shown in Fig. 5. As imaged in Fig. 5(a) for
MoS2/C (1 : 2) and MoS2/C (3 : 2) samples, an additional sharp peak
(marked by ▾) at ~ 8.7, 9.2° and a broad peak (marked by ♦) at ~ 18.1,
17.5° with the interlayer spacing of these two peaks calculated by
Bragg’s equation are ~0.96–1.10 and ~ 0.48–0.56 nm, respectively,
appeared in XRD patterns along with clearly observable characteristic
peaks of 2H-MoS2. The higher Mo4+-to-C molar ratio is, the more in-
tensity of these two peaks increase. However, one can see that these
peaks disappeared as the ratio of Mo4+-to-C molar exceeds value of (1.5
: 1) as recorded for MoS2/C (2.5 : 1) and MoS2/C (3 : 1) samples. Two
new peaks are certainly not characteristic peaks of pristine MoS2 nor
GO as two main components of MoS2/graphene composite.

A careful inspection of HRTEM images (Fig. 5(b–g)) reveals that
MoS2 layers stack with graphene layers as a sandwich-liked composite
structure. We found that MoS2 grows on graphene surface along (0 0 2)
planes forming a layer-by-layer composite structure as suggested by our
model. These types of MoS2/graphene composite structures can be ex-
plained according to the synthetic process of Mo4+-to-C molar ratio. As
described in the shaping mechanism, the smaller the molar ratio of
~1.5, the lower concentration of MoO4

2– precursors in hydrothermal is,
followed by less diffusion or supply of the MoO4

2– building blocks
during the synthesis. This results in a thin layer of MoO4

2– that elec-
trostatic attachment on negative charged centers on GO edges or sur-
faces. Under a reduction of H2S in the hydrothermal condition, Mo4+

ions were reduced and shaped into thin layers of 2H-MoS2 from one to
several layers. This shaping process leaves behind an ultrathin wall of
MoS2 after restacking of graphene to form a layer-by-layer composite
structure. This structure enables a two new diffraction peaks as ob-
served in XRD spectra as shown in Fig. 5(a). The similar phenomena
were also reported by Gao [86] but with different interpretation due to
the intercalation of oxidized DMF species into two S–Mo–S layers which
is ascribed to oxygen incorporation [87] or caused by the inclusion of
the CTA+ ion into the samples [56] with the lack of HRTEM images. For

Fig. 3. The morphology evolution of petal-like MoS2 nanosheets on graphene surface: (a–g) FESEM images of MoS2 on graphene depend on the reaction timeand
(h–n) HRTEM images of the MoS2/graphene nanocomposite samples corresponding to FESEM images.

Fig. 4. Schematic illustration of the possible growth process of petal-like MoS2
nanosheets on graphene.
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samples of higher Mo4+-to-C ratios as MoS2/C (2.5:1) and MoS2/C
(3:1), the XRD data in Fig. 5(a) of these samples appear similar to that
of 2H-MoS2containing a few layers as nanopetal-like shape anchored on
graphene without graphitic diffraction peaks as described earlier ac-
cording to our proposed mechanism. According to our experimental
results, three types of MoS2/graphene nanocomposite structures could
be observed as layer-by-layer (Fig. 5(b, c)) for MoS2/C (1:2) sample,
sandwich-like (Fig. 5(d, e)) for MoS2/C (3:2) sampleand anchored
(Fig. 5(f, g) and Fig. 5(h, i) for MoS2/C (2.5:1) and MoS2/C (3:1)
sample.

3.4. Raman and FTIR analysis

Raman spectroscopy, as a powerful characterization technique, has
been widely used to determine the number of graphene layers, as well
as the change of crystal structure of carbonaceous materials [88–90],
and recently for TMDs [91–94]. Raman spectra shown in Fig. 6(a) are
further used to analyze the structures of MoS2/graphene nanocomposite
with comparison to that of pristine MoS2. For the pristine MoS2 sample,
the two main peaks are at ~ 375 and ~ 403 cm−1, respectively, cor-
responding to the in-plane E12g and out-of-plane A1

g vibrational modes of
2H-MoS2. For MoS2/C (3:2) sample, two distinct peaks at ~376 and
~403 cm−1, corresponding to the in-plane E12g and out-of-plane A1

g vi-
brational modes of 2H-MoS2 which can be clearly identified in the
spectra of both MoS2/graphene and pristine MoS2 as reported else-
where. The MoS2/C (3:2) sample exhibits two dominant Raman peaks
at ~1349 and ~1578 cm−1, which match very well with the D andG-
bands of graphene, respectively, and well agree with that of GO [95].
The G-band represents the vibration of ordered sp2-carbon atoms in a
2D hexagonal lattice, while the D-band is ascribed to edges, defects and
disordered carbon. The ID/IG calculated value for the MoS2/C (3:2)

sample (ID/IG = ~1.06) is smaller than that of GO (ID/IG= 1.60) [96],
indicating that the delocalized π conjugation is significantly restored
during the hybridization process.

The difference between the Raman peak frequencies of E12g and A1
g

exhibits a stepwise decrease with decreasing number of MoS2 layers.
Therefore the decreased frequency difference for the MoS2/C (3:2)
sample compared to the pristine MoS2 confirms that the
MoS2nanosheets in MoS2/graphene composite are ultrathin with few
layers that matched well with observed results in HRTEM images in
Fig. 2(e). Moreover, the relative integrated intensities of the two modes
of E12g and A1

g can provide useful information about the terminated
structure of the MoS2 nanosheets, a higher intensity ratio of E12g mode
than that of A1

g mode indicates the formation of terrace surface-termi-
nated structure, whereas the edge-terminated structure is correlated
with a lower intensity of E12g mode than that of A1

g mode.
We conducted the FTIR analysis to further investigation the struc-

tural formation of MoS2/graphene nanocomposite samples in the
comparison to that of GO and pristine MoS2, as shown in Fig. 6(b). In
the spectrum of MoS2/C (3:2) sample, the absorption peaks at around ~
1640 cm–1can be attributed to C]C stretching vibrations of the sp2-
hydridized CeC/C]C in graphene lattice, which implied the successful
reduction of GO to graphene. While the peaks at ~ 1390 and ~
1041 cm−1 were attributed to CeOH and CeOeC groups stretching
vibration, indicating that there also some hydroxyl groups existed in the
samples. Comparing with the spectrum of pristine MoS2, new peaks at
~ 1206 and ~ 1140 cm–1 might be due to the C]S asymmetric and
symmetric stretching modes [97]. The additional peak at ~ 757 cm−1 is
assigned to CeS stretching vibration [98]. The peaks at ~ 530 and ~
950 cm−1 were attributed to MoeS and MoeO stretching vibrations,
respectively. The interaction between the C and S, most likely un-
saturated S on the edges of the MoS2 rather than the saturated S in the

Fig. 5. (a) XRD patterns of MoS2/graphene with different Mo4+-to-C molar ratios; (b, d, f, h) HRTEM images and (c, e, g, i) corresponding higher magnification
HRTEM images, and schematic view of crystalline structure of the as-prepared MoS2/graphene nanocomposites.

L.N. Long, et al. Applied Surface Science 504 (2020) 144193

7



planes of the MoS2, inducing that MoS2nanopetals perpendicularly
grow on GO.

3.5. EDS and HXPES studies

To confirm the existence of graphene and MoS2 in a MoS2/graphene
composites, the HAADF-STEM and EDS spectroscopy mappinganaly-
seswere carried on the MoS2/C (3:2) and the results are shown in Fig. 7.
The region used for EDS mapping has been selected randomly, and this
selected region is observed in HAADF-STEM image (Fig. 7(a)). Fig. 7(b-
d) show the elemental mapping of C, Mo, and S, respectively, for the
selected region as seen in Fig. 7(a), indicating the co-existence of C, Mo
and S. These suggest that MoS2 nanosheets are well attached on

graphene with no serious aggregation. The chemical composition of the
MoS2/graphene sample is investigated by EDS spectrum as recorded in
Fig. 7(e). The EDS spectrum of MoS2/graphene composite reveals the
presence of C, Mo and S elements. The measured Mo/S atomic ratio is
around ~ 0.54, which is consistent with the stoichiometric ratio of
MoS2 (1:2). However, the measured Mo4+-to-C ratio is around ~1.3:1
which differs from their corresponding precursor ratios. This phenom-
enon could be attributed to the partially oxidized MoS2 to MoOx.

To further confirm the chemical composition and chemical states of
elements in the structure of MoS2/C (3:2) sample, the HXPES mea-
surements were performed. As shown in Fig. 7(f), the survey spectrum
recorded from 0 to 1000 eV reveals the presence of Mo, S, and Cele-
ments in the samples. Fig. 7(g) shows the C-1s HXPES Lorentz peak-

Fig. 6. (a) Raman spectra of pristine MoS2 and MoS2/C (3:2) samples; (b) FTIR spectra of MoS2 bulk, GO, pristine MoS2 and MoS2/C (3:2) nanocomposite samples.

Fig. 7. (a) The HAADF-STEM image and the corresponding EDX elemental mapping images of (b) C, (c) Mo and (d) S for MoS2/C (3:2) sample; (e) EDS spectrum of
MoS2/graphene. HXPES spectra of MoS2/graphene (3:2) sample: (f) full-scan spectrum (0–1000 eV), high-resolution core-level spectra of (g) C 1s, (h) Mo 3d, (i) S 2p.
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fitting results of MoS2/graphene composite. One can see three resolved
peaks of sp2-hydridized CeC/C]C at ~284.2 eV, sp3 (amorphous
carbon) CeC at ~ 285.9 eV and oxygenated functional group (C]O) at
~288.3 eV. The absence of the C]O and C(O)eO peaksindicates that
the GO sheets have been almost reduced to graphene [99]. From the
high resolution HXPES spectrum of the Mo 3d scan in Fig. 7(h), two
major peaks at ~ 229.2 and ~ 232.9 eV are observed which is assigned
to the Mo+4 3d5/2 and Mo+4 3d3/2 in MoS2(green fitted curves) con-
firming the dominance of Mo(IV) in MoS2/C (3:2) sample. The two
peaks of the blue curves display downshifts to a lower binding energy
by ~ 0.3 and ~ 0.7 eV compared to the 2H-MoS2, which are attributed
to 1T-MoS2 phase (228.9 and 232.2 eV). Besides the Mo(IV) 3d5/2
signal, a small feature appears at ~226.1 eV which could be from the S
2s orbital. Another peak at higher binding energyof ~235.2 eV relates
to the Mo ions in the +6 oxidation state, which may be due to the
inadequate reduction of MoO4

2−species during the hydrothermal
synthesis [100]. The observation represents a modulation to the local

bonding environment in the crystal that supports to the hypothesis of
bonding layer between MoS2 nanopetals and carbon in graphene sur-
face. From the higher solution HXPES spectrum of the S2p in Fig. 7(i),
the main doublet located at binding energies of ~ 162.0 and ~ 162.9 eV
(green curves) corresponds to the S 2p3/2 and S 2p1/2 of pristine MoS2,
respectively, and the shift of ~ 0.3 eV of these peaks to lower binding
energy of ~ 163.2 and ~ 161.7 eV) (red curves) can be ascribed to the
existence of the 1T-MoS2, which is consistent with previous reports
[87,101]. By measuring the area under the curves of Mo 3d and S 2p
peaks and taking account of atomic sensitivity factors, the estimated
atomic ratio of Mo-to-S is found to be nearly stoichiometric ~ (1:1.85)
in as-synthesized pristine MoS2. Based on the HXPES investigation, the
formation of MoS2/grapheme nanocomposite and extent of reduction of
GO to graphene can be successfully explained.

Fig. 8. (a) Schematic illustration of a device model and (b) I–V measurement set up with photograph of a real SiO2/n-type Si devices. SEM images of a device: (c)
before and (d) after dielectrophoresis process; (e) higher magnification SEM image of device shows a single MoS2/graphene nanocomposite sheet trapped on
electrodes.

Fig. 9. I–V curves of selected domain of MoS2/graphene nanocomposite.
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3.6. Resistance switching of MoS2/C (3:2) nanocomposite

It is well known that non-volatile resistance switching recently has
been observed in various solution-processed multi-layer 2D materials
including pristine MoS2, reduced and functionalized GO mixtures,
partially degraded black phosphorus [102], functionalized MoS2 and
composites, and TMDs based hybrids [103], where the resistance can be
modulated between a high-resistance state (HRS) and a low-resistance
state (LRS) and subsequently retained absent any power supply
[104,105]. In this work, we also briefly reported the resistance
switching behavior of our as-prepared MoS2/C (3:2) nanocomposite
sample in which MoS2 nanopetal-like shape randomly distributed on
graphene surface. The MoS2/C (3:2) sample was deposited on a simple
nano-gap electronic device with Ohmic electrodes on SiO2/n-Si sub-
strate, as shown in Fig. 8. The Volt-Ampere (I− V) characteristics are
conducted using a semiconductor parameter analyzer and shielded 4-
probes station with a power supply under dark conditions.

Firstly, the I− V measurement was carried out for the graphene
with the pairs of electrodes (2–3) as shown in Fig. 9(a). One can see that
the connection between two electrodes is the reduced graphene flake
due to the lack of MoS2 petals as observed in FESEM image (Fig. 8(e)).
The I− V curve in Fig. 9(a) presents a high conductive ohmic-like be-
havior with the semi-log plot and dI/dV–V curve as shown in Fig. 9(b,
c). Then, the pairs of electrodes (1–8), as shown in Fig. 8(e), was ex-
amined in which there some of MoS2nanopetals are distributed on
graphene surface and only graphene contacts to the electrodes. The I–V
characteristic (Fig. 9(d)) has non-ohmicbehavior and lower conductive
in the sweeping bias range of –10 to +10 V. In addition, the existence
of Plateau width (PW ~ 4.1 V) defined as the zero current region in the
dI/dV− V curve (Fig. 9(f)) which is the evidence of band gap opening
of MoS2/C composite samples under electric field, also confirm the
semiconducting property of this device. It is noted that the semi-log plot
of I–V in this case(Fig. 9(e)) depicts the hysteresis loop in both forward
and reverse sweepings and also the pinched hysteresis which are a
characteristic for memristive or charge storage (capacitance) [106].

The initial HRS was changed to LRSin the 0 to –10 V bias voltage
sweeping. The device remained in the LRS and progressively changed to
the HRS only in the +10 V to 0 voltage sweeping. It has been reported
that memristiveproperties can be obtained from MoS2 materials [107].
The fact that these atomically thin sheets allow great thickness scal-
ability along with high strength makes them viable for conventional
semiconductor as well as for flexible electronics devices. Our processing
of memristive MoS2nanoscale is more efficiency due to very short
synthesis time (2 h), it leads to reduction of production cost.

4. Conclusions

In this report, we introduced a new synthesis strategy using the
hydrothermal method to synthesize MoS2/graphene nanocomposites
including two new points: (1) the synthetic strategy was modified by
first introducing Mo4+ into the aqueous dispersion of GO before adding
thioacetamide as a sulphur source, also a reducing agent (H2S gas
forming under the hydrothermal condition); (2) The formation and
growth of nanopetal-like MoS2 on graphene surface were analysed
along the reaction process: sample with a volume of ~3.0mL was taken
out at different reaction times for XRD, FESEM, HRTEM, HAADF-
STEM/EDS, HXPES, Raman and FTIR analyses through a sampling
valve on the autoclave reaction system. In order to do this, we used the
high pressure autoclave reactor with a specific design that enables to
withdraw samples for analysis during the growth. The obtained results
showthatultrathin MoS2 petals (~1–10 layers) with the coexistence of
1T- and 2H-MoS2 phases could be fabricated on the surface of graphene
sheets in a short time (~ 2 h); and the shorter the reaction time, the
thinner the petal-like MoS2 nanoscale is. By controlling the Mo4+-to-C
molar ratios, three observable MoS2/graphene nanocomposite archi-
tectures including “sandwich-liked”, “layer–by–layer” and “anchored”

can be obtained. Interestingly, the as-synthesized material depicts its
memristive behavior through the Volt-Ampere characteristics that
suggests a potential application in logic memory devices. The possible
growth mechanism of MoS2nanopetals on GO was discussed on the
basis of the experimental facts. Our approach is very promising for a
scalable, inexpensive, and accurate strategy to grow a 2D-3D MoS2/
graphene nanocomposite with different structure for potential appli-
cations in electronic and optoelectronic devices.
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