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Abstract: In this study, the nanocomposites of MoS, nanoparticles (NPs) grown on carbon nanotubes (MoS,@CNT),
graphene (Mo0S,@Gr), and fullerene C60 (MoS,@C60) were synthesized, characterized, and evaluated for potential

use as lubricant additives. By using the benefit of the synergistic effect between MoS, and carbon nanomaterials

(CNMs), these nanocomposites can be well dispersed in polyalkylene glycol (PAG) base oil and show superior
stability compared with pure MoS, NPs. Moreover, the dispersions of M0oS:@CNT, MoS:@Gr, and MoS:@C60
added in PAG have noticeably improved friction reducing and antiwear (AW) behaviors at elevated
temperature for comparison with that of PAG and PAG containing CNT, Gr, C60, and MoS: NPs, respectively.
The enhanced lubricating properties of these nanocomposites were also elucidated by exploring the tribofilm

formed on the disc.

Keywords: MoS, nanoparticle; carbon nanomaterial; nanocomposite; antifriction and antiwear additive

1 Introduction

In several modern industrial processes, machines
and devices with lubricated moving parts operate at
elevated temperatures. In particular, the working
temperatures of lubricating oils used in the field of
aviation, metallurgy, and construction material industry
often exceed 200 °C [1-3]. These applications require
lubricating oil with high thermal stability. High-
temperature (HT) lubricating oils are usually composed
of base fluids and lubricant additives. Although many
synthetic base oils such as synthetic esters, polyalkylene
glycol (PAG), and perfluoropolyethers (PFPE) have been
developed [4-6], only a few HT lubricant additives,
especially for improving the friction reduction and
antiwear (AW) properties of base oils, are commercially
available. For instance, tricresyl phosphate (TCP) and
zinc dialkyl dithiophosphates (ZDDP), which are the
traditional organic additives having excellent friction

reducing and AW properties, are widely used in various
applications. However, the intensive use of these
additives may cause toxicity and pollution issues [7-9].
Another issue associated with the use of these additives
is their fast thermal degradation accompanied with a
loss of their tribological behavior under HT conditions
[9]. Therefore, there is an urgent need for research on
HT lubricantadditives.

Extensive research has been published on the use
of MoS, nanoparticles (NPs) as lubricating oil additives
owing to their attractive characteristics [10-13], such
as high chemical stability, exceptional lubricating
properties, and low toxicity [9]. The MoS, NPs must
be dispersed in base oils with long term stabilities for
realizing the friction reduction and AW behavior.
Previous reports have indicated that carbon nano-
materials (CNMs) could improve the oil dispersibility
of MoS, NPs and prevent their oxidation during rubbing
[14-16]. For example, Xu et al. [14] investigated the
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tribological performances of graphene, MoS, and
graphene/MoS, blends dispersed in esterified bio-oil
(EBO), and the results showed that graphene/MoS,
hybrids exhibited superior friction and AW properties
as compared with the addition of graphene and MoS,
in EBO, which could be primarily attributed to the
synergistic effect between graphene and MoS,. We
also fabricated the nanocomposites of MoS,/graphene
by the decomposition of MoS; on graphene at high
temperature (800 °C), and evaluated their tribological
behavior in PAG base oil [15]. This report demonstrated
that the nanocomposites of MoS,/graphene have better
dispersibility in the base oil and could significantly
improve the friction reduction and AW properties of
PAG with respect to graphene, MoS,, and the mixture
of graphene with MoS, at elevated temperatures. For
the in-depth study of MoS, with CNMs as oil additives,
the preparation method for MoS,/graphene nano-
composites without involving the use of sophisticated
techniques needs to be explored. There is no report in
the literature that investigates the dispersion stability
and tribological performances of MoS, deposited on
CNT and C60, as lubricating oil additives.

In this study, we synthesized MoS, nanoparticles
grown on carbon nanotubes (MoS,@CNT), graphene
(MoS,@Gr), and fullerene C60 (MoS,@C60) by using
a simple solvothermal method [17]. The structures of
these nanocomposites are characterized by various
techniques, such as field emission scanning electron
microscope (FE-SEM), transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM), X-ray
diffraction (XRD), Raman spectra, and X-ray photo-
electron spectroscopy (XPS) spectra. The oil suspen-
dability of MoS,@CNT, MoS,@Gr, and MoS,@C60 in
PAG is evaluated. The tribological measurements for
these nanocomposites that are added in PAG base oil
are carried out on an optimal SRV-V oscillating friction
and wear tester. The corresponding worn surfaces
of steel discs are characterized by scanning electron
microscopy coupled with energy dispersive X-ray
analysis (SEM-EDX) and XPS to explore the friction
reduction and AW mechanism of these nanocomposites.

2 Experimental
2.1 Materials

CNMs including multiwalled CNT (8 nm x (0.5-2 um));

diameter x length, purity > 95%), ultra-thin graphene
((0.5-5 pm) x (0.8-1.2 nm); width x thickness), and
C60 (purity > 99.5%) were purchased from Nanjing
XFNANO Materials Tech Co., Ltd. The ammonium
thiomolybdate ((NH,),MoS,, purity > 99.97%) was
purchased from J&K Scientific Ltd. The hydrazine
hydrate (N,H,H,O, purity > 85%) and N, N-
dimethylformamide (DMF) were purchased from
Sinopharm Chemical Reagent Co., Ltd. The deionized
(DI) water was prepared by the RO-DI Laboratory
water purification system. The PAG base oil was
obtained from HENUVAR Chemical Corporation, and
its physical and chemical properties have been reported
previously [18]. All reagents and solvents were used,
as received without any further purification.

2.2 Preparation

The nanocomposites of MoS,@CNT, MoS,@Gr, and
MoS,@C60 were prepared by the use of a simple solvo-
thermal method with some modifications as reported
by Li et al. [17]. For the preparation of MoS,@CNT,
CNT (20 mg) was sonicated with (NH,),MoS, (44 mg)
in DMF (20 ml) for 30 min; subsequently, N,H,H,O
(0.2 ml) was added to the mixture. After ultrasonication
for 30 min, the reaction solution was transferred to a
100 mL poly(tetrafluoroethlene) (Teflon) autoclave,
and the autoclave was heated in an oven at 200 °C
for 10 h. After being naturally cooled to the ambient
temperature, the product was filtered through a
0.22 pm microporous membrane, and washed with
DI water and ethanol at least 5 times, respectively.
Finally, the product was dried at 60 °C in a vacuum
for 12 h. The preparation method for MoS,@Gr and
MoS,@C60 was the same as described above. For
the purpose of comparison, the pure MoS, NPs were
produced by using the same method, but without
adding any CNMs (CNT, Gr, and C60).

Zhao et al. [19] have demonstrated that the base oil
added with graphene and MoS, exhibited better
tribological properties when the NPs content was
1 wt%; therefore, 1 wt% content of MoS,@CNT,
MoS,@Gr, and MoS,@C60 were added in PAG base
oil and thoroughly mixed through ultrasonication for
30 min. For the purpose of comparison, PAG containing
1 wt% CNT, 1 wt% Gr, 1 wt% C60, and 1 wt% MoS,
were prepared by using the same method.
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2.3 Characterization techniques

The FE-SEM was performed by using a Hitachi 5-4800
SEM at an accelerating voltage of 10 kV. The TEM and
HRTEM images were performed on a FEI TECNAI
F30 TEM operating with 200 kV accelerating voltage.
The XRD was carried out on a Bruker D8 ADVANCE.
The Raman spectra of these nanocomposites were
recorded on Thermo Fisher DXR Raman microscope
with a laser excitation wavelength of 532 nm. The XPS
spectra were collected on a PHI-5702 multifunctional
XPS device, using Al Ko radiation as the excitation
source and the binding energy of contaminated carbon
(C 1s, 284.6 €V) as a reference.

2.4 Tribological characterization

The friction reduction and AW properties of these
nanoparticles were evaluated by an optimal-SRV-V
reciprocation friction tester with a ball-on-disc
configuration. The upper ball (& 10 mm, AISI 52100
steel, hardness of 57-60 HRC) runs against the stationary
lower steel discs (@ 24 mm x 7.9 mm, AISI 52100 steel,
hardness of 58-60 HRC) for a duration of 30 min at
a frequency of 25 Hz and amplitude of 1 mm. The
friction test was repeated three times for each sample
to check the reproducibility of the measurements.
The coefficient of friction (COF) was recorded auto-

matically by a computer connected to the SRV tester.
The wear losses of the lower discs were measured
using a MicroXAM-3D surface mapping microscope
profilometer.

3 Results and discussion

3.1 Characterization of MoS,@CNT, MoS,@Gr,
and MoS,@C60

The FE-SEM and TEM images of MoS,@CNT, MoS,@Gr,
and MoS,@C60 nanocomposites are presented in Fig. 1.
The MoS, NPs are homogeneously blended with CNT,
Gr, and C60 (Figs. 1(a)-1(c)), and the particles of MoS,
on graphene are ranging in size from 50-100 nm with
a few particles larger than 100 nm, while the particle
size of MoS, on CNT and C60 could not be observed
clearly from the SEM image. Meanwhile, the
microstructure of MoS,@C60 is different from that of
MoS,@CNT and MoS,@Cr (Fig. 1(c)), and the aggregated
MoS, NPs with larger particle size in MoS,@C60
nanocomposites could be observed. For the purpose
of comparison, the image of pure C60 with particle
size ranging from 50 to 150 nm is inset in Fig. 1(c).
The TEM images display that the MoS, NPs are grown
on the surface of CNT and Gr (Figs. 1(d) and 1(e)),
and these figures show that the particle sizes and

i 50 nm
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Fig. 1 Electron microscopy characterizations of MoS,@CNMs. FE-SEM images of (a) MoS,@CNT, (b) MoS,@Gr, and (c) MoS,@C60.
Inset in (c) is the SEM image of pure C60. TEM images of (d) MoS,@CNT, (e) MoS,@Gr, and (f) MoS,@C60. Insets in (d—f) show
the magnified images of some exposed edges of MoS, nanosheets (zoomed from the yellow contour) and the lattice spacing of CNT
(zoomed from the green contour).
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morphology of MoS, NPs on CNT and Gr are similar
to each other, with a median particle size of appro-
ximately 80 nm. However, in the nanocomposite of
MoS,@C60, the MoS, NPs are aggregated with particle
size more than 100 nm, which are not uniformly
distributed on the surface of C60 (Fig. 1(f)). Moreover,
the insets in Figs. 1(d)-1(f) revealed the HRTEM
image for a typical lamellar structure of MoS, with an
interlayer spacing of 0.62 nm (the areas designated
by yellow squares in Figs. 1(d)-1(f)) [20]. Apart from
these, the inset in Figs.1(d) and 1(f) also show a
lattice spacing of 0.35 and 0.87 nm (zoomed from the
green squares in Figs. 1(d) and 1(f)), corresponding
to the (002) face of CNT [21] and the (111) lattice plane
of C60 [22], respectively. The amorphous structure of
Gr is also inset in Fig. 1(e) (zoomed from the green
square in Fig. 1(e)). These results confirmed the for-
mation of MoS,@CN'T, MoS,@Gr, and MoS,@C60.

The physical structures of MoS,@CNT, MoS,@GCr,
and MoS,@C60 are characterized by XRD and Raman
spectra. As shown in Fig. 2(a), a weak peak at 20 =
23.8° on the spectrum of MoS,@C60 is assigned to the
characteristic graphitic (002) of C60. The disappearance
of the characteristic peak at 20 = 23.8° for M0oS,@CNT
and MoS,@Gr might be caused by the factor that MoS,
NPs covered the surfaces of CNT and Gr and weakened
the XRD signals. The XRD spectra of MoS,@CNT,
MoS,@Gr, and MoS,@C60 show a very strong diffraction
peak at 20 = 14.6°, and two weak peaks at 26 = 39.8°
and 49.6°, which corresponded to (002), (103), and
(105) faces of MoS,, respectively [23, 24]. The spectra of
MoS,@CNT and MoS,@Gr also displayed a diffraction
peak at 20 = 32.6°, corresponding to (100) face of
MoS,, while this characteristic peak is not observed

on the spectrum of MoS,@C60. On the Raman spec-
troscopy of MoS,@CNT, MoS,@Gr, and MoS,@C60
(Fig. 2(b)), the characteristic peaks of MoS, at 375 and
402 cm™, and the D, G, and 2D bonds of CNT and Gr
are clearly revealed. Additionally, four peaks at 268,
491, 1,456, and 1,570 cm™ are typical for C60 [25].
These results indicated that the nanocomposites of
MoS,@CNT, MoS,@Gr, and MoS,@C60 have been
successfully prepared.

The chemical compositions and the atomic valence
states of M0S,@CNT, MoS,@Gr, and MoS,@C60 nano-
composites are analyzed by using XPS. The survey
spectra and the atomic percentage of these nano-
composites are shown in Fig. 3(a) and Table 1. It is
found that the content of MoS, NPs in MoS,@CNT,
MoS,@Gr, and MoS,@C60 is 9.97 wt%, 10.2 wt%, and
10.0 wt%, respectively. Moreover, the C 1s XPS
spectrum of MoS,@CNT contained three different
peaks located at 284.6, 286.5, and 288.4 eV (Fig. 3(b)),
which are assigned to C=C/C-C, C-O, and COOH
groups [20], respectively. For the nanocomposites of
MoS,@Gr and MoS,@C60, the C 1s XPS spectra are
similar to each other with a binding energy at 284.6 eV
(C=C/C-C) and displayed a small peak at 286.5 eV
(C-0). These results indicated that MoS,@CNT con-
tained a small amount of COOH and OH groups,
which might be derived from the precursor of CNT,
not formed during the solvothermal process. The
Mo 3d XPS spectra of MoS,@CNT, MoS,@Gr, and
MoS,@C60 are also similar to each other (Fig. 3(c)),
and the peaks centered at 226.2, 229.1, and 232.3 eV
are attributed to S 2s, Mo* 3ds, and Mo* 3ds,,
respectively, which are characteristic of MoS, [20].
Meanwhile, the S 2p spectra of MoS,@CNT and
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Fig.2 (a) XRD and (b) Raman spectra of MoS,@CNT, MoS,@Gr, and MoS,@C60 nanocomposites.
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Fig. 3 XPS spectra of MoS, @CNT, MoS,@Gr, and MoS,@C60 nanocomposites. (a) Survey spectra, high resolution XPS spectra of

(b) C 1s, (c) Mo 3d, and (d) S 2p.

Table 1 Atomic percentage of MoS,@CNT, MoS,@Gr, and
MoS,@C60 nanocomposites.

Element
Sample
C(wt%) O (Wt%) Mo (wt%) S (wt%)
MoS,@CNT 78.82 6.49 5.87 8.82
MoS,@Gr 77.28 7.12 6.12 9.48
MoS,@C60 71.69 12.22 6.0 10.09

MoS,@Gr showed three peaks at 162.0, 163.1, and
164.2 eV (Fig. 3(d)), corresponding to S 2psp, S 2pyp,
and S,* [26], respectively. The spectrum of MoS,@C60
displayed two peaks at 162.0 eV (S 2p3/2) and 163.1 eV
(S 2p1p2)- The results mentioned above further de-
monstrated that the nanocomposites of MoS,@CNT,
MoS5,@Gr, and MoS,@C60 are synthesized by using
the solvothermal method.

To examine the dispersibility of MoS,@CNT, MoS,@Gr,
and MoS,@C60 in PAG base oil, Fig. 4 shows the base
oil containing different additives photographed after
1 day (Fig. 4(a)) and two weeks (Fig. 4(b)). It can be
observed that 1 wt% Gr, 1 wt% C60, 1 wt% MoS,@CNT,
1 wt% MoS,@Gr, and 1 wt% MoS,@C60 dispersed in
PAG are stable and resist sedimentation for 2 weeks
after preparation, whereas the addition of 1 wt% MoS,
NPs in PAG failed to disperse, in which the MoS, NPs

aggregation is severe with a large amount of bottom
sediment. This result indicated that the combination
of CNT, Gr, and C60 with MoS, can dramatically
improve the oil dispersibility of MoS, NPs.

3.2 Tribological properties

The friction reduction and AW properties of PAG
added with 1 wt% MoS,@CNT, 1 wt% MoS,@Gr, and

@) ) (D @) "Ehn

lday'“

@ (02 (2 (42

2 weeks' I h

Fig. 4 Digital images of (al, a2) PAG base oil and PAG with
(b1, b2) 1 wt% CNT, (cl, c2) 1 wt% Gr, (d1, d2) 1 wt% C60,
(el, e2) 1 wt% MoS, NPs, (f1, £2) 1 wt% MoS,@CNT, (g1, g2)
1 wt% MoS,@Gr, and (hl, h2) 1 wt% MoS,@C60 after keeping
for (a) 1 day and (b) 2 weeks.

(f1) (g) (hl)
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1 wt% MoS,@C60 are investigated by SRV at 100 °C
for comparison with PAG containing 1 wt% CNT,
1 wt% Gr, 1 wt% C60, and 1 wt% MoS, NPs. As shown
in Fig. 5(a), the friction curve of PAG base oil is low and
stable (COF, 0.072) for the initial 180 s, then the COF
suddenly increased to 0.129, which lasted for tens of
seconds, and afterwards decreased and stabilized at
a value of around 0.12. The friction trend of 1 wt%
CNT, 1 wt% Gr, 1 wt% C60, and 1 wt% MoS, added in
PAG showed a similar sequence to that of the base oil,
but the addition of these additives exhibited a longer
initial time with slightly larger friction coefficient
(COF > 0.079), which can be interpreted as follows:
the addition of these additives might generate a
boundary lubrication film at the initial phases;
subsequently, the film wears out and is unable to
form rapidly because of low absorption strength or
low concentration due to the aggregation of additive
at HT condition. However, the addition of 1 wt%
MoS,@CNT and 1 wt% MoS,@Gr in PAG base oil
displayed low and stable friction curves (COF, 0.082-
0.091) throughout the friction process. The excellent
friction reduction property might be attributed to the
fact that CNT and Gr could improve the retention of
MoS, NPs on the worn surfaces and prevent MoS,
oxidation during the sliding process, resulting in the
formation of thick protection films on the rubbing
surfaces. However, the COF of PAG added with 1 wt%
MoS,@C60 slowly increased with the increase in sliding
time, and finally stabilized at the value comparable
to that of PAG added with MoS, NPs. The plausible
reason being that C60 with a small surface area could

not prevent MoS, NPs oxidation during rubbing [14],
and the aggregation of MoS, NPs in MoS,@C60 might
weaken the improvement of the tribological properties.
Furthermore, the corresponding wear losses of the steel
discs lubricated by PAG having these nano-additives
are shown in Fig. 5(b). It can be clearly observed that
the addition of 1 wt% MoS,@CNT, 1 wt% MoS,@Gr,
and 1 wt% MoS,@C60 could reduce the wear losses
by about 98%, 98%, and 96% with respect to the base
oil, respectively. The AW performances of these nano-
composites are also dramatically better than those
of CNT, Gr, C60, and MoS,, indicating excellent AW
properties of these nanocomposites at an elevated
temperature.

The morphologies of wear surfaces lubricated by
PAG and PAG with different additives at 100 N and
100 °C are further investigated by using SEM and
3D surface mapping profilometer. It can be clearly
observed that the wear scar, which is lubricated by PAG
base oil is considerably broad and deep (Figs. 6(a) and
6(a")), indicating that severe wear occurred on the
steel surfaces. The width and length of the wear scars
lubricated by 1 wt% CNT, 1 wt% Gr, and 1 wt% C60
are essentially the same as those lubricated by PAG
(Figs. 6(b, b")-6(d, d')), indicating that the addition of
CNT, Gr, and C60 could not effectively improve the
AW behavior of the base oil at an elevated temperature.
However, the wear scar width is smaller for the steel
disc lubricated with 1 wt% MoS, (Figs. 6(e) and 6(e”)),
which shows that MoS, NPs has certain AW properties.
In contrast, when 1 wt% MoS,@CNT, 1 wt% MoS,@Gr,
and 1 wt% MoS,@C60 are added in PAG base oil, the
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Fig.5 (a) COF and (b) wear volumes of steel discs lubricated by PAG base oil and PAG additized with 1 wt% CNT, 1 wt% Gr, 1 wt%
C60, 1 wt% MoS,, 1 wt% MoS,@CNT, 1 wt% MoS,@Gr, and 1 wt% MoS,@C60 at 100 °C (SRV conditions: load, 100 N; stroke, 1 mm;

frequency, 25 Hz; duration, 30 min).
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Fig. 6 (a—h) SEM and (a’-h’) 3D optical microscopic images of the wear scars lubricated by (a, a’) PAG base oil, and PAG additized
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wear scars become narrow and shallow (Figs. 6(f, f')—-
6(h, h")), showing that mild wear occurred on the steel
discs. This is consistent with the wear volume result
in Fig. 5(b).

The friction reduction and AW properties of 1 wt%
MoS,@CNT, 1 wt% MoS,@Gr, and 1 wt% MoS,@C60
are further investigated under various temperatures
and loads. Figure 7(a) shows the evolution of friction
curves with time during a temperature ramp test
from 50 to 200 °C for PAG added with these nano-
composites at a constant load of 100 N. It is observed
that PAG containing 1 wt% MoS,@CNT, 1 wt% MoS,@Gr,
and 1 wt% MoS,@C60 could effectively reduce the
COF of the base oil when the temperature below
125 °C. Meanwhile, Fig. 7(b) displays the load ramp
test from 50 to 300 N at 100 °C for the nanocomposite
additives. It is observed that the maximum load
carrying capacity of PAG can be improved from 100
to 250, 200, and 150 N by the addition of MoS,@CNT,
MoS,@Gr, and MoS,@C60, respectively. The results

mentioned above demonstrated that the nanocom-
posites of MoS,@CNT, MoS,@Gr, and MoS,@C60 could
significantly reduce the COF of PAG base oil at HT,
as well as improve the load carrying capacity of PAG
at elevated temperatures, which might be attributed
to the synergistic effect between MoS, and CNMs.
However, C60 with a small surface area could not
prevent MoS, NPs oxidation during rubbing, and the
aggregation of MoS, NPs in MoS,@C60 also weakened
the synergistic effect, resulting in an inferior friction
reduction and load carrying capacity of MoS,@Cé60,
as compared with MoS,@CNT and MoS,@Gr.

3.3 Surface analysis

The active elements on the worn surfaces lubricated
by PAG and PAG along with various additives are
investigated by SEM-EDS to explore the lubrication
mechanism of MoS,@CNT, MoS,@Gr, and MoS,@C60.
The EDS spectra and element mapping images clearly
showed the transfer/adsorption of molybdenum and
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sulfur elements in the tribofilms formed on the worn =~ PAG added with CNT, Gr, and C60 (Figs. 8(a)-8(d)).
surfaces lubricated by PAG containing MoS, NPs,  These results indicated that molybdenum and sulfur
MoS,@CNT, MoS,@Gr, and MoS,@C60 (Figs. 8(e)-8(h)). elements are the predominant elements in the tribofilms
However, molybdenum and sulfur elements are not from MoS, NPs, MoS,@CNT, MoS,@Gr, and MoS,@C60,
detected on the worn surfaces lubricated by PAG and =~ which attribute towards significantly improving the
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Fig. 7 COF of the steel discs lubricated by PAG base oil and PAG containing 1 wt% CNT, 1 wt% Gr, 1 wt% C60, 1 wt% MoS,, 1 wt%
MoS,@CNT, 1 wt% MoS,@Gr, and 1 wt% MoS,@C60 at various (a) temperatures (load, 100 N; stroke, 1 mm; and frequency, 25 Hz)
and (b) loads (temperature, 100 °C; stroke, 1 mm; and frequency, 25 Hz).
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Fig. 8 Magnified SEM images of the worn surfaces lubricated with (a) PAG base oil, and PAG containing (b) 1 wt% CNT, (c) 1 wt%
Gr, (d) 1 wt% C60, (e) 1 wt% MoS,, (f) 1 wt% MoS,@CNT, (g) 1 wt% MoS,@Gr, and (h) 1 wt% MoS,@C60 at 100 °C (SRV
conditions: load, 100 N; stroke, 1 mm; frequency, 25 Hz; and duration, 30 min). The corresponding EDS spectra and element mapping
are also shown in (a—h).
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AW property of PAG base oil at HT.

The possible surface contaminants of wear scars
lubricated by PAG added with MoS,@CNTs, M0S,@Gr,
and MoS,@C60 at elevated temperature are characterized
by XPS to further explore the friction reduction and
AW mechanism of these nanocomposites. As shown
in Fig. 9, there is almost no difference in the Fe 2p,
Mo 3d, and S 2p XPS spectra of the tribofilm formed
from 1 wt% MoS,@CNTs, 1 wt% MoS,@Gr, and 1 wt%
MoS,@C60, which indicates that the three nanocom-
posites on the wear surfaces had similar tribochemical
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Fig. 9 (a) Fe 2p, (b) Mo 3d, and (c) S 2p XPS spectra of worn

surfaces lubricated by PAG with 1 wt% MoS,@CNT, MoS,@Gr,

and MoS,@C60 at 100 °C and 100 N.

reactions during the sliding processes. Specifically,
the high-resolution XPS spectra of Fe 2p can be
deconvoluted into four peaks (Fig. 9(a)), and all the
peaks at 709.6, 710.5, 711.6, and 713.5 eV actually
correspond to FeO, Fe,O;, FeOOH, and FeSO,,
respectively [27]. The Mo 3d XPS spectra display two
peaks (Fig. 9(b)), and one of those located at 232.4 eV
is the characteristic of MoS, [20], while the other peak
at higher binding energy (235.4 eV) corresponds to
MoQ; [27], which might be due to the oxidation of
MOoS,; in those nanocomposites during the tribochemical
reaction at HT in air. Furthermore, the XPS spectra of
S 2p is composed of four peaks corresponding to
MoS, (162.0 and 163.3 eV), S, (164.2 eV), and SO*
(168.8 eV), respectively [20, 27]. The XPS result
reveals that the addition of MoS,@CNT, MoS,@Gr,
and MoS,@C60 in PAG base oil might show similar
tribochemical reactions on the rubbed surface to
generate a complex protection film comprised of
FeO, Fe;O,, FeOOH, FeSO,, and MoS,. The boundary
lubrication film essentially contributes to the exceptional
tribological performance of MoS,@CNMs [28]. However,
the MoS, will be easily oxidized to form MoO; under
an elevated temperature, resulting in a lubrication
failure under severe conditions. Benefitting from the
synergistic effect between MoS, and CNMs [14], the
addition of MoS,@CNT, MoS,@Gr, and MoS,@C60
nanocomposites in PAG base oil exhibit superior anti-
oxidation property and lubrication than the addition
of MoS, NPs under HT condition.

4 Conclusions

The nanocomposites of MoS,@CNT, MoS,@Gr, and
MoS,@C60 were prepared by using a simple
solvothermal method for use as potential HT lubricant
additives. Their structures were characterized by
different techniques, such as SEM, HRTEM, XPS,
Raman spectra, and XRD. The result showed that MoS,
with particle size ranging from 50 to 100 nm were
uniformly grown on the surfaces of CNT, Gr, and C60.
By benefitting from the synergistic effect between MoS,
and CNMs, MoS,@CNT, MoS,@Gr, and MoS,@C60
displayed superior oil dispersibility than the pure
MoS, NPs, and significantly reduced the friction and
wear of PAG compared to CNT, Gr, C60, and MoS,
NPs at HT. They also improved the maximum load
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carrying capacity of PAG from 100 to 250, 200, and
150 N, respectively. Furthermore, MoS,@CNT and
MoS,@Gr had better friction reduction and load
carrying capacity than MoS,@C60, because C60 with
small surface area could not prevent MoS, NPs
oxidation during rubbing and the aggregation of MoS,
NPs in MoS,@C60 would weaken the synergistic effect.
The excellent tribological behavior of MoS,@CNT,
MoS5,@Gr, and MoS,@C60 was attributed to the for-
mation of a boundary lubrication film composed of
FeO, Fe;O,, FeOOH, FeSO,, and MoS,.
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