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Abstract: In this study, willow catkins/MoS, nanoparticles (denoted as WCMSs) have been prepared
using a hydrothermal method. The WCMSs were modified with oleic acid (OA) to improve dispersion
in base oil. The friction and wear properties of WCMSs in liquid paraffin (LP) for steel balls were
investigated using a four-ball wear tester. The results have shown that at a high reaction temperature,
willow catkins (being used as a template) and urea (being used as a nitrogen resource) can effectively
decrease the wear scar diameters (WSDs) and coefficients of friction (COFs). At a concentration of
0.5 wt.%, the WSD and COF of steel balls, when lubricated using LP containing modified WCMS with
urea, decreased from 0.65 mm and 0.175 of pure LP to 0.46 mm and 0.09, respectively. The addition
of urea and hydroxylated catkins can generate a significant number of loose nano-sheets and even
graphene-like sheets. The weak van der Waals forces, decreasing the shear forces that the steel balls
must overcome, provide effective lubrication during rotation. On the other hand, the tribo-films
containing MoS,, FeS, azide, metal oxides and other compounds play important roles in reducing
friction and facilitating anti-wear properties.

Keywords: willow catkins; MoS,; hydrothermal; urea; wear

1. Introduction

Nanomaterials are widely studied because of their excellent properties with respect to
tribology, notably in reducing friction, enabling wear resistance, with significant implica-
tions for environmental protection [1-3]. Two-dimensional (2D) nanomaterials, including
BN, graphene, and MoS, exhibit superior tribological properties because of their distinct
layer structures and self-lubricating ability [3,4]. Weak van der Waals forces between the
adjacent lamellae decrease the shear stress during sliding [2]. Liquid exfoliation and hy-
drothermal reaction are two standard procedures in the fabrication of MoS, nanosheets [5,6].
Ion intercalation and exchange by sonication in solution are often used in exfoliation meth-
ods [5]. In the case of the hydrothermal route, the nature of the solution, temperature, and
hybrid elements can be adjusted to improve material properties [2,7,8]. With the objective
of improving the tribological properties of MoS,, composites including MoS, /carbon [7,9],
metal oxide/MoS; [10], and boron nitride/MoS; [1] have been investigated to tune possible
synergistic effects. Wu et al. [7] have synthesized a series of MoS,@carbon nanocompos-
ites using a hydrothermal method, and noted a synergism between the MoS, and carbon
nanocomposites that resulted in improved dispersibility and tribological properties relative
to the individual components. Furthermore, MoS; nanoparticles grown on carbon nan-
otubes, graphene, and fullerene C60 were executed using a simple solvothermal method.
On the other hand, surface functionalization and elemental doping of nanoparticles can
further improve the dispersion stability and chemical activity in base oil (mineral oil, such
as engine oil and/or liquid paraffin), and their tribological behaviors in lubricants can be
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enhanced due to the tribochemical reactions between these functional groups/doped atoms
and the friction surface [1,9]. Various dispersants and surface-active chemicals, including
alkylamines, alkanethiols, organic acid, and amine were used for the functionalization of
nanostructured and doped elements, respectively [9].

Willow catkins (denoted as WCs), the willow flowers in spring, are widely dispersed
by wind and cause damage to the environment due to their high specific surface area and
facile spontaneous combustion [11,12]. Direct combustion of catkins results in environ-
mental pollution with the release of CO; and NOx [11]. Many researchers have addressed
the practical use of renewable biomass materials, including catkins, celtuce leaves, and
seed shells [11,13,14]. The pyrolysis of these biomass materials generates carbon ma-
terials and the possible fabrication of composites represents a reuse of catkins [15-17].
Zhang et al. [18] generated N/S co-doped carbon micro-tubes by the pyrolysis of catkins
in an inert atmosphere. The resultant hybrids exhibited superior electrocatalytic prop-
erties when compared with commercial products. While this work offers a means of
reusing catkins in treating environmental pollution and water contamination, the associ-
ated energy consumption represents a challenge in terms of sustainability. So far, authors
did not find any research on the composites of willow catkins and MoS; being used as
lubricant additives.

In this study, willow catkins and urea have been used as matrix and nitrogen re-
source, respectively, to prepare nitrogen-doped willow catkins/MoS; nanocomposites
using hydrothermal methods. The composites have been modified with OA to enhance
the dispersibility in LP to evaluate tribological properties using a four-ball wear tester [19].
The wear mechanism of the composites has also been investigated.

2. Materials and Methods
2.1. Materials and Preparation

Sodium molybdate dihydrate, thioacetamide, oleic acid and NaOH were purchased
from the Aladdin Biochemical Technology Company (Shanghai, China) and used as sup-
plied. The LP (viscosity: 258.56 mm? /s (40 °C), flash point: 279 °C, pour point: —15 °C)
was obtained from Liaocheng Manxiandi lubricating oil company (Liaocheng, China) and
used without treatment. AISI-52100 steel balls (J12.7 mm) were employed in the four-ball
wear tester. The willow catkins were collected from the campus of Liaocheng University.

The willow catkins were washed sequentially with tap water and deionized water,
transferred into a NaOH solution (2.0 wt.%) with vigorous stirring for 24 h, then centrifuged
and washed to achieve well-dispersed hydroxylated willow catkins solutions. Sodium
molybdate dihydrate (1 g) and thioacetamide (1 g) were added to the hydroxylated willow
catkins solution (30 mL) with stirring, then transferred into the hydrothermal reactor. The
solution was heated above 100 °C for 24 h to obtain the composites (WC3M;S;). For
the purposes of comparison, particles different percentages of molybdate dihydrate and
thioacetamide, with/without willow catkins and urea were also synthesized (see Table S1).

The modification and wear experiments using WCMSs have been outlined in previous
papers [19]. The LP containing OA-modified WCMSs (code as OAWCMSs and with
concentrations of 0.2, 0.5, 1.0, 1.5, and 2.0 wt%, respectively) were stable within 7 days
(see Figure S1). Wear experiments were conducted using a MRS-10A four-ball wear tester
of Jinan Shunmao Experimental Technology Company in China (392 N load, 1450 rpm,
and 30 min).

2.2. Characterization

The microstructure of the composites was assessed using a JEM-2100 high-resolution
transmission electron microscope (HRTEM) and a SIGMAS500/ VP field-emission scanning
electron microscope (FE-SEM) equipped with energy-dispersive X-ray analysis (EDXA,
Kevex Sigma, USA). The X-ray diffraction (XRD) patterns were collected on a Bruker D8
Advanced X-ray Diffractometer using Cu Ko radiation in the 20 range between 10° and
80° with a scanning rate of 8° min~!. The ESCA LAB Xi+ X-ray photoelectron spectrometer
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(XPS) and Bruck IFs66v spectrometer were used to collect X-ray photoelectron spectra
and Fourier transform infrared (FT-IR) spectra of the composites and/or worn surfaces,
respectively. Al-Ka radiation was used as the excitation source to determine the binding
energies of the target elements at a pass energy of 29.4 eV and a resolution of £0.2 eV.
The binding energy of Cls (284.5 eV) was used as the internal reference for XPS analysis.
Thermogravimetric analysis (TGA) was conducted using a NETZSCHSTA499 simultaneous
thermal analyzer, operating from room temperature to 800 °C at a heating rate of 10 °C/min
in Nj.

3. Results and Discussion
3.1. Results

Representative FE-SEM and TEM images of WCMSs produced at different hydrother-
mal temperatures are presented in Figure 1. It can be seen that the MoS; nano-sheets
increase in size and become closely clustered on raising the hydrothermal temperature
from 120 °C to 200 °C, where the thickness of the nano-sheets was less than 100 nm
(Figure 1a,b). The mapping images show that MoS, sheets are strongly attached on the
surfaces of willow catkins (Figure S2). The elliptic holes exhibit a major axis of 5 pm and
both sides of the entocoele are strongly attached with MoS; nano-sheets (Figure 1c). The
thickness of these nano-sheets is still less than 100 nm (Figure 1c,d). The TEM analysis has
established that the willow catkins were covered with MoS; and the interlayer spacing
between the nano-sheets was ca. 0.65 nm (Figure le,f).
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Figure 1. Cont.
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Figure 1. FE-SEM images of WCyM;S; produced at a hydrothermal temperature of 120 °C (a) and
200 °C (b). FE-SEM (c,d) and TEM (e, f) images of WC,M;S; at a hydrothermal temperature of
200 °C.

The XRD patterns and Raman spectra of WC,M,S; generated at a hydrothermal
temperature of 120 °C and 200 °C, respectively, are presented in Figure 2. The diffrac-
tion peaks at 13.89°, 33.42°, 38.87°, 48.32°, and 58.91° can be attributed to (002), (100),
(103), (105), and (008) crystal planes, respectively, establishing a hexagonal MoS; structure
(card No. 37-1492) [20]. An increase in hydrothermal temperature is accompanied by
sharper diffraction peaks with increased intensity, indicating improved the growth of MoS,
crystals along (002) plane and (100) plane, respectively [21]. The Raman spectra presented
in Figure 2b—d were obtained using a laser irradiation wavelength of 532 nm. The peaks at
376.48 cm~! and 402.26 cm ™! are attributed to the E!2g and Alg modes of MoS,, suggest-
ing in-layer vibration of S and Mo atoms and outer layer vibration of S atoms along the
c axis, respectively [21,22]. Furthermore, the distance value of the E'2g and Alg peaks is
25.65 cm~!, which is smaller than the value (26.3 cm™!) for bulk MoS, The lower E12g and
Alg peak distances indicate a decrease in the number of layers [21], which results from
the use of willow catkins. The Raman peak at 819.88 cm ! is assigned to the vibration of
MoO;3, possibly suggesting a transfer of MoOj3 into MoS; as the hydrothermal temperature
was increased from 120 °C to 200 °C [20]. The D and G peaks of carbon (at 1380 em~ ! and
1600 cm 1) were not observed after hydrothermal treatment [21].
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Figure 2. XRD patterns (a) and Raman spectra (b—d) for WC,;M,S; produced at a hydrothermal
temperature of 120 °C and 200 °C, respectively.

The FT-IR spectrum of WC,M,S; (Figure 3a) shows a broad peak at ca. 3200 cm ™!,
attributed to -OH and/-NH, on the surface of willow catkins [23]. Peaks at ca. 1139 cm™!
and 888 cm~! are assigned to Mo-O and S-S bonds, respectively [8]. The peaks at ca.
1017 cm~! and 1418 cm ™! are due to C-O-C and -COO- groups, respectively [23]. A weak
peak at ca. 695 cm~! is assigned to the Mo-S bond [24]. The peak at ca. 1611 cm™!,
attributed to C=N and/or C=C groups, suggests the presence of aromatic rings associated
with willow catkins [11]. The TGA curves (Figure 3b) have revealed weight losses for
WC,;M;S; before and after modification of 8.5% and 25.1%, respectively [19].
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Figure 3. (a) FT-IR spectrum of WC,;M,S;, and (b) TGA curves of WC,M,S; before and after
modification.
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The WSD-concentration and COF-concentration curves for LP containing OA modified
MSs (denoted as OAMSs) are presented in Figure 4 for different reaction temperatures
and percentages of sodium molybdate dihydrate and thioacetamide. Figure 4a,b show
the WSD-concentration and COF-concentration curves for steel balls with lubrication by
LP-OAMSs synthesized at different temperatures. In the case of the three lubricants, lower
WSDs and COFs were recorded relative to pure LP. Increasing the synthesis temperature to
200 °C resulted in a WSD decrease from 0.65 mm for pure LP to 0.48 mm, and a decrease in
COF from 0.178 to 0.121. The steel balls using lubricants containing additives synthesized
at 200 °C exhibit better anti-wear and friction reducing ability than observed at other
temperatures. Consequently, the synthesis temperature was fixed at 200 °C.
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Figure 4. (a) WSD concentration curves and (b) COF concentration curves of LP-OA-modified M;5;
at different reaction temperatures. (c) WSD concentration curves and (d) COF concentration curves
of LP-OA-modified MS with different percentages at 200 °C.

The tribological behavior of MSs with different percentages of sodium molybdate
dihydrate and thioacetamide was investigated; the results are presented in Figure 4c,d.
As the weights of sodium molybdate dihydrate and thioacetamide were 2 g and 1 g,
respectively, the samples are denoted by M,S;. The steel balls lubricated with LP-OA-
modified M;S; exhibit less friction reduction and anti-wear capability than achieved with
the other two lubricants. At a concentration of 2.0 wt.%, a WSD of 0.46 mm was recorded
for LP-OAM,S;, which is lower than that for LP-M;S; (0.60 mm) and LP-M;S, (0.59 mm),
respectively. The weights of sodium molybdate dihydrate and thioacetamide were fixed at
2 gand 1 g, respectively. The non-linearity of COFs with concentrations might be attributed
to the changes of viscosity index, adsorption—desorption ability and/or the spread ability
of additives in base oil, respectively [25-27].

The WSD concentration curves and COF concentration curves presented in
Figure 5a and 5b, respectively, show the results generated for LP-OAWCM,S; using differ-
ent volumes of willow catkins solution. It can be seen that the steel balls exhibit smaller
WSDs for lubrication by LP-OAWC3M,S; with concentrations less than 1.5 wt.% relative to
samples without willow catkins. The WSD of steel balls lubricated with LP-OAWC3;M,S; at
a concentration of 0.2 wt.% is 0.50 mm, which is much smaller than that with LP (0.65 mm)
and LP-OAWCyM,S; (0.60 mm). In the case of the COFs of steel balls with LP containing
the three additives, there is no marked dependence where use of LP containing the three
additives at a concentration of 1.0 wt.% resulted in a COF of 0.121, much lower than that
obtained with pure LP (0.178).
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Figure 5. (a) WSD concentration curves and (b) COF concentration curves of LP-OA-modified
WCM,S; with different volumes of Willow catkins solutions.

In a further investigation of the tribological properties of WC3M,S;, urea was added
to the solution during hydrothermal reaction (see Figure 6). When 8 g urea was included
in the hydrothermal solution, both the WSDs and COFs for the steel balls lubricated with
LP-OA modified WC3M,S; exhibited a marked drop. At a concentration of 0.5 wt.%, a
WSD of 0.46 mm was calculated for the balls lubricated with LP containing WC3M,S; and
urea (8 g), which is ca. 70% and 87% of that achieved with pure LP and LP containing
WC;3M;S; without urea, respectively. In the case of samples with other amounts of urea
(12 g and 4 g), the measured WSDs showed no obvious differences relative to the addition
of 8 g urea. Furthermore, the COFs for the balls lubricated with LP containing WC3M;5;
with urea were much lower than lubrication without urea. For example, at a concentration
of 0.5 wt.%, a COF of 0.09 mm was recorded for the balls lubricated with LP containing
WC3M,S; with urea (8 g), which is ca. 50% and 69% of that recorded for lubrication with
pure LP and LP containing WC3M,S; without urea, respectively. From an overview of the
results, WC3M;S; with 8 g urea exhibited the lowest coefficients of friction.
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Figure 6. (a) WSD concentration and (b) COF concentration curves of LP-OA-modified WC3M,S;
with different volumes of urea.

3.2. Discussion

The above experiments serve to demonstrate that the combination of willow catkins
and urea can improve the tribological properties of MoS,. Generally speaking, the low
friction coefficient of MoS, was related to its easy sliding between layers under the shearing
force of weak van der Waals force between molecular layers. The possible lubrication
mechanisms were generally suggested as rolling, deformation, exfoliation-transferring and
easier interlayer sliding, and the related factors about improving lubrication performance
are also explored. Many reports also suggest that both weak Van der Waals forces between
the MoS; layers and the protective tribo-films containing Mo, S, Fe, C, O and other elements
can decrease friction forces and wear rate [7,9,28-31]. For example, Sun et al. synthesized N-
doped carbon quantum dots as lubricant additive to investigate the tribological behavior of
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MoS; nanofluid [9]. The tribo-films containing amorphous substances, ultrafine crystalline
nanoparticles, and self-lubricating FeSO,4/Fe; (504)3 were formed during rotation. Non-
equilibrium molecular dynamics simulation results indicated the interaction between S
atoms in MoS; as well as these O- and N-containing functional groups in nitrogen-doped
carbon quantum dots with steel surfaces enhanced the stability and strength of tribo-films.
Liu studied the tribological properties of coral-like MoS, as additives of liquid paraffin
using four-ball testing machine [30]. The results shows that MoS; sheets stack randomly
under weak Van der Waals force and large layer space can weaken the attractive force, and
the nanostructure will be easily distorted, exfoliated and even oxidized during friction.
On the other hand, the surface of the steel ball is formed by the boundary lubrication and
protective film formed by newly generated Fe-based compounds, molybdenum oxide and
other products. So the friction reduction and anti-wear mechanism were focused on the
tribo-films and/or the Van der Waals forces.

The morphologies and corresponding elemental analysis of worn surfaces are pre-
sented in Figure 7 for lubrication using LP and LP-OA-modified WC3M,S; with 8 g urea.
The WSD of the worn surface using LP-OA modified WC3M,S; with 8 g urea is 0.45 mm,
which is much smaller than the WSD (0.65 mm) using pure LP. The SEM and associated
EDXA have revealed that the worn surface of the steel balls lubricated with LP-OA mod-
ified WC3M,S; with urea is smooth with evidence of a Fe, C, O, Mo, S and N content.
It should be noted that the percentage of nitrogen on the worn surface increased from
0.06 at.% to 0.92 at.% when 8 g urea was included in the treatment.

Figure 7. Cont.
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Figure 7. (a) Optical image of the steel ball wear scar following lubrication with LP. (b) Optical image,

(c) SEM image, (d-i) EDS element mapping, and (j) EDS spectrum of the steel ball wear scar following
lubrication with LP containing WC3M;S; with 8 g urea.

The XPS analysis of the worn surfaces following lubrication using LP-WC3zM;S;, with
and without urea, is presented in Figure 8. Peaks due to Cls at 283.1 eV, 284.7 eV, 286.0 eV,
and 288.1 eV can be attributed to carbide, carbon, carbon with N/S, and O-C=0, respectively
(see Figure 8a and 8g) [19,32]. A comparison of Figure 8g with Figure 8a reveals a greater
component of carbide and carbon with N/S on the worn surfaces, which must result from
the use of urea during composite treatment. The Ols peaks following lubrication with
LP-WC3M,;S; are assigned to metal oxides, carbonates, and sulfates [9,19,29]. The signals
generated for the worn sample with lubrication using WC3M,S; with urea may be attributed
to metal oxides, carbonates and nitrates (see Figure 8b,h) [9,19]. The occurrence of N1s peaks
has revealed the formation of nitrides, organic matrix, and azide on the worn surface [9,32]. A
consideration of Figure 8c,i suggests the presence of azide on the tribo-film for lubrication with
LP containing WC3M,S; with urea. A Mo3d peaks following lubrication with LP-WC35M;5;
are attributed to the MoO3 or FeMoQjy (232.2-235.4 eV), MoS, (229.1-232.3 V), and oxysulfide
compound of type MoOxSy (230.7-233.8 eV), respectively (shown as: Figure 8d and 8j) [33].
Furthermore, the weak S2p signal at 161.70 eV and 169.15 eV are due to sulfide and sulfate,
respectively, suggesting the presence of FeS, MoS, and FeSO4 on the worn surfaces [7,34].
The Fe2p signal was deconvoluted into two peaks at 710.44 eV and 713.04 eV, which may
be ascribed to FeS and Fe;O3 on the worn surfaces, respectively [7,34]. The results indicate
that a tribo-film containing carbon, C-O/N/S, nitride, and sulfide was formed on the worn
surfaces during rotation. In the case of the samples lubricated with LP-WC3M,S; and urea,
the formation of surface azide, nitride, and FeS may help improve the friction reducing and
anti-wear capability of the steel balls.
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Figure 8. XPS spectra of the worn surfaces lubricated using LP-WC3M,S; with (a—f) and without
(g-1) urea.

In order to arrive at a relationship between the wear mechanism and structure of the
composites, XRD and the EDXA measurements were conducted for WC3M;S; with and
without urea, and the results are shown in Figure 9. Taking the WC3M;S; sample, the
XRD peaks at 14.10°, 33.32°, 59.02° are attributed to (002), (100), and (008) crystal planes,
respectively. In the case of the samples with urea, the 20 values associated with the (100)
and (008) planes were shifted to 32.38° and 57.26°, respectively. The peak due to (002) was
split into two peaks at 18.40° and 9.27°, which indicates that graphene-like MoS, formed
due to the inclusion of urea in the solution [35]. The FE-SEM analysis has revealed the
presence of loose MoS, nano-sheets on the samples of WC3M;S; with urea (Figure 9a).
Possibly, the large spaces of these sheets decreased the shearing force of weak van der
Waals force between molecular layers and friction coefficient of MoS; composites. The urea
in the solution may decrease the interaction between the solution and MoS; and increase
the inter-layer spacing of the MoS; nano-sheets [36]. The mapping analysis (shown in
Figure S3) and the EDXA spectrum (Figure 9b) have established that the composites
contain Mo, S, C, O, and N, where the ratio of Mo to S is 1:2, confirming that MoS; nano-
sheets covered the surfaces of willow catkins. The images and mapping suggest that the
MoS, filled the willow catkins cavity. The nitrogen content increased from 3.84 at.% to
5.5 at.% due to the addition of urea, which suggests that the hybrid of nitrogen with WCMS
was formed.

(001) —— with urea 1500 - -
—— without urea at.% with urea without urea

Mo 16.38 25.81

2 1000 } S 33.65 48.37
8 = C 3508 14.22
z < oS 0 939 7.76
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z 500 ¢

0 2

4 6 8 10

20 () Energy (keV)
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Figure 9. (a) XRD pattern and (b) EDXA spectra of the WC3M,S; with and without urea.

The results of the XPS analysis of WC3M,S; with and without urea are presented in
Figure S4. The Cls peaks at ca. 285 eV and 286.1 eV are attributed to free carbon and
carbon bonded to nitrogen/oxygen/sulfur, respectively [19,24]. The weak N1s peaks at
407.1 eV, 404.8 eV, 403.7 eV, 400.9 eV, and 401.2 eV are assigned to nitrates, nitrites, the
organic matrix, C-NHj, and ammonium salt, respectively [24,31]. Comparing the nitrogen
signal for samples with and without urea, the ammonium salt was replaced by organic
compounds when urea was added to the solution. The Ols peaks at 533.7 eV, 532.1 eV,
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and 530.4 eV are attributed to N-O, 5-O, and Mo-O, respectively [24,31]. It is possible
that Mo and S on the surface of MoS; nano-sheets bonded with oxygen on the surface of
hydroxylated willow catkins [34]. Furthermore, the Mo3d and S2p curves have revealed
that MoS; and MoOs; were formed, confirming the presence of Mo-O on the nanosheet
surface [24,31]. It can be deduced that the MoS; sheets were anchored to the hydroxide
of the hydroxylated catkins in alkaline solution with the formation of loose MoS, [37].
The N, adsorption/desorption isotherms (at 77 K) of M»S; and WC3M,S; (presented in
Figure S5) have established that the BET surface areas increased from 8.6236 m?/g to
15.3994 m?2/ g as willow catkins were transferred into the composites, which is consistent
with the formation of loose composites. Many researchers suggested that ultrathin MoS;
could significantly improve the lubrication property of oils, because they could be pene-
trated into the contact area easily [29,30].Notably, MoS; plays an important role in friction
reduction and abrasion resistance. Nano-scale MoS; possesses high specific surface area,
which is more advantageous to be adsorbed on the contact surface. In friction, the shedded
MoS, flakes can be replenished and updated immediately by other adsorbed MoS; film,
which plays an important role in lubrication function [30]. Research has shown that the
addition of urea to the precursor solution can influence nucleation and growth of crystalline
MoS,, and generate a greater number of loose nano-sheets [38]. These possess weak van
der Waals forces of the loose sheets, decreasing the shear forces that the steel balls must
overcome, providing effective lubrication during rotation [19].

The above analysis might give some clues of mechanism. First, the lager catkins
surface and the significant hydroxide can anchor the MoS, sheets with chemical bonds and
hinder aggregation of MoS, sheets. Second, the addition of urea can generate a significant
number of loose nano-sheets and even graphene-like sheets. The weak van der Waals forces
between the loose sheets decrease the shear forces of steel balls during rotation, providing
effective lubrication. Third, the tribo-film containing MoS,, FeS, azide, metal oxides and
other compounds plays an important role in reducing friction and the anti-wear properties
of the composites (see Figure 10).

S @ Mo C © Ffo @ 0O @ N EEEERN Mo,

Figure 10. The growth and wear mechanism of WCMS with urea.

4. Conclusions

In this study, willow catkins/MoS; nanoparticles have been prepared using a hy-
drothermal method. By controlling the reaction temperature, the combination of willow
catkins and urea can effectively improve tribological properties. The WSD of steel balls
lubricated with LP-OAWC3M5S; at a concentration of 0.2 wt.% is 0.50 mm, which is much
smaller than that with LP (0.65 mm) and LP-OAWCyM,S; (0.60 mm), respectively. At
a concentration of 0.5 wt.%, the WSD and COF of steel balls when lubricated using LP
containing modified WC3M,S; with urea (8g) were 0.46 mm and 0.09, representing ca.
70% and 50% of that observed for lubrication with pure LP, respectively. The tribo-film
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contained MoS,, FeS, azide, metal oxides and other compounds that play an important
role in reducing friction and the anti-wear properties of the composites. The catkins sur-
face contains a significant hydroxide component that serves to anchor the MoS; sheets
and hinder aggregation of MoS, The addition of urea to the precursor solution can al-
ter the nucleation and growth of crystalline MoS,, generating a significant number of
loose nano-sheets and even graphene-like sheets. The weak van der Waals forces be-
tween the loose sheets decrease the shear forces of steel balls during rotation, providing
effective lubrication.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/lubricants11120524 /s1. Figure S1. The stability of lubricants with
additives. Figure S2. The mapping analysis of the WC;M,S;s with the hydrothermal temperature of
200 °C. Figure S3. The mapping analysis of the WC,M;S;s with urea at a hydrothermal temperature
of 200 °C. Figure S4. The XPS spectra of the WC3M,S; with (a—e) and without (f-) urea. Figure S5.
N, adsortion/desorption isotherms (77K) of M5Sys (A) and WC3M;S;s (B), respectively. Table S1.
The catalogue and component content of the composites.
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