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Abstract: This paper reports on the trend of studying and applying two-dimensional materials in
tribology. Two-dimensional materials have improved the ability of lubricants when used as additives
to reduce wear between surfaces through the formation of protective layers by sliding on metal
surfaces. The morphology and chemical nature of 2D materials are among the important factors
that influence their dispersion in the lubricant medium and determine the final performance of
the lubricant for various applications. The mentioned materials in this work are h1-BN, graphene,
graphene oxide, and MoS, as part of the transition metal dichalcogenides. The most studied material
to date is graphene and its analogs, such as graphene oxide, which, under controlled conditions,
can present superlubricity, with COF values less than 0.01. Some methodologies applied to modify
two-dimensional materials and examples of the application and characterization of their performance
in tribology are mentioned. This review also shows the benefits of using 2D nanomaterials and the
synergy generated when two or more of them are combined to not only achieve superlubricity but
also improve corrosion resistance and mechanical properties at the interfaces found in contact.

Keywords: additive; bidimensional material; graphene oxide; molybdenum disulfide; boron nitride

1. Introduction

Annually, the economic losses due to friction and wear between metal parts are huge
since friction is a key factor that causes the wear of parts and the reduction of their useful life
to the loss of energy. The total energy consumption used to overcome friction in the mining
industry globally is estimated to be around 38% [1]. Meanwhile, in the transportation
industry, it is estimated that one-third of fuel energy is used to overcome friction, causing
28% of the energy used to move a car to be lost [2]. For this reason, to reduce the problem
posed, new lubricating materials are currently being explored to improve the reliability
and useful life of manufactured products, thus reducing energy and resource losses.

A lubricant is a substance used to facilitate the relative motion of solid bodies by min-
imizing friction and wear between interacting surfaces. These can be classified in different
ways as a function of their physical or chemical nature. Generally, they are grouped as solid
(dry lubricants), gas (compressed air or other gases), liquid (oils), and semi-solid (grease) [3].
During the selection of lubricant, the factors to be considered will depend on the application
of the lubricant; for example, on automobile engines, the shear stability, cloud point, dynamic
and kinematic viscosity, volatility, pour point, foaming characteristics, element content, flash
point, density, ash, water tolerance, corrosiveness color, homogeneity, and elastomer com-
patibility must be considered [4]. Generally, liquid and semi-solid lubricants are the most
widely used due to their versatility and ease of use [3]. However, the huge consumption of
external lubricants is a serious problem in practice, and the external supply of lubricants is
unacceptable in some unusual situations, such as medical equipment, precision electronics,
and optical instruments [5]. Therefore, solid lubricants also have some advantages in respect
to liquid lubricants, as shown in Table 1.
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Table 1. Advantages and disadvantages of using solid and liquid lubricants.

Solid Lubricants Liquid Lubricants

More effective than fluid lubricants at high
loads and high speeds.

Highly stable in extreme conditions (high
operating temperatures, reactive, and high

Long endurance lives.
Resupply possible.
Low mechanical noise.

3 . . High heat dissipation (ease to use in
&  radiation environments). ; .
] . . U recirculating systems).
= High resistance to abrasion in high dust o .
= . Very low friction in elastohydrodynamic
S environments. o .
5 .. . . . lubrication regime.
< Minimal degradation (no migration of No wear in hvdrodvnamic or
lubricants) Y ynam
elastohydrodynamic regimes.
Good long-term storage. .
. ; No wear debris.
No viscosity effects. . . .
- . Excellent cleaning and flushing capability.
Corrosion protection.
Lubrication is temperature dependent
. . Vi ity, creep, and vapor pressure).
0 Life determined by lube wear. (viscosity, c Cep, anc vapor press ©)
@ - Seals or barrier coating needed to prevent
&  Poor thermal characteristics (no heat creep
k- dissipation). o
g SS1pato .) . . . Friction dependent on speed.
> Reapplication difficult or impossible. o .
o . - - Endurance life is dependent on lubricant
< Higher coefficients of friction and wear .
g than for hydrodynamic lubrication degradation or loss.
= Y Y Additives are necessary for boundary

Poor self-healing properties. lubrication regime.

Long-term storage difficult.

To solve the disadvantages of solid lubricants, small amounts of additives are intro-
duced into the base material to improve the tribological performance of lubricants and
modify their thermal properties and antioxidant capacity. Additives are the main categories
as friction and wear modifiers, antioxidants, rust inhibitors, antifoam agents, extreme
pressure/load-carrying compounds, viscosity index improvers, detergents, emulsifiers,
and metal deactivators [6]. Nanotechnology has allowed the introduction of nanomaterials
such as nanoparticles, which have attracted considerable attention as potential lubricant
additives due to their excellent physical and chemical properties [7]. Developing additives
with specific functions is one of the most effective ways to reduce friction and wear.

Two-dimensional nanomaterials such as graphene, h-BN, and transition metal dichalco-
genides (TMDs) have had a great boom due to their properties and utility in fields such
as electronics and optoelectronics, catalysis, energy storage devices such Li-ion batteries,
sensors, solar cells, and reinforced ceramics, as well as biomedical and antipathogenic
applications [8,9]. The use of graphene, h-BN, and transition metal dichalcogenides such as
MoS; in applications as a lubricant or additive has been growing in the last ten years. A
query was made through the Web of Science, using the keywords “graphene, h-BN, MoS,
(separately), together with wear, friction, and tribology”, and the most relevant articles in
the journals were identified, as shown in Figure 1.

Among the most relevant works is the review published by Xiao et al. [10], who
talk about forming a tribofilm in the presence of 2D nanomaterials during the rubbing
process. The formation of this tribofilm is one of the main reasons for improving lubricity.
However, the formation mechanism has yet to be fully understood, as complex compounds
are formed from a possible tribochemical reaction during rubbing. In the various works
compiled in this work, multiple mechanisms have been proposed for forming tribofilms,
including the microstructural transformation of the 2D material, slippage between layers,
and synergistic effects.
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Figure 1. Documents published between 2012 and 2022 related to using graphene, MoS2, and h-BN
as lubricants.

Two of the characteristics that a 2D material must possess to have a good performance
as an additive in lubricants are stability and good dispersion. There are three main ways to
improve the dispersion stability of graphene in lubricants, including physical modification,
which is within the microstructural transformation that Xiao discusses in his review paper;
and chemical modification and structural regulation, which are also summarized in the
work of Zhao et al. [11].

Taking advantage of the thin lamellar structure of 2D materials, specific surface area,
surface energy, ease of cutting, and high chemical and thermal resistance, in addition to the
ease of being modified through functionalization, 2D materials are promising for extreme
working applications (temperature, pressure, and speed) [12,13].

This review provides relevant research from recent tribological studies using graphene,
h-BN, and some main TDM and their uses as additives for liquid lubricants. The graph of
Figure 1 shows the importance that research using graphene and MoS; has had in tribology
over time, especially in the last five years. For its part, hexagonal boron nitride, although
it does not show significant growth, was considered in this review, given its similarity to
graphene, specifically in its structural characteristics. Additionally, here we present the
advantages and disadvantages of using the different materials, mainly those graphene-
based and TDM, whether they are used as additives in oil or water-based lubricants; the
possibility of synergistically improving the resulting properties by combining two or more
two-dimensional additives; and using computational tools such as molecular dynamics
simulations to try to explain the lubrication mechanisms seen experimentally.

2. Graphene Family

Graphene-based materials are preferably used as lubricant additives and reducers
of energy losses due to friction. When the dimensions of the materials are taken to the
nanoscale, exceptional physical-mechanical properties are obtained, which differ signif-
icantly from the “bulk” properties. The new properties are due to its laminar structure
composed of thin layers with a thickness of at least one atomic layer [14]. Furthermore,
these materials have a high aspect ratio and serve as coatings that minimize friction and
wear [15]. Graphene is the thinnest material known to the scientific community. Carbon
atoms are linked in a 2D hexagonal panel-like structure, giving graphene unique tribo-
logical, mechanical, electrical, and thermal properties [16]. The tribological properties
of graphene and its derivatives as lubricant additives were reported for the first time in
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2011. In addition to being used as additives in oil-based lubricants, they are also benefi-
cial in water-based media. Graphene is also an excellent lubricant due to its low surface
energy. When recovered on other substrates, its thickness is little, and its surface energy
sustains less adhesion and friction with coated surfaces [17]. Chemical modification is an
alternative to improve the dispersibility of graphene in lubricants by selecting functional
terminations [18]. Gupta et al. [19] obtained graphene oxide with hydroxyl terminations
dispersed in PEG. They reported smaller coefficient of friction (COF) values and better
wear performance because the integrity of the graphene sheets was maintained.

Graphene has been widely used in scientific research and industrial applications to
reduce friction energy consumption and improve wear resistance. Oxidized graphene or
graphene oxide (GO) is the most studied chemically modified 2D material; many works
have shown that friction in graphene is decidedly enhanced by oxidation [20]. Figure 2a,b
show a SEM micrograph in the STEM mode of a graphene oxide sheet and a schematic
configuration of this material with its interlayer distance is shown in Figure 2c. A homoge-
neous thin layer can be seen with characteristic wrinkles generated by the oxygen groups
adhered to the surface (Figure 2a,b). Zhao et al. [21] synthesized super-exfoliated reduced
graphene oxide with a high specific surface area (1665 m?/g) and an interlayer spacing
of 4.25 A. The material presented excellent tribological characteristics. The COF could be
reduced by 70%, and the volume of wear could be by more than 60%. These reductions
were attributed to the high degree of exfoliation, the stability of the dispersion, and the
evolution of the oriented displacement. Furthermore, Ge et al. [22] found that the amino
groups (-NH;) were better than oxygenated groups (-OH and -COOH) in terms of GO
superlubricity performance due to larger adhesive force between functional groups and
contact surfaces.

Figure 2. SEM-STEM micrograph of graphene oxide obtained at (a) 10,000x and (b) 50,000x.
(c) Atomic structure of layered graphene oxide (GO) and interlayer distance.

On the other hand, Kong et al. [23] reported the effects of graphene thickness and
particle size on its frictional performance, finding better tribological properties with a
higher number of layers and smaller particle sizes. This behavior is associated with the
interlaminar shear slip in multilayer graphene that favors friction reduction. In addition, a
smaller graphene size is less prone to structural defects and wrinkles. It is also more easily
absorbed into the sliding surface for a lubricating film that provides less wear.

The lubrication mechanism of graphene or its derivatives is associated with forming
a protective film from friction in the contact area, thus significantly reducing wear [24].
Materials with laminar structures are joined between layers by van der Waals forces
generating relatively low shear stress. Therefore, adjacent layers easily slide over each other
under little shear stress (providing a lubricating effect) [10,11]. Using excessive amounts of
graphene as an additive could increase surface roughness, which generates the opposite
effect of lubrication [23]. The thickness and size of the graphene used as an additive in
lubricants directly influence the resulting tribological properties. Kong et al. [23] added
multilayer graphene to PAO4 as a lubricant additive. The multilayer graphene with small
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particle size exhibited an excellent reduction of friction (37%) and wear (47%) concerning
the oil-based lubricant.

Furthermore, the wear track was flatter and brighter with multilayer graphene. The
above was attributed to the interlaminar shear slip that occurs in graphene with multi-
ple layers, thus allowing a more significant reduction in friction and resistance to wear.
Graphene, with its smaller particle size, is less prone to structural defects and folds and is
more easily absorbed into the sliding surface to form a lubricating film. Graphene, as an
additive in lubricants, works according to three mechanisms. First, graphene nanosheets
will be in contact with surfaces, generating shear forces due to motion in the tribo-system,
giving a lubricating effect [25]. Secondly, nanosheets can form a protective layer and trans-
fer film in the liquid lubricant environment. As the friction progresses, the graphene flakes
break into smaller sheets transferred to the contact area, providing a support effect. Finally,
the nanofoils are deposited and fill the worn surfaces, repairing them and improving the
lubrication’s performance. Figure 3 shows an illustration of tribofilm formation by the
exfoliation mechanism corresponding to bidimensional materials.

430
K
s

Figure 3. Illustration of tribofilm formation for bidimensional materials.

3. Hexagonal Boron Nitride (h-BN)

Hexagonal boron nitride is a solid lubricant belonging to the group of inorganic
lubricants with a lamellar structure. The crystal lattice of h-BN contains hexagonal rings
that form thin parallel planes. Its structure allows the sliding of parallel planes. Due to
the weak bond between the planes, the shear stress is low in the sliding direction, but the
compressive stress (perpendicular to shear) is high. The elevated adhesion strength of #-BN
causes a strongly adhering lubricating film to form on the substrate’s surface. In addition,
its thermal stability and chemical inertness give it an advantage over graphite and MoS; as
a solid lubricant [26].

Recently, research on lubricants has focused on water-based ones due to their low
contamination and high resistance to fire. New lubricants with good anti-friction and
anti-wear performance have been explored [27]. Hexagonal boron nitride nanosheets are a
typical two-dimensional material with less than a 2% mismatch in their crystal structure
compared to that of graphene. Therefore, h-BN nanosheets share many properties with
graphene, such as mechanical strength, good optical properties, and high thermal conduc-
tivity. However, they have better resistance to oxidation and greater chemical stability than
graphene, making them attractive for applications in aggressive environments [27].

There are very few studies of 2D nanomaterials as liquid lubricant additives where su-
per lubrication (COF < 0.01) is achieved. However, several 2D nanomaterials are commonly
used in industrial production processes to reduce friction and wear, improve a compo-
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nent’s lifetime, and increase energy transfer efficiency [28]. An et al. [27] fabricated h-BN
nanosheets by using Pebax as a functionalizing agent through a solvent-free mechanical
exfoliation process; it was used as an additive with a low concentration (0.3 mg/mL) in
a water-based lubricant, and they were able to obtain coefficients of friction below 0.01,
reaching super lubrication. When the Pebax-BN/water dispersion is added to the lubricant,
the Pebax-BN nanosheets accumulate on the surface of the substrate to form a protective
layer that reduces adhesion wear. For its part, the slight separation of the #-BN layers
could also decrease friction coefficients. Table 2 shows recent research on the tribological
performance of nanocomposites associated with graphene and hexagonal boron nitride as
lubricant additives.

Table 2. Tribological performance of nanocomposites based on graphene and h-BN as lubricant

additives.
; Tribological Properties
2D Nanomaterial Synthesis Method Mating st‘lrfaces Ref.
(Conditions) COF Wear
Graphene quantum Hydrothermal and AISI 52100-GCr15 steel (ball 3
dots (GQDs) dialysis route on disc, 20 Hz, 100 N, 60 min) 0.23 (05 to 8 mg/mL) 6 um”/Ns (wear rate) [29]
GCr 15 bearing steel (ball on 0.105-0.11 _7 3
GO unknown plate, 5 mm/s, 40 N) (0.1 to 0.8 mg/mL) 7.2 x 1077 mm”/Nm 23]
Super-exfoliated GO~ Modified Hummer’s ~ AISI 52100 steel (ball on disc, o O
(SRGO) method 3mm/s, 0.6-1.6 GPa) <0.08 (0.5 wt%) 80 x 10° nm” (wear volume) [21]
Hexagonal boron Solvent-free .
nitride nanosheets mechanical 513.N4 and AL O; balls (bau on <0.01 (0.3 mg/mL) 21.3 (wear rate um?/Nm) [27]
L. disc, 1-8 Hz, 1-8 N, 30 min)
(h-BNNSs) exfoliation
, 100Cr6 steel (ball on disc, _ 3
rGO Hummer’s method 4cm/s, 1-5 N) 0.06 (0.1 mg/mL) 2 x 107" mm®/Nm [19]
Microwave-assisted (four-ball friction tester, 1200 .
Graphene ball milling rpm, 392 N) 0.1(0.11 mg/mL) 0.35 mm (wear scar diameter) [30]
Reflux reaction with GCr15A bearing steel
Graphene platelets tearic and oleic acid (MS-10A four-ball machine, 0.12 (0.075 wt%) 0.2% (wear rate) [15]
stearic and oleic acids 1450 rpm, 147 N, 60 min)
GCr15 bearing steel
GO nanosheets Humn,ler and (UMT-2-ball-plate, 120 rpm, 0.127 (0.1 wt%) 0.275 mm (wear scar [31]
Offeman’s method 10 N, 10 min) diameter)

4. Transition Metal Dichalcogenides (TMDs)

TMDs are a family of compounds formed by a transition metal and a chalcogen
element (S, Se, or Te). These owe their lubricating properties to their 2D microstructure
made up of sheets, as shown in Figure 4b, with strong covalent bonds and weak van der
Waals forces between the intermediate layers of the material. As shown in Figure 4a, a single
layer of a TMD comprises three atomic layers with the transition metal and chalcogens
interleaved, making them easy to cut under sliding contact with a low friction coefficient
value [10,32].

B e
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Figure 4. (a) llustration of the crystal structure of MoS; and (b) experimental HRTEM of stacked MoS;.
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When TMDs nanoparticles such as MoS, are dispersed in different base liquids, they
will significantly improve their thermal conductivity and tribological performance, making
these materials widely applied as additives in the oil [33].

5. Molybdenum Disulfide (MoS;)

Within the family of TMDs, MoS, has been widely studied for its potential use in
lubricants since it acts as an anti-wear additive (AW), reducing friction (FM) [34]. As
a result of these properties, numerous applications for MoS; nanoparticles have been
studied as lubricant additives, ranging from their use in motor oil [35,36] to metalworking
fluids [37,38]. In recent decades, the influence of the different morphologies of MoS,
on the tribological properties of oils has been extensively studied, finding that forms
such as nanosheets [39—-43], fullerene-like nanoparticles [44—-46], flowers-like [47-49], and
nanotubes [50,51] present good tribological properties in oils.

The synthesis of three different nanoparticles (fullerene-like, nanotubes, and rhenium-
doped MoS;) was reported by Tomala et al. [33], showing that all the synthesized particles
improved the lubricating properties. Nevertheless, the morphology and composition of
the resulting tribofilm and lubrication mechanisms are significantly different. The same
effect was reported by Yi et al. [52] in liquid paraffin, using the flower-like morphologies,
microspheres, and nanosheets of MoS;, showing that the MoS, particle concentration
influences the friction-reducing effects of the oil. Under high-pressure conditions, the
nanosheets presented better friction and wear reduction performance than the other two
morphologies, with a 41.1% reduction in the coefficient of friction and a 76.8% reduction
in wear. The origin of this outstanding anti-wear and friction reduction effect of the MoS,
nanosheets was studied. This effect was attributed to material transfer mechanisms by
exfoliation by observing the formation of a MoS; tribofilm in the wear tracks. So, the
exfoliation of MoS; nanosheets into individual ultrathin nanosheets was responsible for the
excellent performance under heavy load. This effect was also reported by Zhang et al. [53],
as their tribological tests indicated that nanosheets present excellent antifriction and anti-
wear properties when used as an additive, especially when the concentration is 1.0-2.0 wt%;
they also attributed the antifriction mechanism through which the nanosheets adhered to
the wear surface to the formation of a continuous tribofilm on the rubbing surface that
prevented direct contact between tribo-parts.

The use of ultrathin nanosheets was also reported by Yi et al. [36], who studied the anti-
wear and friction reduction capacity in SAE 10W40 formulated motor oil (Mobile, USA) and
the formation of tribofilm at the interface and their friction mechanism. They found that the
ultrathin nanosheets improved the effect of the oil by reducing the COF by 41.87% and the wear
by 18.22% at a temperature of 100 °C. The formation of a 25-to-40 nm thick tribofilm was also
found. However, it contained zinc sulfide, phosphate, molybdenum sulfide, molybdenum oxide,
iron sulfides and oxides, etc., which were present in the formulated oil. Figure 5 shows different
morphologies of MoS;, where nanoflowers, nanosheets, and ribbons are seen. According to
the previously mentioned reports, it is easier to form a tribofilm with nanosheets or, where
appropriate, with ribbon-like morphologies (Figure 5b,c) since the sliding of the individual
layers will require less energy than in the case of nanoflowers (Figure 5a).

Despite their great potential as an additive in lubricants, many MoS; nanoparticles
have poor dispersion, so they tend to agglomerate, thus making it necessary to use dis-
persants [38]. However, it has been reported that structures such as MoS, nanotubes and
IF-MoS5; lost their lubricating capacity due to dispersants in oil-based lubricant [51], which
did not allow the nanoparticles to form tribofilm on the surfaces with rubbing. The syner-
gistic and antagonistic effects of MoS, nanotubes and anti-wear (AW) and extreme pressure
(EP) additives of representative oils under different tribological contact conditions were also
studied [51]. From this study, they found that MoS, nanotubes have an excellent anti-wear
performance. Regardless of the additive present and the tribological contact conditions
under reciprocating slip conditions, the presence of dispersant can lead to a decrease in
anti-wear performance. However, using dispersants to achieve stable dispersions is almost
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inevitable since, when dispersing MoS, nanotubes in some oils, they form agglomerates
that limit the stability of the lubricant and affect its rheological properties.

Figure 5. SEM-STEM and HRTEM micrograph with morphologies of (a) nanoflowers, (b) nanosheets,
and (c) ribbons.

6. Oil-Based Lubricant Additives

The performance of a lubricant depends enormously on the additives that make it up.
However, commonly used additives cause severe contamination when burned or disposed
of. Therefore, the need arises to develop fewer polluting additives. An alternative is to
use materials based on graphene or graphene oxide, composed only of C, H, and O, that
are considered to be environmentally friendly [54]. Most compounds in the graphene
family have strong m—m interactions and are difficult to dissolve in most solvents. Its
high aggregation and precipitation capacity in lubricants have hampered its application.
Researchers have tried to improve the solubility and dispersion of graphene compounds
without sacrificing their graphitic characteristics [10]. In this way, the additive enters easily,
preventing rough surfaces from coming into direct contact. Lin et al. [15] reported in 2011
that the chemical modification in a reflux reaction with stearic and oleic acids of graphene
platelets generates increased dispersion in oil-based lubricants. The results indicated that,
with only 0.075% by weight of the modified nano silver, the machine’s wear resistance and
load capacity were improved, and this was attributed to the small particle size and thin
laminar structure. In 2016, Chen et al. [54] evaluated the tribological properties of few-layer
GO sheets as an additive in an oil-based hydrocarbon. They found that adding GO sheets
decreased COF and wear, expanding the operating temperature range of the lubricant.

7. Water-Based Lubricant Additives

Water-based lubricants are economical and environmentally friendly. However, they
have drawbacks regarding friction reduction and load-carrying capacity. To overcome
these problems, surface modifications and the addition of nanoparticles have been carried
out as the most promising options due to their low cost, good lubricating performance, and
low contamination. GO contains multiple functional groups (carboxylic, hydroxyl, and
epoxide groups), making it dispersible in water [10]. Song et al. [31] prepared graphene
oxide nanosheets as a water-based lubricant additive; the nanoparticles were tested in pure
water, and a higher anti-wear ability and lower COF (0.127) were found. The behavior was
related to the formation of a thin physical tribofilm on the substrate that not only supported
the load generated by the steel ball but also prevented direct contact between the surfaces.

On the other hand, Qiang et al. [29] synthesized graphene quantum dots (GQDs)
by hydrothermal treatment and evaluated the tribological performance as an additive
in a water-based lubricant. Large hydrophilic groups were found that improved their
dispersibility. In addition, it acquired a higher tribological performance compared to
graphene oxide and with a smaller amount of material. A decrease of 42.5% in the COF
and 58.5% in the wear rate was found compared to water. On the other hand, Liu et al. [55]
conducted a comparative study between graphene oxide and diamond nanoparticles as
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water-based additives on ceramic surfaces. Different effects were found for each type
of nanoparticle; firstly, GO nanosheets decreased by increasing the COF from 0.6 to 0.1
compared to deionized water. After a long test period (steady state), it reached an ultra-low
friction coefficient (0.01). In the case of diamond nanoparticles, friction was reduced by
forming a regular grain area on the contact surfaces. Still, COF reduction did not occur in
the steady state due to its larger size and hardness than GO.

8. Future Perspectives

Various investigations have shown the need for modification and functionalization
treatments to enhance liquid lubricants. Most traditional dry (bulk) lubricants are being
transformed into highly attractive functional nanomaterials, such as graphene (a single layer
of graphite), h-BN monolayers, and TMDs. Besides the simplicity of production and the
implementation of large-scale green synthesis processes respectful of the environment [56],
the new generation of lubricants must have thermal and chemical stability and anticorrosion
properties as a time function. The additives addition is a simple, effective, and economical
way to improve the performance of lubricants under extreme conditions [18]. It is crucial to
deepen the study of the formation mechanisms of the tribofilm in 2D materials to establish
and better understand this type of lubrication. In most cases, the results are achieved
through the synergistic effects of multiple mechanisms.

Researchers have now begun to explore combinations of two or more 2D materials as
lubricant additives. The structure, morphology, concentration, and individual properties of
each additive can significantly impact the tribological behavior of the resulting lubricant.
For example, Mutyala et al. [57] combined graphene and MoS, to form a solid lubricant
to reduce friction and wear in steel hydrogenated DLC contacts subjected to high contact
pressures and sliding speed under dry nitrogen conditions; the reduction in friction and
wear was found to be 16 and 29 times, respectively. As a subproduct, the formation of
amorphous carbon mixed with graphene layers at the sliding interface was confirmed.
Furthermore, Yang et al. [58] synthesized a solid-liquid composite formed with a molybde-
num disulfide film and graphene hybrid gear oil. The excellent anti-friction and anti-wear
properties were attributed to the solid-liquid synergism and transfer film, enhancing the
interfacial load-bearing capacity.

Zaharin et al. [59] prepared a TizC, /graphene hybrid. They reported an improvement
in the tribological properties of four samples of marine nanolubricants made up of 0.01%
by weight of graphene, CNT, MXene, and TizC,/graphene hybrid. The Ti3C,/graphene
hybrid improved the coefficient of friction by 11.16% and 6.55%, respectively. The remarkable
improvement could be attributed to the ability of Ti3C, /graphene to penetrate tribological
contact due to its nanoscale thickness. The new family of 2D materials, MXenes, also offers
excellent properties in the lubrication areas. The oriented design or modulation of properties
is a key point in developing lubricant additives based on next-generation 2D nanomaterials.

On the other hand, molecular dynamics (MD) simulations have been a powerful
tool for understanding experimentally observed lubrication mechanisms. Xu et al. [60]
studied the frictional behavior of atomically supported graphene, h-BN, and MoS, thin
nanofilms with and without heating, using microscopy (AFM) and MD simulations. The
AFM tapping mode showed that the interaction strength of the substrate increased with
heating. Instead, the substrate surface roughness reproduced experimental observations
in the simulations and revealed that the evolution of the real contact area in different
interfacial interactions has divergent behaviors. In addition, hysteretic friction occurred
because of a lower roughness of the substrate, unlike in other studies. Surface roughness
and interaction strength were the key parameters to control out-of-plane deformation in
nanofilms. Furthermore, Li et al. [61] studied the lubrication mechanism in a graphene-
based system and a water-based lubricant by MD simulation. They included the effect
of different factors, such as the number of water molecules, load, surface roughness, and
sliding speed. It was found that the reduction in friction is due to the improvement of the
insulation between the friction pairs by graphene presence and the water replenishment.
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The synergistic lubrication mechanism works so that water molecules protect the structural
integrity of graphene by inducing its motion to release lateral stresses, thus improving
water movement and promoting their rolling-like bearings.

Considering recent research, one directly related to 2D materials as potential lubricants
could follow to understand lubrication mechanisms and develop self-lubricating compos-
ites with optimized properties. Self-lubrication provides an opportunity to experience a
considerable challenge in the processing and manufacturing of new ways to incorporate
nanostructured materials from known lubricants, considering stability as another study
point in 2D materials.
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