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Abstract. The molybdenum disulphide (MoS2) nanoparticles have been widely applied as solid lubricants. In this
article, hollow core-shell MoS2 nanoparticles with flower-like surface were prepared by a two-step solvothermal method,
which were characterized by X-ray diffraction, nitrogen adsorption–desorption isotherm, X-ray photoelectron spectroscopy, scanning electron microscopy and transmission electron microscopy. The friction and wear properties of the
prepared hollow core-shell MoS2 nanoparticles in oils were investigated using a ball-on-disk tribotester. The results
showed that the prepared hollow core-shell MoS2 nanoparticles could significantly improve the friction-reducing and
antiwear properties of the oils. It was found that the friction coefficient was reduced by 43.80% and the wear was
decreased by as much as 8 times after adding the hollow MoS2 into oils. The lubrication mechanism of the fabricated
hollow MoS2 nanoparticles in oils was interpreted as that the hollow MoS2 nanoparticles were exfoliated into layeropened fragments with the formation of ultrathin nanosheets, which were beneficial to the formation of the tribofilm on
rubbing surfaces.
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Introduction

It is estimated that as much as 30–50% of energy in the
world is consumed by friction, and the wear caused by
friction is the main reason for mechanical failures [1].
Lubrication with oils has been considered as one of the most
efficient methods to control friction and wear [2]. It is well
known that the lubrication performance of the oils is mainly
determined by lubricating additives [3,4]. The advantages
of nanoparticles include small size, large specific surface
area and high chemical activity that are highly desirable for
their employment as lubricating additives [5,6]. Up to now,
various kinds of nanoparticles, such as carbon-based
materials [7], transition metal dichalcogenides [8], hexagonal boron nitride [9], metal copper [10], layered double
hydroxides [11], rare-earth compounds [12], have been
explored as promising lubricating additives. Among them,
molybdenum disulphide (MoS2), as a typical member of
transition metal dichalcogenides, has received the most
attention in virtue of their excellent friction reducing and
wear resistance behaviours [13,14].
Over the past decades, numerous studies have been
devoted to investigating the lubrication performance of
MoS2 particles in oils [15,16]. Depending on the

morphologies of MoS2 nanoparticles, different lubricating
properties have been observed [17,18]. It has been highlighted by many authors that the higher ability to exfoliate
by friction, the better lubrication of MoS2 nanoparticles
[19,20]. Recently, hollow MoS2 particles have attracted
increasing interests in the field of tribology based on their
easy exfoliation within friction process [21]. The hollow
MoS2 have been reported to exhibit more excellent lubricating behaviour as lubricating additives compared with the
solid counterparts. For example, in the literature [22], the
authors have proposed that hollow MoS2 nanospheres
showed superior lubrication performance than the well
spherical MoS2. They attributed this to the easy exfoliation
of hollow MoS2 steaming from the weak mechanical
property. However, in the literature [22], the hollow MoS2/
sericite mica composite instead of pure hollow MoS2 has
been used as lubricating additives. Liu and Zhou [23] have
obtained a remarkable improvement in the lubrication performance of oils when the pure hollow MoS2 microspheres
were used as lubricating additive. However, the lubrication
of MoS2 is closely related to the size of its particles, and
previous studies have confirmed that nanosized MoS2 generally had better tribological properties than bulk microsized MoS2 [24]. Thus, in this work, hollow MoS2
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nanoparticles were synthesized and used as lubricating
additives for liquid paraffin, and their lubricating mechanism was discussed.

2.
2.1

Experimental
Materials and methods

All chemicals in this study were of analytical grade purity
and used as-received without further purification. Molybdenyl acetylacetonate (C10H16MoO6) was purchased from
Sigma Aldrich. Isopropanol (C3H8O), glycerol (C3H8O3),
thiourea (N2H4CS), cyclohexane (C6H12) were bought from
Sinopharm Chemical Reagent Co., Ltd. (China).
The two-step synthesis method for the hollow MoS2 was
a modified version, as described by Wang et al [25]. In the
first step, solid molybdenum oxide nanoparticles was
obtained, which were then converted into hollow MoS2
through the sulphidation reaction in the second step. Firstly,
0.15 g C10H16MoO6 were dissolved into the mixed solution
of 12.5 ml C3H8O, 7.5 ml distilled water and 4 ml C3H8O3.
The solution was then transferred into a 50 ml Teflon-lined
stainless steel autoclave and was kept at 190°C for 4 h.
After cooled to room temperature, brown precipitates were
collected by filtration, washed with isopropanol and ethanol
for three times. In the second step, the brown precipitates
were added into the mixed solution of 12.5 ml ethanol and
5 ml distilled water. Meanwhile, 1 g N2H4CS was dissolved
into the solution with the aid of magnetic stirring for
30 min. The solution was further transferred into a 50 ml
Teflon-lined stainless steel autoclave, heated up to 200°C
and maintained for 18 h. Eventually, the black products
were obtained by filtration, washed with distilled water and
ethanol for three times, dried at 40°C for 6 h under vacuum.

2.2

Characterization

X-ray diffraction (XRD) patterns were obtained on a
Thermo Fisher ESCALAB 250Xi Diffractometer with Cu
Ka radiation. Nitrogen adsorption–desorption isotherms
were characterized at 77 K with a Bell mili2 gas adsorption
instrument. XPS spectra were collected using a PHI
Quantera X-ray photoelectron spectroscopy. Scanning
electron microscopy (SEM) images were collected on a FEI
Quanta 650 FEG microscope. Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM)
images were taken on a FEI Titan ChemiSTEM 80-200
microscope.

2.3

Friction tests

The lubrication performance of the prepared hollow MoS2
in oils was measured on an Optimal SRV 4 tribotester at
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room temperature, where a steel ball was loaded and
reciprocated against a stationary steel disk. Liquid paraffin
(LP) with different mass concentrations of prepared MoS2
were used as oil samples and tested three times. The
oscillation frequency was 50 Hz and the stroke 2 mm. The
balls used were made from AISI-52100 with diameter of 10
mm, an HRC hardness of 61–63, and surface roughness of
25 nm. The counterparts were AISI-52100 steel disks with
diameter of 24 mm, height of 7.88 mm, and the surfaces
were polished to roughness of 50 nm. The topographies of
the wear tracks on the lower disks were examined by whitelight interference profilometer (Phase Shift MicroXAM-3D)
and SEM. The XPS was used to analyse the surface
chemistry of the wear tracks. The wear debris collected
from the wear tracks at the end of the friction tests were
observed using TEM.

3.
3.1

Results and discussion
Material characterization

Figure 1a shows the XRD pattern of the obtained sample.
The peaks at 14.3, 32.7, 33.5, 35.7, 44.2 and 58.3° can be
well indexed to the (002), (101), (100), (102), (006) and
(110) planes of the hexagonal MoS2 (JCPDS 37-1492) [26].
The N2 absorption–desorption isotherm (figure 1b) indicates a mesoporous structure (typical IV behaviour isotherm) for the fabricated sample. The specific surface area
and pore size distribution are calculated as 43.16 m2 g–1
and 0.18 cm3 g–1, respectively. Figure 1c and d shows the
high-resolution XPS spectra of Mo 3d and S 2p for the
prepared sample. The peaks located at 228.11 and 231.25
eV in the Mo 3d spectrum (figure 1c) correspond to the Mo
3d5/2 and Mo 3d3/2 of Mo?4, respectively [27]. The peak at
the position of 226 eV in figure 1c is assigned to the S 2s.
The S 2p spectrum (figure 1d) shows two peaks at 161.75
and 162.64 eV that can be indexed to the S 2p3/2 and S 2p1/2
of S2–, respectively [28].
Figure 2 illustrates the morphology of the prepared
sample characterized by the SEM and TEM. As shown in
figure 2a, the obtained MoS2 exhibits a flower-like spherical
shape with an average diameter of about 500 nm. At higher
magnification, it observes that the surfaces of these spherical architectures are constructed from extensive nanosheets
(figure 2b). Moreover, the broken hole in figure 2b (directed by arrows) illustrates a hollow structure. TEM images of the obtained MoS2 are shown in figure 2c–g. It is
clear that there is a distinct contrast between the core (light)
and the shell (dark) (figure 2c and d), confirming a typical
core-shell structure. The diameter of the hollow sphere is
measured as about 300 nm, and the thickness of the shell
200 nm (figure 2e). The nanosheets on the shells exhibit
ultrathin structure with about 5–7 layers (figure 2f). The
spacing between these nanosheets is 0.640 nm (figure 2g),
close to the feature of the layer-to-layer distance for the
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Figure 1. (a) XRD pattern, (b) N2 absorption–desorption isotherms, XPS spectra of (c) Mo 3d and (d) S 2p of the
prepared sample.

(002) plane of MoS2 nanosheets [29]. In the selected area
electron diffraction image (figure 2h), four diffraction rings
with lattice feature are observed, corresponding to the
(002), (100), (103) and (110) reflections of the hexagonal
MoS2 [30]. The dark-field scanning transmission electron
microscopy (HAADF-STEM) image shows an almost
transparent hollow core-shell framework constructed by
nanosheets (figure 2i). The elemental mapping images
reveal the distribution of Mo and S elements on the shells,
affirming a hollow core-shell structure (figure 2j and k).

3.2

Tribological properties as oil additives

Figure 3 shows the friction coefficient and wear scar
diameters (WSDs) on upper balls for oils with different
concentrations of prepared MoS2 (hollow flower-like MoS2,
denoted as HFs MoS2) in the liquid paraffin (LP) at the
tested load of 50 N (corresponding to the initial maximum
Hertz contact pressure of 1.83 GPa). It is obvious that the
friction coefficient decreases with the HFs MoS2 concentration increasing. By comparison, the friction coefficient is
reduced by 33.1% after adding 2.0 wt% HFs MoS2 into oils.
For the antiwear property, it observes that the WSDs firstly
decrease quickly and then increase slightly as the HFs MoS2

concentration increase (figure 3b). The smallest WSDs is
obtained at the HFs MoS2 concentration of 1.5 wt%. As
shown in figure 3, both favourable friction-reducing and
antiwear properties are obtained at the HFs MoS2 concentration of 1.5 wt%, and it considered as optimum concentration for further tribological experiments.
Figure 4 illustrates the influence of contact pressure
(tested load of 50, 100, 200, 300, 400 N, corresponding to
the initial maximum contact pressures of 1.83, 2.32, 2.67,
2.92, 3.33, 3.67 GPa) on the lubrication effect of the oils.
As shown in figure 4a, the friction coefficient of the pure LP
increases with the contact pressure increasing. For the LP
with HFs MoS2, the friction coefficient firstly decreases and
then increases with the increase in the contact pressure.
Obviously, the HFs MoS2 lubricated friction coefficient is
significantly smaller than that tested with the pure LP. By
calculation, the average friction coefficient is decreased
31.6% after adding the HFs MoS2 into the LP. It is worth
pointing that the reduction in the friction coefficient reaches
up to 43.8% at 2.92 GPa when the HFs MoS2 was added
into the oils. Figure 4b shows the wear volume of the lower
disks as functions of the contact pressure. It observes that
the wear volume is significantly reduced when the LP with
HFs MoS2 was used for lubrication. The average wear
volume for the LP with HFs MoS2 is 74.1% lower than that

88

Page 4 of 7

Bull. Mater. Sci. (2021)44:88

Figure 2.

(a and b) SEM and (c–k) TEM images of the prepared sample.

Figure 3.

(a) Friction coefficient and (b) WSDs as functions of the HFs MoS2 concentration.

lubricated by the pure LP. Especially, at the contact pressure of 2.32 GPa, the wear volume is decreased by as much
as 8 times with respect to the pure LP.
Figure 5 shows the 3D images and SEM images of the
wear tracks on lower disks (2.92 GPa). As shown in figure 5a, extremely wide and deep wear track are presented
on the pure LP lubricated friction surface. Figure 5b shows
the SEM image of the pure LP lubricated wear surface,
where extensive ploughing grooves aligned to the sliding
direction are observed. These suggest that severe adhesive

wear occurred when the pure LP was used for lubrication.
The corresponding energy-dispersive X-ray (EDS) spectrum indicates that the wear track had the same composition
as that of the disks (figure 5c). For the samples lubricated
with the HFs MoS2 (figure 5d), the 3D image indicates
much narrower and shallower wear track in comparison
with that in figure 5a. The SEM image illustrates a smooth
wear surface characterized by small pits when the LP with
HFs MoS2 was used (figure 5e). The EDS analysis of the
wear tracks is shown in figure 5f, where Mo and S elements
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Figure 4.

The effect of the contact pressure on the (a) friction coefficient and (b) WSDs of the oils.

Figure 5.
MoS2.

3D, SEM and EDS images of worn surfaces lubricated by (a, b, c) pure LP and (d, e, f) LP with HFs

are detected inside the wear tracks. It is deduced that HFs
MoS2 were transferred into the contact area of rubbing
surfaces and then the MoS2-based tribofilm was formed
inside the wear tracks.
XPS spectroscopy was performed on the HFs MoS2
lubricated wear track (2.92 GPa, figure 5e) to investigate
the chemical composition of the tribofilm. As shown in
figure 6a, the C1s spectrum shows two peaks of binding
energies at 284.6 and 286.8 eV, which correspond to the C–
C/C–H and C–O bonds, respectively [31]. For the Mo 3d
spectrum (figure 6b), it consists of four peaks corresponding
to the MoS2 (229.39 and 232.53 eV) and the MoO3 (232.07
and 235.21 eV) [32]. For the O1s spectrum, the peak at the
position of 530.88 eV is indexed to the MoO3, confirming
the oxidation of Mo element (figure 6c). Besides, the O1s
peaks at 529.90 and 532.20 eV are ascribed to the Fe2O3

and the C–O, respectively [33]. For the S 2p spectrum
(figure 6d), the peaks observed at 161.60 and 161.79 eV
correspond to the FeS species and the peaks at the positions
of 162.24 and 163.43 eV correspond to the MoS2 [31]. For
the Fe 2p spectrum (figure 6e), the peak located at 710.05
eV is attributed to the FeS [34], and the peak found at the
position of 712.17 eV can be attributed to the Fe2O3 [35].
The XPS results reveal that the presence of a tribofilm
formed by MoS2 mixed with the species of organic compound, molybdenum oxide, iron sulphide and iron oxide on
the HFs MoS2 lubricated wear surfaces. Similar findings are
reported by Tomala et al [36], investigating the chemical
composition of the tribofilm recorded from the nanotubes
MoS2 lubricated steel surfaces. Furthermore, the thickness
of the tribofilm was analysed through the XPS depth profile
(figure 6f). As shown in figure 6f, there are relatively high
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Figure 6. XPS spectra of (a) C 1s, (b) O1s, (c) Mo 3d, (d) S 2p, (e) Fe 2p and (f) XPS depth profile of the tribofilm recorded from the
wear track lubricated with HFs MoS2.

Figure 7.

TEM analysis obtained on wear debris after friction tests.

contents of Mo and S elements (6.61 and 7.07 at%,
respectively) detected on the top surface of the wear track.
After 5 nm depth of etching, much more contents of Mo and
S elements (22.76 and 12.66 at%) are exposed. Then, the
Mo and S contents decrease with the etching depth
increasing and reduce to a low concentration (Mo is 1.38
at%, S is 1.40 at%) at the etching depth of 93 nm. It also
observes that the iron content increases from a low level to
the level of the steel disk (84.51 at%), as the etching depth
increased into 93 nm. This means that the tribofilm was
completely etched off and the steel substrate was reached at
this etching depth. According to figure 6f, it is estimated
that the thickness of the tribofilm derived from the oil with
HFs MoS2 is about 93 nm.
In order to investigate the structural change of HFs MoS2
within the friction process, the wear debris collected from
the wear tracks after friction tests were investigated using
the TEM. As shown in figure 7, a layer-opened fragment
(figure 7a) and the agglomerates of ultrathin nanosheets

(figure 7b) are found after friction tests. Figure 7c shows
the EDS analysis of the wear debris, where C, O, Mo, S as
well as Fe elements are detected. As shown in figure 7, the
initial HFs MoS2 were crushed into layer-opened fragments
with the formation of ultrathin nanosheets during the process of friction. The HFs MoS2 exhibited weak mechanical
property stemming from the hollow core-shell structure,
which is advantageous to the exfoliation by friction. More
serious exfoliation could lead more MoS2 additives to
penetrate into rubbing surfaces and rapid formation of
MoS2-based tribofilm inside wear tracks, and thereby
excellent lubrication performance was obtained.

4.

Conclusion

In summary, novel hollow core-shell MoS2 nanoparticles
with flower-like surface (HFs MoS2) were successfully
prepared to improve the lubrication effect of the liquid
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paraffin. SEM and TEM images revealed that the prepared
HFs MoS2 exhibited a hollow sphere of approximately 300
nm and the shell with thickness of 200 nm constructed from
extensive nanosheets. The friction tests proved that the
addition of HFs MoS2 into the liquid paraffin could reduce
the friction coefficient by 43.80% and decrease the wear by
as much as 8 times. The XPS analyses demonstrated that a
tribofilm, composed of molybdenum compounds (including
molybdenum disulphide and molybdenum oxide), iron
compounds (including iron oxide and iron sulphide) and
organic compounds (containing C and O elements), was
formed on the HFs MoS2 lubricated wear track. During the
process of friction, the HFs MoS2 were exfoliated into the
layer-opened fragments with the formation of ultrathin
nanosheets, which were advantageous to obtain excellent
lubrication performance.
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