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Abstract: Molybdenum disulfide (MoS2) has been used in a variety of lubrication products due to
its highly tunable surface chemistry. However, the performance of MoS2-derived tribofilms falls
short when compared to other commercially available antiwear additives. The primary objective
of this study is to improve the tribological performance of MoS2 as an additive for lithium-based
greases. This was achieved by functionalizing the particle with hydrophilic molecules, such as urea.
Experimental results indicate that the urea-functionalized MoS2 (U-MoS2) leads to a notable decrease
in the coefficient of friction of 22% and a substantial reduction in the wear rate of 85% compared to its
unmodified state. These results are correlated with the density functional theory (DFT) calculation of
U-MoS2 to theorize two mechanisms that explain the improved performance. Urea has the capability
to reside both on the surface of MoS2 and within its interlayer spacing. Weakened van der Waals
forces due to interlayer expansion and the hydrophilicity of the functionalized U-MoS2 surface are
catalysts for both friction reduction and the longevity of tribofilms on hydrophilic steel surfaces.
These findings offer valuable insights into the development of a novel class of lubricant additives
using functionalized hydrophilic molecules.

Keywords: MoS2; functionalization; lubricant; hydrophilic; friction; additives

1. Introduction

Friction and wear in machinery leads to energy waste and a decrease in the operational
lifespan of equipment [1]. A method to counteract this is the development of effective
lubricants to minimize the impact of friction and wear within a moving system. Grease is
classified as a semi-solid lubricant, containing a base oil, thickener, and additives [2]. They
can adhere more effectively to surfaces, offering diverse functionalities while safeguarding
against friction [3,4]. Tremendous efforts have been directed toward improving grease
performance through the incorporation of various additives. Amongst these, the inclusion
of two-dimensional (2D) materials, such as graphene, boron nitride, Mxenes, zirconium
phosphate, and MoS2, has garnered considerable interest [5–8]. This is primarily ascribed
to the distinctive characteristics exhibited by these materials, such as their high-strength
layered structure, low friction, and enhanced resistance to wear [9–12].

The tribological performance of MoS2 is attributed to the presence of covalently
bonded hexagonal lamellar structures, wherein the layers are joined by a weak van der
Waals attraction force, resulting in low shear strength [13]. This characteristic facilitates
the sliding of these layers and their deposition onto a substrate, effectively lowering the
coefficient of friction and promoting the formation of a tribofilm to reduce wear. It has
previously been employed as a solid lubricant and an extreme pressure additive in a
variety of greases [14–17]. However, the development and durability of a MoS2-derived
tribofilm falls short when compared to commercially available antiwear additives like
Zinc dithiophosphate (ZDDP) [18,19]. ZDDP exhibits an inherent polarity in its molecular
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structure, enabling it to establish spontaneous interactions with a metal surface. In contrast,
MoS2 consists of a hexagonal arrangement of molybdenum atoms, surrounded by nonpolar
sulfur atoms in a sandwich-like configuration. Inconsistencies in the performance of MoS2
can be ascribed to its vulnerability to environmental influences. Research findings have
indicated that MoS2 adsorbs moisture present in the surrounding environment, initiating
its oxidation [20,21]. Water, as a small molecule, has the ability to intercalate between the
layers of MoS2, resulting in the generation of an attractive force that hinders interlayer
sliding [22–24].

One effective approach to enhance the durability of tribofilms and to promote pro-
longed interactions with the surfaces in contact is through the functionalization of MoS2
using polar molecules [25,26]. In addition, the process of microencapsulation of MoS2 de-
livers the advantage of shielding MoS2 from moisture absorption in a humid environment,
as well as preventing its oxidation when subjected to frictional loads [27]. Another benefit
of utilizing functionalized molecules is their ability to intercalate between layers, increasing
interlayer spacing and reducing the Van der Waals attraction force [28,29]. The decrease in
the force of attraction facilitates the movement of these layers, enabling them to slide and
spread more evenly throughout the surface area in contact [29,30].

In the present investigation, urea was designated as the functionalized molecule,
relying on its environmentally friendly nature, thermal stability, and notably its hydrophilic
characteristics resulting from the presence of two amine groups connected to a carbonyl
group [31,32]. The objective of our research was to employ urea molecules as a means to
modify the surface of MoS2 and improve its tribological properties. A simple one-step
synthesis process was explored for the preparation of urea-functionalized MoS2 (U-MoS2).
A thermogravimetric analysis (TGA) and X-ray diffraction (XRD) were conducted in order
to confirm the presence of urea. Additionally, a water dispersibility test was carried out to
validate any surface modifications of MoS2 caused by the presence of urea. Furthermore, to
conduct a comparative analysis of the tribological performance of MoS2 and U-MoS2, an
investigation was carried out to evaluate the coefficient of friction (COF) and observe the
wear patterns on the worn surface. Afterward, to verify the adsorption and intercalation
potential of urea with MoS2 crystals, density functional theory (DFT) simulations were
performed. Possible structural changes in MoS2 crystals after urea intercalation were
assessed to validate their potential to improve tribological performance.

2. Materials and Methods
2.1. Materials and Sample Preparation

Urea (ACS reagent, 99-100.5%), Molybdenum (IV) disulfide (<2 µm, 98%), and 2-
propanol (anhydrous, 99.5%) were acquired from Sigma Aldrich (St. Louis, MO, USA). The
lithium base grease was supplied by Chemtool Incorporated (Rockton, IL, USA).

A simple adsorption reaction was conducted to investigate the influence of urea on
the MoS2 material. Initially, a quantity of 0.2 gm of urea was dissolved in 2-isopropanol
and thereafter subjected to stirring for 30 min. Subsequently, MoS2 was introduced into
the solution, ensuring a molar ratio of 1:1 with respect to the concentration of urea. It is
important to note that the ratio of urea and MoS2 was adjusted from 0.5:1 to 1.5:1, with
the 1:1 ratio identified as optimal for transitioning the MoS2 particles from hydrophobic to
hydrophilic based on the water dispersibility test. Furthermore, the reaction was allowed to
proceed under continuous magnetic stirring for 24 h at a temperature of 40 ◦C. Afterward,
the particles were extracted from the solution using a centrifuge machine, followed by
several washes with acetone to eliminate any remaining urea residues. Subsequently, the
particles underwent a drying process at a temperature of 50 ◦C for 6 h within ambient
atmospheric conditions.

2.2. Characterization

Thermogravimetric analysis (TGA) was examined by using a TA instruments (New
Castle, DE, USA) SDT: Q600 thermal analyzer. The sample was heated at a rate of 10 ◦C/min,
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starting from room temperature and progressing up to 500 ◦C. X-ray powder diffraction
(XRD) was utilized to characterize the samples using a Bruker (Billerica, MA, USA) D8
powder X-ray diffractometer incorporated with a LynxEye detector in the Bragg–Brentano
geometry equipped with Cu Kα radiation (λ = 1.54178 Å). The morphology of MoS2
and U-MoS2 was observed with a VEGA field-emission scanning electron microscope
manufactured by TESCAN (Brno, Czech Republic). An imaging acceleration voltage of
10 kV was employed, and the conducting carbon tape was placed in a sample holder to
hold the samples for testing. Moreover, the water dispersibility test was used to identify the
hydrophilic nature of the particles. To do so, a 0.1 M solution was prepared and subjected to
ultrasonication for 30 min at room temperature to ensure thorough mixing and dissolution.

2.3. Tribotesting

The tribological performance was evaluated by employing particles of urea, MoS2,
and U-MoS2 as an additive with lithium base grease, with a concentration of 0.25 wt.%. The
friction and wear tests were conducted with an Anton Paar (Graz, Austria) manufactured
TRB3 Pin-on-disk tribometer. The arrangement consisted of an AISI 4130 low-carbon steel
plate and an AISI E52100 steel ball with a diameter of 6.35 mm. Prior to commencing the
tests, a thin coating of the prepared grease, approximately 1 mm in thickness, was applied
onto the steel substrate. A reciprocating motion was established with a velocity of 5 cm/s
and a maximum amplitude of 6 mm. Three distinct loading conditions (5 N/10 N/15 N)
were subsequently applied to the surface throughout the experiment. Each test was re-
peated a minimum of three times in order to determine the most accurate performance of
these particles.

The wear profiles were analyzed by a 3D surface profiler (VK-9700) manufactured
by Keyence Corporation of America (Itasca, IL, USA). A minimum of six distinct cross-
sectional profiles were evaluated to calculate the average cross-section of the wear track.
The wear rate, denoted as K, was determined using the following equation [33]:

K =
V

L d
(1)

Here, V defines the wear volume of the worn surface, L is the applied load, and d represents
the total sliding distance throughout the test.

2.4. DFT Simulation

The investigation of the geometrical changes resulting from the intercalation of urea
within the MoS2 layers was carried out by DFT simulations utilizing the open-source
software Quantum ESPRESSO ver. 6.6 [34]. In this study, a 2 × 2 × 2 supercell was utilized
to examine the MoS2 model, which consisted of four layers. The placement of the urea
molecule within the supercell was performed in a manner that aligned it parallel to the
atomic layers of MoS2. The core electrons were defined using ultrasoft pseudopotentials,
and the exchange-correlation energy was demonstrated using the generalized gradient
approximation (GGA) as per Perdew–Burke–Ernzerhof (PBE) [35]. A dense Monkhorst–
Pack with grids of 5 × 5 × 1 was used to define the Brillion zone. In addition, the cutoff
energy of 50 Ry was selected with an energy convergence threshold of 10−6 eV and a force
convergence requirement of 10−4 eVÅ−1.

The adsorption energy was determined by utilizing a 4 × 4 MoS2 sheet as the substrate,
onto which a urea molecule was positioned parallel to the hexagonal layers of MoS2. The
unit cell was periodic in both the x and y planes, while a vacuum region of 20 Å was estab-
lished in the z direction along the (002) plane to prevent any interaction between adjacent
cells. The adsorption energy (Eads) was estimated by using the following equation [32]:

Eads = EMoS2+Urea – EMoS2 – EUrea (2)
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where EMoS2+Urea denotes total energy associated with the urea adsorbed onto the MoS2
substrate. EMoS2 and EUrea define the energy of an isolated MoS2 layer and an isolated urea
molecule, respectively.

3. Results and Discussion
3.1. Morphology of Urea-MoS2

Urea molecules are first attracted to the surface of MoS2 particles through an adsorp-
tion mechanism that yields U-MoS2. In order to determine the presence of functionalized
urea, thermal gravimetric analysis (TGA) was conducted through a temperature range
spanning from ambient conditions to 500 ◦C. The weight loss around 100 ◦C, as depicted
in Figure 1a, was found to be the most significant in ideal conditions. This weight loss
can be attributed to the removal of water molecules trapped between MoS2 layers. The
introduction of moisture into the interlayers of MoS2 leads to the initiation of particle oxida-
tion and subsequent degradation of its lubricating performance [24]. On the other hand, a
significant reduction in weight was seen in U-MoS2, commencing at approximately 150 ◦C
and persisting until 350 ◦C. This phenomenon can be attributed to the inclusion of urea
inside the structure, as reported in a previous study [36]. Interestingly, the weight loss of
U-MoS2 was much lower than MoS2 at temperatures approaching 100 ◦C. This observation
provides evidence that urea can effectively displace moisture in MoS2 and serve as a pro-
tective agent against oxidation [27]. Furthermore, XRD patterns were analyzed to identify
the crystal structures of MoS2 and U-MoS2, as depicted in Figure 1b. The diffraction peaks
demonstrate the phase purity of MoS2, which possesses a hexagonal structure, specifically
the 2H phase as identified by the JCPDS card no. 37-1492 [37,38]. It is worth noting that
this hexagonal structure remains unaffected even after the modification by urea. The peaks
of U-MoS2 shift from 14.4◦ to 14.1◦, indicating an expansion of the interlayer spacing. The
decrease in peak intensity, approximately 18 %, appears to be associated with the decrease
in crystallinity, which is a consequence of the integration of urea into the structural matrix
of MoS2.
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The identification of the morphology and microstructure of these particles was con-
ducted using a scanning electron microscope (SEM). The dispersion and separation of
U-MoS2 particles were evident when comparing them to the agglomerated MoS2 particles,
as depicted in Figure 1c,d. The functionalization of particles with urea hinders their ten-
dency to agglomerate to the particles of MoS2, hence offering advantages in enhancing
tribological performance. In order to assess the surface characteristics of U-MoS2, a water
dispersibility test was conducted. As shown in Figure 1e, dispersion of MoS2 tends to
precipitate within a few hours and completely sediment less than 48 h. This is attributed to
the hydrophobic nature of MoS2 due to nonpolar sulfur elements in the structure [39–41].
In contrast, U-MoS2 was uniformly dispersed in water throughout the time due to its
hydrophilic nature [27,33,42].

3.2. Tribological Performance

The particles of MoS2 and U-MoS2 were incorporated as additives into a lithium base
grease to perform their tribological tests. MoS2 can generate a tribofilm when subjected
to friction, resulting in the maintenance of a low coefficient of friction (COF) [18,43,44].
Formation and removal of tribofilm is a continuous process, characterized by a higher
formation rate initially, followed by attaining an equilibrium state after a specific duration
and subsequently reaching a lower formation rate than the removal rate, which signifies a
deterioration in lubricating performance [18,45].

The coefficient of friction (COF) was measured for four thousand cycles under the
5N load to evaluate the impact of MoS2 and urea molecules as compared to base grease.
Initially, the COF for lithium grease exhibited a higher value, as depicted in Figure 2a,
which gradually diminished as the cycle count increased. The pattern for urea–grease
mirrors this, albeit with marginally lower values, suggesting that urea’s sole contribution
to friction reduction is minimal. In contrast, the COF for both MoS2 and U-MoS2 remained
consistently lower throughout the testing period, highlighting MoS2’s effectiveness in
enhancing the tribological performance of base grease. Figure 2b presents the average COF
for all samples, with U-MoS2 recording the lowest, underscoring the synergistic effect of
combining urea with MoS2 to boost performance.
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Figure 2. (a) Variation of coefficient of friction (COF) and (b) average friction coefficient for grease,
urea–grease, MoS2–grease, and U-MoS2-grease at 5N applied load.

Three different loads were applied on the surface to assess the tribological performance
of MoS2 and U-MoS2, focusing on their ability to maintain the tribofilm and the subsequent
impact on wear rate. The response of MoS2 and U-MoS2 under an applied load of 5 N is
illustrated in Figure 3a. It is observed that MoS2 exhibits a low COF until 2300 cycles; how-
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ever, the COF subsequently increases due to the breakdown of the tribofilm. Conversely,
U-MoS2 demonstrated a consistent and low COF throughout the entire test. According to
previous research [46], it is anticipated that the friction force will exhibit a proportional
rise in response to an increase in the normal load, hence maintaining a constant COF.
However, in Figure 3b, the COF of MoS2 fluctuates wildly after just 270 cycles under the
increased loading condition of 10N. This is perceived to be due to the removal rate of the
tribofilm outpacing its formation rate at several instances during the test [18] and the lower
dispersibility of unmodified MoS2 due to their increased agglomeration, as seen in Figure 1.
In contrast, U-MoS2 demonstrated a nearly constant COF until 2500 cycles, at which point
the lubricating effect of the tribofilm formation reaction reached a new stable equilibrium.

Figure 3. Variation of coefficient of friction (COF) for the different applied loads of (a) 5N, (b) 10N,
and (c) 15N; (d) average COF with three applied loads for MoS2 and U-MoS2.

Furthermore, it is noteworthy to add that the tribofilm can increase its thickness and
also achieve a more compact structure due to the initial generation of a large amount
of wear debris under an increased applied load [47,48]. This can be used to explain the
eventual decrease in the COF of MoS2 for 10 N to eventually reach parity with the COF of
U-MoS2 after 2800 cycles. In Figure 3c, the COF of MoS2 fluctuates again as in the previous
case but remains consistently above the COF of U-MoS2 for a majority of the test. At around
3248 cycles, the increased loading condition of 15 N takes its toll on the U-MoS2 and causes
it to break down completely before it begins to recover at around 4000 cycles. In Figure 3d,
we can observe that the initial COF has a positive correlation with the applied load, leading
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to an increase in the diameter of the wear scar, ultimately resulting in a reduction in the
applied pressure under the contact due to the continuously increasing contact area. This is
evidenced by the performance advantage of the COF of U-MoS2 against the COF of MoS2
being lower for the 15 N load in comparison to the 10 N load. Overall, it can be observed
that the COF of U-MoS2 was consistently lower than that of pure MoS2 across all scenarios.
This finding suggests that the introduction of urea to functionalize MoS2 can enhance the
longevity of tribofilm reactions when compared to the unmodified particles.

The characteristics of wear are correlated with the processes of tribofilm formation
and removal [18,19]. Figure 4 illustrates the three-dimensional wear profiles of MoS2 and
U-MoS2 when subjected to varying applied stresses. The wear tracks of both materials
exhibited an increase in the local surface roughness of the wear track when the applied
load was increased, characterized by the presence of a more pronounced wear scar. In all
instances, it was noticed that MoS2 created deeper and rougher grooves in comparison to
U-MoS2. This finding suggests that the surface formation due to the presence of U-MoS2
exhibited a significantly higher level of smoothness when compared to MoS2, which can be
attributed to the existence of their respective tribofilms.
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Figure 5 depicts a quantitative analysis of the wear performance exhibited by MoS2
and U-MoS2. The scar diameter increased with increasing applied normal load for both
materials, as shown in Figure 5a. However, it is worth noting that the rate of growth
in scar diameter was significantly lower for U-MoS2 compared to MoS2. The findings
pertaining to scar depth, as illustrated in Figure 5b, exhibit comparable patterns. The wear
track depth for MoS2 under a normal load of 15 N was found to be 9.5 µm, which was
the greatest among the tested samples. In contrast, U-MoS2 exhibited a wear track depth
of just 3.7 µm. Figure 5c,d depicts the wear volume and the associated wear rate of the
samples. The wear volume of U-MoS2 is substantially lower than that of MoS2, indicating
the enhanced performance of tribofilms when MoS2 is functionalized with urea molecules.
It is noteworthy to highlight that the observed pattern of wear rate variation in relation to
the applied load, as portrayed in Figure 5d, bears a resemblance to the average coefficient
of friction, as depicted in Figure 3d. The tests with lower average COF resulted in lower
average wear rates and less severe wear scars.
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Figure 5. Wear (a) track, (b) depth profile, (c) volume, and (d) rate of MoS2 and U-MoS2 under the
different normal loads.

The surface morphology of the wear track was scrutinized to elucidate the superior
performance of U-MoS2, as illustrated in Figure 6. SEM imagery revealed a smooth tribofilm
within the wear track, which likely contributed to the observed low COF and wear rate.
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EDS mapping indicated a uniform distribution of MoS2 across the surface, along with
notable carbon presence. The tribofilm is primarily composed of nitrogen and oxygen,
signifying its composition largely of oxide and nitride compounds. Notably, urea molecules
are composed of nitrogen, carbon, and oxygen, which facilitates the formation of nitride,
oxide, and carbide compounds with molybdenum and iron, crucial for reducing wear rate
during frictional interactions.
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3.3. Crystal Structure of U-MoS2

The 2H-MoS2 crystal structure was considered for DFT simulations based on its su-
perior thermodynamic stability in comparison to the alternative polymorphs, namely
1T-MoS2 and 3R-MoS2 [49,50]. Also, the XRD results revealed that the crystal structure
of MoS2 exists in the 2H phase. 2H-MoS2 is mainly a hexagonal structure (space group
P63/mmc), which consists of A-B-A-B stacking sequences with edge-sharing [MoS6] trig-
onal prisms [51,52]. In the MoS2 structure, urea molecules are positioned in two distinct
ways: intercalation between the MoS2 layers and adsorption on the MoS2 surface. Earlier
studies have demonstrated that the optimal alignment of the urea molecule with hexagonal
layered materials occurs when it is parallel to the (002) direction [32,36,53,54]. Taking this
into account, the spatial arrangement is illustrated in Figure 7, highlighting the parallel
alignment of the urea molecules to the MoS2 layers, indicative of their interaction dynamics
within the structure.
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Comprehending the crystal structure of U-MoS2 is essential for elucidating its lubri-
cating mechanism and anticipating its performance attributes. Table 1 presents the results
of the geometrical optimization conducted on both MoS2 and urea-intercalated MoS2,
including the total energy values and their corresponding lattice parameters. The energy
subsequent to the intercalation of urea was reduced compared to its pure state, indicating
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that the process of urea intercalation exhibits thermodynamic favorability [28,55]. Further-
more, it is worth noting that although there was no alteration in the lattice parameters
along the x and y directions after the intercalation of urea into the MoS2 structure, there
was a notable enhancement in the lattice parameter along the Z direction, namely on the
(002) plane of the unit cell [56]. This enhancement resulted in an approximate 17 % increase
in the volume. The density exhibited a reduction of around 12.5 % as a consequence of
the extension of the unit cell. Notably, the enlargement of the unit cell reduces interlayer
interactions, facilitating lubrication by promoting smooth sliding between the layers [29,54].

Table 1. Total energies and the geometrical changes in MoS2 and U-MoS2.

Compounds
Energy

(Ry)
Lattice Parameters Volume

(Å3)
Density
(g/cm3)a(Å) c(Å)

MoS2 −2890.48 3.183 13.494 118.734 4.477

U-MoS2 −2978.23 3.179 15.838 138.954 3.916

The impact of urea’s interaction with MoS2 layers on its molecular structure was
examined to understand its implications for the structural stability of urea molecules.
According to the data presented in Table 2, the bond lengths and bond angles of urea did
not exhibit substantial alterations following its contact with MoS2 layers. This suggests
that the interaction between the urea molecule and MoS2 layers had no discernible impact
on the structural stability of urea [57]. This finding aligns with previous literature reports
on the interaction between graphene and urea [32]. In the same manner, the bond length
between the elements molybdenum (Mo) and sulfur (S) exhibited a reasonable alteration,
decreasing from 2.41 Å to 2.37 Å in response to the intercalation of a urea molecule within
the crystal structure of MoS2. The observed phenomenon can be ascribed to a reduction in
interlayer interaction within the MoS2 crystal structure.

Table 2. The bond lengths and bond angles of the intercalated urea in MoS2.

Bond Lengths (Å) Bond Angles (◦)

C=O C-N N-H O-C-N N-C-N C-N-H H-N-H

This Study 1.242 1.374 1.007 122.495 113.576 118.642 118.695

Reference [57] 1.221 1.378 1.021 122.64 114.71 119.21 118.61

Furthermore, adsorption energy measures the strength of interaction between a
molecule and a surface, indicating how strongly the molecule adheres to the surface and
revealing the intermolecular forces at play. Referring to model 2 depicted in Figure 7, the
adsorption energy of the urea molecule was calculated using Equation (2), with the results
presented in Table 3. Three distinct functionals were employed in DFT calculations to inves-
tigate the fluctuations of adsorption energy. In all instances, the energy displayed a negative
value and revealed similarity to specific hexagonal layered structures, such as boron nitride
(BN), graphene, and oxygen-terminated titanium carbide MXene (O-Ti3C2Tx) [31,32,53]. A
negative value of adsorption energy signifies a favorable adsorption process, implying that
the adsorption of a molecule onto a surface is an energy-releasing, spontaneous event.

Table 3. The calculated adsorption energy of urea on MoS2 using different functionals.

Compound MoS2
This Study

BN-Nanotube
[31]

Graphene
[32]

O-Ti3C2Tx
[53]

Functional GGA-PW91 GGA-PBE LDA-CA-PZ GGA-PW91 GGA-PBE GGA-PBE

Adsorption
Energy (eV) −0.659 −0.561 −0.681 −0.325 −0.776 −0.530
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3.4. Roles of Layered Structure in Tribo-Performance

The MoS2 layer comprises two planes of sulfur atoms that are covalently connected
with a hexagonal plane of molybdenum atoms. The bonding between these layers is
assisted by relatively weak van der Waals interactions. The formation of a tribofilm on the
steel surface by MoS2 layers is contingent upon two primary mechanisms: establishing
a bond with the steel and facilitating the sliding of MoS2 layers to disperse onto the
substrate [18,27]. In the presence of substantial stress, the sulfur atoms located at the
outermost edges of MoS2 interact with the steel surface, leading to their adhesion onto the
surface. The van der Waals connection between the layers is overcome by applied shear
stress, which enables the layers to slide away from the bulk and subsequently disperse
onto the surface of the steel.

The ability of the layers of MoS2 to slide depends on applying a specific magnitude of
shear force to counteract the van der Waals force. The magnitude of this force is directly
influenced by the interlayer distance of the MoS2 particles [58,59]. The van der Waals
interaction between two atoms demonstrates a relationship that is inversely proportional
to the sixth power of the distance separating them. [30,60]. Urea molecules intercalate
between the layers of MoS2, expanding the interlayer distance. Based on the results of DFT
calculations, the interlayer distance rises from 6.8 Å to 9.45 Å and 7.27 Å at the centered
and side positions, respectively, as depicted in Figure 8. The augmentation of the interlayer
spacing can effectively reduce the van der Waals forces, hence facilitating the relative
movement of the MoS2 layers. As a result, the development of a tribofilm composed of
MoS2 has a greater chance of being facilitated. Moreover, the presence of nonpolar sulfur
atoms within the MoS2 structure confers hydrophobic characteristics [39–41]. Consequently,
it is unable to undergo interactions that would facilitate the formation of bonds with the
hydrophilic steel surface spontaneously, resulting in a lack of sustained tribofilm formation.
The implantation of urea onto the surface of MoS2 has the potential to induce a transition
from hydrophobic to hydrophilic characteristics. This process facilitates the adhesion of
MoS2 onto the steel surface, resulting in the formation of a resilient tribofilm, as visually
portrayed in Figure 8.
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4. Conclusions

In this study, MoS2 particles underwent a modification process by interacting with
urea molecules to employ an ecologically friendly, low-temperature adsorption reaction.
The verification of the existence of urea in MoS2 was confirmed through thermogravimetric
analysis and the X-ray diffraction method. The introduction of urea has the ability to
induce a significant transformation in the surface properties of MoS2, shifting it from a
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hydrophobic state to a hydrophilic state, as evidenced by the results of the water dispersibil-
ity experiment. The results of tribo-testing demonstrate that the inclusion of 0.25 wt.%
U-MoS2 as an additive in lithium-based grease leads to a substantial reduction in both the
friction coefficient and wear rate. The findings from DFT calculations indicate that the
thermodynamic stability of MoS2 is contingent upon the presence of urea molecules, which
can be situated both on the surface and between the layers of the particle. The incorporation
of urea resulted in an approximate 17 % increase in the volume of MoS2, while simultane-
ously causing a drop in density of roughly 12.5 %. Additionally, the interlayer distance
saw a modification from approximately 6.8 Å to 9.45 Å and 7.27 Å at the center and side
positions, respectively. The surface alteration and interlayer enlargement resulted in the
improved performance of the newly functionalized U-MoS2. In conclusion, the utilization
of hydrophilic derivatization and localized interlayer expansion of MoS2 presents novel
avenues for improving the tribological characteristics of two-dimensional materials.
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