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Abstract: The exfoliation of graphene has opened a new frontier in material science with a focus on
2D materials. The unique thermal, physical and chemical properties of these materials have made
them one of the choicest candidates in novel mechanical and nano-electronic devices. Notably, 2D
materials such as graphene, MoSz, WSz, h-BN, and Black Phosphorus have shown outstanding
lowest frictional coefficients and wear rates, making them attractive materials for
high-performance nano-lubricants and lubricating applications. The objective of this work is to
provide a comprehensive overview of the most recent developments in the tribological potentials
of 2D materials. At first, the essential physical, wear, and frictional characteristics of the 2D
materials including their production techniques are discussed. Subsequently, the experimental
explorations and theoretical simulations of the most common 2D materials are reviewed in regards
to their tribological applications such as their use as solid lubricants and surface lubricant
nano-additives. The effects of micro/nano textures on friction behavior are also reviewed. Finally,
the current challenges in tribological applications of 2D materials and their prospects are discussed.
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1. Introduction

Containing friction and wear is a global problem because it is connected to an expanded range
of material applications from simple tools to industrial machine components, medical devices,
microelectrochemical systems (MEMS), and nanoelectromechanical systems (NEMS). The estimated
world’s total energy consumption emanating from tribological contacts is ~23% (119 E]) [1]. From
that, 20% (103 EJ) is employed to overcome friction and 3% (16 EJ) is utilized to reproduce worn
parts and spare equipment caused by wear and wear-related failures. It is estimated that if the world
takes advantage of the available technologies targeted at improving tribological performance. Then,
energy losses as a result of friction and wear could potentially be decreased by 40% and 18% in the
short and long term, respectively. Globally, this would lead to 1.4% of the GDP annually and 8.7% of
the total energy consumption in the long term. Also, in the short term, it can decrease the global CO2
emissions by as high as 1,460 MtCO2 leading to €450,000 million. The decrease can be 3,140 MtCO2
and the cost savings €970,000 million in the long term [1-3]. These observations have led to the
concerted global effort, and substantial scientific interests in developing new technologies are
focused on the reduction of friction and improved wear resistance.

Lubrication is generally recognized as the most effective way to control friction and wear; hence,
extensive research is ongoing to develop a high-performance lubricant. Currently, the most common
lubricants are fundamentally composed of base oil and an additive, which determines their overall
performance. The major components of the lubricant determine its primary behavior, while the
additives play a vital role in impacting new properties or making-up for the disadvantages in the
base oil [4]. So, the need for a high-performance lubricant additive has greatly increased.
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Furthermore, tribological behavior is very vital in the overall performance of MEMS and NEMS,
such as gears, switches, and actuators. Since these systems are very small, they possess tight
tolerance, so the effectiveness of the mechanical components largely depends on their frictional
properties, and their commercial essence depends on their wear resistance [5]. The conventional
liquid lubricants cannot be used in MEMS and NEMS due to the effect of surface tension; therefore,
solid lubricants are required to achieve excellent friction and wear under dry conditions in these
microdevices.

Two-dimensional layered-structured materials like graphene have over the decade attracted
colossal interest as solid lubricants and lubrication nano-additives due to their excellent tribological
performance originating from their unique chemical and physical properties. Geim and Novoslov
were the first to introduce “Scotch-tape-Method”, which is an efficient way to produce
comparatively large isolated graphene nanosheet samples [6-8]. Subsequently, researchers across the
globe have extensively studied and reported on new classes of 2D materials with unique
graphene-like properties. Transition metal dichalcogenides (TMDCs example MoS2, WS2), graphitic
carbon nitride (g-CsNs4), layered metal oxides, hexagonal boron nitride (h-BN), and black
phosphorus (BP) are examples of typical graphene-like-2D nanomaterials that manifest versatile
properties due to their similar structural features but diverse compositions from graphene[9, 10]. In
comparison to the conventional organic lubricant additives such as zinc dialkyl dithiophosphate
(ZDDP), zinc dialkyl dithiophosphate (ZnDTP), and molybdenum dithiocarbamate (MoDTC), 2D
nanosheets show better performance in friction reduction and anti-wear properties, they exhibit
enhanced chemical stability which leads to less harmful emissions and lower toxicity endearing
them as a better candidate in terms of environmental sustainability[11-15]. Also, their cost of
preparation in the area of lubricants is comparably cheap [16]. In this paper, the most recent
developments made in the application of some 2D nanomaterials for reduction of friction and wear
are reviewed. The aim is to provide a wide-range overview of the recent works on some selected 2D
nanomaterials and gain an up to date understanding of their tribological performance.

2. Characteristics of 2D Materials

Materials can be rightly characterized as 2D material or nanosheet if only one of its dimensions
is in nano-size, they usually resemble a large sheet with one or few atomic thickness layers (more
like a sheet of paper). Since their discovery, they have undoubtedly attracted great academic and
industrial interests due to their magnificent array of electronic, optical, physical, and chemical
properties which are absent in their bulk counterparts [17]. These unique features are a result of the
effect of their spatial confinement in one dimension [18]. Besides, since nanosheets are atomically
thin and possess strong in-plane bonds, they are liable to exhibit a remarkable combination of
thermal, high mechanical strength and flexibility which are desirable properties for use in various
devices [19], which can also result to unusual frictional features [20, 21]. The high degree of
flexibility associated with 2D materials whenever they are in contact with nearby objects plays a vital
role in deciding the real contact area and the frictional pinning potential [22, 23]. Besides, the
dispersion of 2D materials in aqueous solution are suitable precursors for the design of 2D based
films [24], and since all atoms of 2D materials are surface atoms, it provides a proper handle to tune
the properties and functionalities of the materials by mode of surface functionalization and
modification [25, 26].

Notably, layered materials such as graphene, MoS:, WSz, and hexagonal BN (h-BN) have long
been employed as solid lubricants in numerous engineering applications. The outstanding
lubrication performance of these bulk materials is known to be due to the weak interlayer interaction
and easy sliding between surrounding atomic layers [27, 28]. Recent nanoscale experiments have
revealed that layered materials, down to one atomic layer, also show outstandingly low surface
friction when they slid against other counter surfaces [22, 28]. Asides weak interlayer interaction,
regular atomic arrangements are also known to impact these materials with the potential to achieve
super-low friction, otherwise known as superlubricity [29, 30]. Also, regarding few-layered 2D
materials, it has been shown that the static frictional force gradually increases for a few initial atomic
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periods before reaching a steady value. Such fleeting behavior and the associated improvement of
the steady-state of friction, decreases as the number of 2D layer increases, and was observed only
when the 2D material was loosely attached to a substrate [23, 31]. By employing atomistic
simulations, Li et al. reproduce the experimental findings on layer-dependent friction and transient
frictional strengthening on graphene nanosheets [23]. Atomic force analysis proved that the
evolution of static friction is a demonstration of the innate tendency for thinner and less-constrained
graphene to re-arrange its configuration as a direct effect of its higher flexibility. The tip atoms
become more firmly pinned, and reveal higher synchrony in their stick-slip character. Although the
quantity of atomic-scale contacts which is the real contact area expands, the local pinning state of
individual atoms and the comprehensive commensurability also grows in frictional sliding on
graphene nanosheets. Lee et al. [31] analyzed the nanotribological properties of some selected 2D
materials such as graphene, MoSz, h-BN, and niobium diselenide (NbSe:2) which were separated
from their bulk sources using mechanical exfoliation method. It was shown that friction on all the
four 2D materials is greater than that of their bulk sources. Their study indicates that the higher
friction is associated with the low bending stiffness of the thinnest layers known as the puckering
effect. They employed a simple model of a tip sliding across an elastic membrane to understand the
mechanism of the sheet stiffness in friction. Herein, when the tip comes in contact with the top
surface, there is usually a local puckering because of adhesion [32], this is due to the low bending
stiffness of the sheet in relation to its in-plane stiffness. The puckered geometry will be adjusted at
the front edge by tip-sheet friction. This out-of-plane puckering might explain the increased friction
due to the resultant increase in the tip-sheet contact area. Also, it can be due to the extra work
required to shift the puckered region. As the sheet becomes thinner, the puckering effect becomes
more significant. Besides, graphene, MoSz, and h-BN possess much lower friction (~1 nN) than
NbSe:z (~7 nN). Zhou et al. [33] also demonstrated that TMDCs (MoSz, WSz, MoSe2, WSe2) having
smaller vertical interlayer force constant, which is lower elastic modulus, shows more considerable
friction when colliding against AFM tips. Furthermore, it is generally known that the kinetic energy
during frictional sliding is released electronically or phononically [34, 35]. Hence, contrary to what is
obtained in bulk lubricants, the unique electrical (or electron-phonon coupling) of 2D materials is
considered to have an impact on their frictional behavior [22].

Summarily, the frictional action mechanisms of 2D materials can be described as follows; firstly,
because of the very tiny nature of nanosheets, it can penetrate the interspaces of the rubbing surfaces.
Under normal force, the relative motion of the rubbing surfaces will provide the needed shear stress
leading to the sliding of the interlayers of the nanosheets, thereby reduction of friction and wear.
Secondly, there will be a formation of tribofilm at the contact area of sliding surfaces [36, 37]. Initially,
the formed tribofilm serves as a protective film separating the two rubbing surfaces from direct
contact. However, as sliding continues and more heat is generated, a tribochemical reaction is
triggered at the contact surfaces between the lubricants and the substrate, this will lead to the
rupturing of the protective film and reformation of a new film [4]. This new film is known to
significantly enhance tribological behavior [38]. Besides, the high temperature developed during
sliding could melt the nanosheets enabling them to fill up the micro-holes, gaps, and the concave
areas in the contact surfaces, thereby reducing friction and wear [39].

3. Synthesis of 2D Materials
3.1 Mechanical exfoliation

Over the years, several techniques including mechanical exfoliation, liquid-phase exfoliation,
shear exfoliation, epitaxial growth of SiC, unzipping carbon nanotubes, and chemical vapor
deposition (CVD) have been explored for the synthesis of 2D materials. In 2004, micromechanical
cleavage, also known as mechanical exfoliation, was first introduced as an efficient way to produce
atomically thin graphene [7]. Using this technique, single-layer graphene was successfully cleaved
from small crystals of highly oriented pyrolytic graphite (HOPG) with the aid of scotch tape, as
shown in Figure 1(a). The mechanics involve exerting a normal force on a scotch tape, which is
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applied to the HOPG surface. By continuously repeating this normal force, the graphitic layer
gradually thins out until it becomes single-layer graphene from their parent layered bulk crystals [40,
41]. This method has also been widely employed in the synthesis of other 2D materials, including
TMDCs, h-BN, and NbSez[42-45]. The outstanding crystal quality with minimal defects make the
mechanically cleaved ultrathin 2D materials desired candidates for fundamental study of their
inherent physical, optical, and electronic properties, and their use in high-performance electronic
and/or optoelectronic devices such as transistors and phototransistors. Even though this method is
simple and practicable, it is faced with the challenge of non-scalability because of meager output
yield and slow output rate. Besides, the process is manually controlled, hence, precision and
reproducibility in terms of shape, size, and thickness is an enormous challenge [40]. Several
researchers have modified the micromechanical cleavage, Shmavonyan and co-workers successfully
synthesized monolayer graphene with a larger surface area by additionally separating few-layer
graphene near the monolayer region as shown in Figure 1 (b,c)[46]. Also, other modifications have
been proposed, as described by Peng et al. [47] and Zhang et al. [48].
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Figure 1. (a) Schematic illustration of the mechanical exfoliation of monolayer graphene. Reproduce
from ref. [49] with permission. Optical images of monolayer graphene (b) as-prepared by scotch tape
method, and (c) as enlarged using Shmavonyan suggested method. Reproduced from ref. [46] with
permission.

3.2 Liquid-Phase Exfoliation (LPE)

In 2008, Coleman and co-workers used the Liquid-Phase Exfoliation (LPE) technique to
synthesize 2D materials [50]. LPE technique involves three steps; first is the dispersion of the bulk
materials in a solvent via ultrasonication, secondly is the exfoliation process, and thirdly, the
purification step. The purification step removes the exfoliated flakes from the unexfoliated flakes. To
achieve efficient exfoliation using the LPE method, solvents with matching surface energy to the
layered bulk crystals are needed; therefore, it becomes challenging getting suitable solvent for each
system for each layered bulk crystal. Coleman et al. suggested that the preferred solvents are those
that reduced the energy of exfoliation like N-methyl-pyrrolidone (NMP) and isopropanol (IPA) [51].
The Sonication-assisted LPE method is one of the most widely used methods to produce
solution-dispersed 2D materials. By controlling the time of sonication, solvent, temperature, power
of ultrasonic, surfactants, and other additives, one can roughly tune the thickness, concentration,
and lateral size of the obtained 2D materials. Notwithstanding, there are significant disadvantages of
this technique; the production of single-layer nanosheets is low, the size of the nanosheets is
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relatively small, and for the sonication in aqueous polymer and/or surfactant solution, the available
surfactants remaining on the exfoliated nanosheets are not suitable for their applications in
optoelectronics, and energy storage systems. Besides, the sonication process may impact defects on
the nanosheets, which will eventually affect their properties [40].

3.3 Chemical Vapor Deposition (CVD)

Generally, the chemical vapor deposition (CVD) method is believed to be the most promising
method for large-scale synthesis of high-quality mono- or few-layer 2D materials. In the CVD
process for graphene synthesis, carbonaceous gaseous species react in the presence of metal thin
films or foils at high temperatures (900-1100 °C) resulting in the decomposition of the carbon species
and the formation of the graphene lattice. The growth of the graphene on a metal catalyst is
determined by several factors which include the precursor, carbon solubility limit of the metal,
lattice parameters, crystal structure, pressure, and temperature of the system [5, 52]. By adjusting
these conditions, the controlled growth of the graphene with a tunable number of layers,
crystallinity, and lateral size can be obtained [53]. Somani et al. reported the synthesis of planer
few-layer graphene (PFLG) by thermal CVD method [54]. They grew the PFLG using low-cost
camphor on a nickel substrate. In 2009, Xuesong and co-workers used the CVD technique at 1000 °C
to grow large-area high-quality single-layer graphene films using a mixture of methane and
hydrogen gas as the carbon precursor on a copper foil substrate [55]. Methane, acetylene, and
ethylene are the common gaseous carbon precursors used in synthesizing graphene. Among them,
methane is known to be the most effective carbon source for graphene synthesis.

Ethylene has also been widely employed aside methane because the relatively high reactivity of
ethylene decreases the temperature required for graphene growth using the CVD process.
Researchers have also tried several other metals besides Ni, such as Cu, Ir, Ru, Co, Pt, Pd, and Re,
which have different carbon solubility and catalytic effects. High-quality single-layer graphene
grown on polycrystalline Cu films has drawn a lot of interest because it has an advantage of proper
control of graphene layers, transferability, and low cost [53]. The CVD method has also been
employed in the production of large-scale 2D TMDC nanosheets, including alloyed 2D TMDC [40].
Zhan et al. were among the first to show the growth of MoS: on Si/SiO:z substrate [56]. This was
achieved by the deposition of Mo thin film on the Si/SiO: substrate, followed by the CVD process.
The Mo-coated substrate and sulfur powder were kept in a CVD furnace in an inert environment
under a constant flow of Nitrogen gas. The temperature was increased to 750 °C and stayed for 90
min, giving time for Mo to react with evaporated sulfur, resulting in the growth of single/few layers
MoS2 on Si/SiO:2 substrate [40, 56].
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Figure 2. (a-b) Schematic demonstration of the growth mechanism of graphene. Reproduce from ref.
[57] with permission. (c) Schematic illustration of the CVD process setup. Reproduce from ref. [58]
with permission.
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4. Tribology of 2D Materials

4.1 Graphene and graphene-family

Graphene is known to possess high degrees of stiffness, strength, thermal conductivity, and
impermeability to liquid and gas. Besides, the combination of outstanding physical and chemical
properties together with low cost of production makes graphene a better candidate of choice in
nano-electromechanical and miniaturized devices [5, 59]. The atomic thickness of graphene
notwithstanding, it is one of the known most durable materials with intrinsic strength of 130 GPa
and fracture toughness of 4.0 + 0.6 MPavym and Young’s Modulus of 1 TPa [22, 60]. The superior
strength and high thermal stability (above 3000 W/m K) of graphene offers great potential for use as
ultra-thin protective coatings for several precision components exposed to contact stress[5], and also
serve as an ideal candidate for a host of MEMS and NEMS where atomically thin solid lubricants
and outstanding anti-wear performance is desired[22]. Besides, these excellent properties of
graphene enable it to sustain a more permanent and highly-efficient lubricating performance even
under severe tribological conditions such as extreme pressure, extreme temperature, and extreme
mechanical stresses [61]. Because graphene exhibit impermeability to liquids and gases such as
water or oxygen, hence, it will slow down the oxidative and corrosive activities that are destructive
to the rubbing surfaces [62]. At room temperature, graphene has high electron mobility (2.5 x 105
cm?/Vs) along the in-plane direction [36] in suspended conditions. As shown by angle-resolved
photoemission spectroscopy and scanning tunneling spectroscopy, the electron-phonon interaction
strength of graphene is dependent on sample thickness and local interactions with substrates [36].

At the initial period of sliding a tribopair, a change in the interfacial property (such as friction
force, wear rate, and surface deformation) usually occurs. This transient, non-steady-state change is
generally known as running-in [63, 64]. Running-in is commonly known to be a result of the change
in the interfacial roughness and the wear of contact asperities [65]. However, in practice, changes in
the microstructure, surface composition, and third body might also result in running-in. Recently,
Zhao et al. observed a running-in phenomenon occurring in single-layer graphene grown on a Cu
substrate [66]. They scratched the graphene surface repeatedly with the tip of an atomic force
microscope (AFM), it was observed that the frictional force decreases by 32.6 % at ~62 scratching
cycles before approaching a steady-state (stable till 256 cycles). In contrast, the graphene coating is
free of wear and damage. To understand the mechanism behind this interesting observation, the
normal load and sliding velocity were changed, and a nanoindentation test was performed. It was
shown that the running-in process was as a result of the plastic deformation and hardening of the
underlying Cu substrate. Yao et al. [67] used AFM nano-scale scratch experiments on graphene
transferred on four different substrates such as PDMS, epoxy, 5iO2, and sapphire to show that the
antiwear performance of graphene, which is usually characterized by the maximum load-carrying
capacity, is not a function of the intrinsic material property. Instead, its value is mostly affected by
the substrate’s stiffness, as represented in Figure 3. Typically, a stiffer substrate yields a higher
load-carrying capacity. The Finite Element Analysis (FEA) simulations showed that a more rigid
substrate can effectively distribute the normal load and reduce the in-plane stress of graphene by
inhibiting graphene deformation, which improves the overall load carrying capacity. Besides the
load sharing mechanism, their experimental results also showed that the frictional shear stress
during scratch tests may promote wear of graphene by reducing its equivalent strength.
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Figure 3. (a) A lateral force image of graphene/PDMS sample done under a low load after two
scratch tests; the black arrows indicate the scratch direction. (b) Variations of friction with the normal
load during the scratch tests in (a). (c) Critical normal loads of graphene on the substrates with
different stiffnesses. Reproduce from ref. [67] with permission.

4.1.1 Influence of solvent

It has been proven that some low molecular weight vapors such as water under ambient
conditions are needed for graphite to work as a solid lubricant. Several experimental results have
shown that the vapors cast physisorbed molecular layers on the surface of the graphite, and there is
a noticeable increase in friction when the physisorbed layers evaporate [68, 69]. Besides, fast water
penetration via graphene capillaries within graphene oxide membranes has shown that there is low
friction of water flow along graphene surfaces, suggesting that the sliding of graphene is lubricated
by water. This result has also been backed by Computer simulations [70-72]. Lin et al. investigated
the effect of interface hydration on the sliding of 2D materials (Figure 4). They proved that when the
interfaces between a mica substrate and single-layers of graphene and MoS: is hydrated with a
molecularly thin layer of water, it usually affects the transfer of strain from the substrate to the 2D
materials. The strain in graphene and MoS: were detected by the changes in Raman and
photoluminescence (PL) spectra, respectively. It was observed that the strain relaxation in graphene
changes from stick-slip in dry contact, to viscous when hydrated. But viscous relaxation was not
seen in MoS: despite hydration [73]. Also, the relaxation of graphene at the hydrated interface is
slower when compared with the dry interface. This is probably due to the increase in the density of
flexural phonons in graphene, which results in higher friction [74]. Lee and co-workers had already
provided a clear picture of the elementary mechanisms for the dissipation of energy in friction and
the role of intercalated molecular water films. They used graphene flakes deposited on mica
substrate with intercalated water to demonstrate that the excitation of the vibration of atoms at the
contact interfaces, where there is an increase in the availability of vibration modes improves friction.
The transfer of energy from surface vibration to the bulk of the substrate are the two critical
mechanisms responsible for energy dissipation in friction. They reported that the friction increased
by a factor of ~3 in relation to the dry mica substrate. Besides, density functional theory (DFT)
calculations revealed that water expanded the spectral range of graphene vibrations, especially the
low-frequency flexural modes, thereby providing new excitation routes and also by widening the
overlap with the atomic vibrations of the mica substrate, which promotes coupling and energy
transfer [74]. Several other studies have shown that water can easily intercalate between graphene
and hydrophilic substrates such as mica and silicon oxide [75-78].
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Figure 4. Hydration and strain transfer test between the interfaces of mica substrate and 2D
materials: (a) Illustration of the four-point bending setup. Strains in graphene and MoS: flakes were
respectively detected with Raman and PL peak positions, for both (b) dry and (c) hydrated interfaces.
Reproduce from ref. [73] with permission. (d) Line graph of the height (top) and friction (bottom)
obtained by subtracting the retrace from the trace signals along the solid red lines A-C. (e)
Comparison of the friction force on the graphene regions with various numbers of stacked graphene
layers, with and without intercalated water. SLG, TLG, and MLG represent single-, tri-, and
multilayer graphene on the mica substrate, respectively. The red bars show a monolayer (1W) of
intercalated water. The blue bars indicate friction without intercalated water. The purple bar on the
right indicates bare mica. Reproduce from ref. [74] with permission.

4.1.2 Applications as Lubricant nano-additives

Recently, the application of nanomaterials as superior solid lubricants or nano-additives has
drawn massive interest due to their unique attributes like a smaller size, chemical, and thermal
stability [36, 79]. These nanomaterials can easily form a shearing thin film at the sliding contact
interface giving rise to low friction, also can fill and/or repair the micro/nano cracks formed on the
worn surfaces, showing comprehensive advantages for enhancing the tribological performances of
lubricant oils [61]. Mutyala and co-workers [80] employed a composite mixture of graphene and
MoSzas a solid lubricant to decrease friction and wear in steel hydrogenated DLC (H-DLC) contacts
operating at high contact pressures and sliding speed. The sliding friction tests carried out under dry
nitrogen conditions revealed a reduction of friction by 16 times and wear by 29 times, as compared
to Steel vs H-DLC (baseline) experiments, as shown in Figure 5. Also, a reduction of friction by a
factor of 43 and wear by a factor 434, as compared to self-mated steel against steel experiments. The
TEM images confirmed the deposition of tribolayer on the ball and disc, and the wear debris is made
up of amorphous carbon mixed with graphene layers. Primary mechanism is ascribed to the
tribochemistry resulting to the formation of amorphous carbon by active disintegration of MoS: at


https://doi.org/10.20944/preprints202008.0683.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 August 2020 d0i:10.20944/preprints202008.0683.v1

9 of 28

the tribological interface under the influence of high contact pressure. Besides, they conducted
further experiments with pure graphene and pure MoS: under same test conditions. The results
revealed a friction coefficient of 0.114 for pure graphene and 0.218 for pure MoS:. Notably, both the
friction and ball wear rate for Steel-DLC contacts with pure graphene and pure MoS: were greater
than combined Graphene and MoS: solid lubricant [80, 81].
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Figure 5. (a) Graphene+tMoS: solid lubricant via drop-casting method: (i) Mixing of the
solution-processed graphene and MoS:, (ii) Drop-casted onto steel disc, and (iii) Ballon-disc
configuration test. (b) COF graph for Baseline and Graphene+MoS2 tests (c) Comparison of ball wear
rate for the Baseline and Grapehene+MoS:. TEM pictures indicating the (d) presence of Graphene
and MoS: in the as-prepared solid lubricant prior to testing, and (e) the wear debris is made up of
graphene layers mixed in amorphous carbon (c) Mechanistic model describing graphene mixed
amorphous carbon in different configurations with partly disintegrated MoS: layers. Reproduced
from ref. [80] with permission.

Wei et al. [82] used 2D lubricant additives such as graphene oxide (GO), functionalized graphene
(GF), and a mixture of WS2/Graphene processed in an alcohol solution to improve the tribological
properties of ultrafine-grained graphite HPG510. They deposited the different 2D lubricant
additives processed in alcohol on the HPG510 substrate. Their findings showed that the coefficient
of friction of the graphite was decreased from 0.25 to 0.06 when lubricated by the 2D materials
processed in an alcohol solution. Besides, the addition of the 2D lubricants decreased the wear of the
balls and graphite substrate, and the amorphization of graphite was suppressed as shown in Figure
6. The mechanism is that 2D lubricants did not just offer a lubricating effect to reduce COF of
graphite because of the inherent low shear strength of the layered structure, the 2D lubricants also
enhanced the loadbearing ability of the graphite substrate, resulting to improved wear resistance.
This is because of the higher load-bearing capacity of 2D materials.
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Figure 6. The optical images showing: (a-d) The surface wear morphologies of the graphite plates,
and (e-h) the corresponding counter facing bearing steel balls after lubricated by the 2D lubricant
additives for 12,000 cycles of frictional test, (i-1) the surface wear morphologies of the graphite after
lubricated by the 2D lubricant additives before the complete evaporation of the alcohol, (m-p) the
corresponding wear depths and wear volumes of the graphite. Reproduced from ref. [82] with
permission

Zhu et al. employed a novel small-size and alkyl-functionalized reduced graphene oxide
(RGO-g-OA) exhibiting high dispersion capacity to improve the tribological performance of a lube
oil [61]. The novel RGO-g-OA was synthesized using three key steps, as depicted in Figure 7;
mechanical crushing of GO to give smaller-sized GO, then surface grafting through an esterification
reaction using octadecyl alcohol (OA), followed by incomplete chemical reduction with L-ascorbic
acid as illustrated. Specific amounts of the novel RGO-g-OA were dispersed in a finished oil, and the
tribological performance was evaluated.
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Figure 7. Schematic of preparation procedures for RGO-g-OA. Reproduced from ref. [61] with
permission

The finished oil modified with RGO-g-OA nano-additives at a very low content (0.005 wt.%)
gave an outstanding friction reduction and anti-wear performances. The corresponding friction
coefficient and wear volume were significantly reduced to 0.065 and 10316 pm?, by 9.7% and 44%,
respectively, in relation to those of original finished oil (Figure 8). The ultrafine RGO-g-OA is
believed to have formed continuous protective tribofilm between rubbing surfaces preventing them
from having direct contact, resulting in the reduction of friction and wear. Han et al. utilized alkyl
functionalized graphene oxide (FGO), inorganic fullerene-type WSz (IF-WSz), and 1-methyl-2,4-bis
(Noctadecylurea) benzene (MOB) which is a gelator to improve the tribological performance of
polyalphaolefin4 (PAO4) lubricant oil. The friction test proved that the combined mixture of 0.1
wt. % FGO6, 1.0 wt. % IF-WSz, and 1.0 wt. % MOB decreased the COF and size of wear scar by
13.06 % and 21.18 %, respectively, compared to PAO4 oil with solid lubricants [83].
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Figure 8. (a,c) Typical friction coefficients with time, and (b,c) average friction coefficients of pristine
finished oil, base oil, and the ones filled with various mass contents of RGO-g-OA on steel discs; the
load applied is 100 N. Reproduced from ref.[61] with permission.

4.1.3 In Combination with non-2D materials

Berman et al. [84] illustrated that solid lubricants consist of graphene mixed with iron
nanoparticles under high contact pressures at the sliding interface can undergo tribochemical
reactions resulting in the formation of onion-like-carbon nanostructures (OLCs) giving rise to
superlubricity (~0.0009 COF) in dry N2 environment (Figure 9). The formation of the OLCs is
ascribed to the common tribochemical reaction, which was initiated by Fe nanoparticles with
neighboring graphene and carbon debris formed in the sliding process. Graphene is known to
self-assemble or aggregate [85]. Hence, as surrounding graphene envelops the Fe nanoparticles, high
contact pressure and shear followed by the local rise in temperature causes the graphitization of
carbon and converts them into OLCs, resulting in superlubricity. They employed molecular
dynamic simulation to further demonstrate the mechanism of the formation of OLCs. Also, they
proved that the introduction of Fe oxide nanoparticles into the sliding interface can trigger the
antagonistic effect of the oxide shell which prevents OLCs formation, and in turn suppressed
superlubricity.
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Figure 9. Iron nanoparticles mixed with graphene flakes and sliding against the hydrogenated DLC
surface: (a) COF (0.0087 + 0.0008), and (b) DLC ball wear diameter and estimated ball wear rate. (c)
TEM image of wear debris collected from the wear track after 500 wear cycles revealing a
well-formed onion-like carbon nanostructure. Reproduced from ref. [84] with permission.

Ge and co-workers [86] applied the synergistic effect of graphene oxide (GO) and ionic liquid to
achieve a robust macroscale liquid-superlubricity state (~0.005) under very high pressure of 600MPa
between the frictional pairs of SisNs/sapphire. They suggested that a composite boundary layer
produced by the ionic liquid at the interface added to the excellent antiwear ability, hence supplying
a lubricating condition under very high pressure. Also, GO nanosheets were seen to adsorb on worn
surfaces indicating the transformation of the shear interface from SisNs/sapphire into GO/GO
nanosheets. The very high-pressure property and extremely low shear stress between the interlayers
of GO nanosheets are believed to contribute to the attainment of superlubricity.

Srivyas et al. [87] studied the tribological performance of graphene nanoplatelets (GNP) as a
secondary reinforcement in a hybrid aluminum composite. Varying amount of GNP was added to
the Al-5i-6 wt. % Al2Os composite. PAO base oil and SAE20W50 Engine oil lubricants were used. The
tests revealed the coefficient of friction remained stable as the sliding distance increased. The COF
decreased as the normal load increased before attaining a steady stable state. The reason behind the
low friction and wear is the outstanding lubricating influence of the GNP layer as it mixes with the
lubricating oil. The GNP particle layer is believed to form a low shear stress junction protective layer
at the sliding interface, which causes easy shear due to weak Vander wall force, hence, reduction of
friction and wear of the hybrid composite.

4.1.4 Biomedical application

In a bid to extend the tribological performance of 2D materials in biomaterial application
especially in scaffolding, Taromsani et al.[88] reported on the effects of graphene nanoplatelets (GNP)
and hydroxyapatite (HAp) nanopowder on the microstructural, tensile, wear, and biofunctional
properties of medical grade ultra-high molecular weight polyethylene UHMWPE based
nanocomposites, to explore GNP’s wear resistance and mechanical strength. Varying percentages of
GNP with 10 wt.% optimized concentration of HAp were added to the UHMWPE matrix. The
mechanical analysis showed a 114% increase in elastic modulus and a 24% increase in yield strength
for the sample with 1 wt.% GNP and 10 wt.% HAp as compared to UHMWPE only. Besides, 0.5
wt.% GNP containing sample offered highest tensile performance with an increase of 101% and 31%
in elastic modulus and yield strength respectively, indicating that the strengthening mechanism is
significantly influenced by the ratio of the reinforcement, particularly in regards to 2D reinforcing
phases such as GNP. Besides, the pin-on-disk tribological analysis revealed a kind of similar result
for the COF, The COF decreased by 50% for 1 wt.% GNP sample, and 54 % decrease for 0.5 wt.%
GNP sample. Also, a general trend of decrease was observed as regards wear rate where 82%
decrease was seen in the 1 wt.% GNP sample. Several other pieces of research have gone on to
confirm the potential of graphene in biomaterial applications and their biocompatibility [89-91].
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4.2 Transition Metal Dichalcogenides (TMDCs)

TMDCs are a structurally and chemically well-defined family known with a chemical formula
of MXz, where M represents the transition metal element and X indicates a chalcogen (S, Se, or Te).
The 2D arrangement of M X2 materials impacts them low shear resistance to each applied shear stress
and reduces friction at the interfaces [4]. Ultra-thin 2D TMDCs are technologically captivating, and
contrary to the graphene nanosheet, they are chemically all-purpose. The tunable electronic
structure has made TMDCs very attractive for numerous applications.

4.2.1 Molybdenum Disulfide (MoS:)

MoS: is a typical representative TMDC which has gained a great deal of research interest. The
superior mechanical flexibility (Young Modulus of 0.33+0.07 TPa) and low frictional characteristics
of 2D MoS: shows that it can serve as an effective protective or lubricant layer for NEMS and MEMS
which encounters contact sliding during operations [92, 93]. Recently, Serpini et al [94]. employed
AFM in the lateral force mode (LFM) as an experimental sliding device to study the tribological
behavior of MoS: at the nanoscale. Two different samples MoS: (disordered sputtered MoS: and
molybdenite single crystal) were considered, and they sputtered the AFM tips with MoS: film of
varying thicknesses. The deployment of the MoSz-sputtered atomic force microscopy tips enabled
the study of the frictional properties of MoS: against itself, therefore, characterizing the sliding
dynamics happening within the MoS: layers. The reported average values of COF for the
sputtered-deposited MoS: coating in nitrogen and high humidity (RH 95 %) atmosphere are 0.41 +
0.05 and 0.58 + 0.06 respectively. Whereas for the single-crystal MoSz, the average COF value in
nitrogen is 0.0121 + 0.0017 and in high humidity is 0.013 + 0.005. The results indicate that the
influence of humidity on the friction behavior of a single crystal MoS: is very minimal. This can be
ascribed to the fact that for an almost perfect crystalline structure, only very few of the edges are
naked to water molecules. Similar observations have been reported elsewhere [95, 96]. Besides, the
notable difference between the COF in dry nitrogen of the single crystal and the
disordered-sputtered coating was explained as follows. When the contact is between two ordered
layers, the sliding process is shown as continuously overcoming the weak van der Waals forces
between MoS: layers. However, this explanation is believed to hold for nanoscale, because at
micro/macro-scale other purely dissipative activities are also considered. But, when the contact is
between two amorphous layers, the sliding process includes the overcoming of van der Waals forces
and the breaking of covalent bonds which forms between the two surfaces as a result of unsaturated
bonds. They also employed Molecular dynamics simulations to corroborate their finding.

Cao et al. evaluated the anisotropic nanofriction force on MoS: of varying thicknesses using
AFM in ambient air [97]. The periodicity of nanofriction force on MoS: of 45.23 nm thickness is
shown to be ~180°, the same as the sawtooth-type lattice periodicity of MoS2. Typically, quasi-2D
material such as MoSz shows a sawtooth-like and sandwich structure [98]. The identified anisotropic
nanofriction on MoS: of 4.18 nm thickness was ascribed to the combined influence of the lattice
orientation and puckering effect. The anisotropic nanofriction on MoS:z of 1.49 nm thickness is duly
as a result of the puckering effect. Also, an increase in the thickness of MoS: results in the decrease of
the nanofriction, and the increase in the anisotropy ratio of nanofriction. Ackgoz and co-workers [99]
studied the influence of sliding speed on the frictional behavior of single-layer and bulk MoS: using
AFM experiments. They concluded that friction forces increase logarithmically with the increase in
sliding speed. Also, there is no correlation between the speed-dependence of friction and the MoS:
layer number, and changes in the speed-dependence of friction can be ascribed to the changes in the
physical behavior of the AFM probe in the form of the different contact stiffness and tip’s interaction
potential variables in the thermally activated Prandtl-Tomlinson model.

In order, to improve the dispersibility and stability of MoSz2, Wu et al. [100] used oleic
diethanolamide (OD) to modify MoS: nanosheets, thereafter study the tribological behavior in
base-oil using a four-ball tester. The results showed that the average COF and average wear scar
diameter of 0.08 wt.% OD-MoSz-based oil were reduced by ~36.8% and ~15.4% as compared with the
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base oil, respectively. Also, its extreme pressure performance increased by ~152%. Li and
co-workers evaluated the influence of oxidizing gases (O: and H20) on the tribological
characteristics of MoS: coating in sliding contact against 52100 steel bearing ball and found them to
be beneficial [101]. They reported that a small amount of the oxidizing gases can impact structural
disorder and defect of MoS: at the sliding interface. This will increase the adhesion strength between
transfer films and the tribopairs, thereby enhancing the tribological actions of MoS:2 coatings.

Chen et al. [102] investigated the tribological properties of epoxy coating reinforced with a
novel hybrid of 2D h-BN/MoS: (Figure 10). They observed that the COF and wear rate of the epoxy
composite coating decreased by ~80% and ~88% as compared to pure epoxy. The composite coating
still kept outstanding tribological properties under high load or sliding conditions. This is due to the
excellent dispersibility of MoSz, high actions of h-BN, and synergistic improving effect of h-BN/MoSz,
including the deposition of transfer film on the sliding surface. Recently, Yu et al. [103] achieved a
superlubricity state (COF 0.004+0.001) by combining the synergistic effect of hydrogenated
diamond-like carbon (H-DLC), MoSz, and hydrogen-free diamond-like carbon (DLC).
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Figure 10. (a) Coefficient of friction and (b) wear rate of EP, EP-h-BN, EP-MoS:, and
EP-h-BN/MoS: composite coatings sliding against 440c ball under dry friction (EP = epoxy).
Reproduce from ref. [102] with permission.

4.2.2 Tungsten Disulfide (WS2)

Another member of TMDCs which has attracted a great deal of research interest is WS2
nanosheets. Specifically, WSz nanosheets are known to exhibit excellent tribological performance
under high temperatures [104, 105]. Also, it has been reported to show outstanding tribological
properties as a nano-additives in lubricant oil, they can react with the metal substrate to generate
layered tribofilms, and can efficiently decrease friction and wear under boundary lubrication
condition [15, 106, 107]. Recently, Ma et al. [108] recommended a novel approach to produce a
high-quality WSz nanosheet through the microwave-assisted liquid-phase sonication. The resultant
WS2 gave an excellent tribological performance in base-oil. The average COF and wear scar diameter
of the WS: nanosheets-based oil were decreased by 28.47% and 51.67% as compared to the oil,
respectively. Hu and co-workers investigated the tribological behavior of WS: with different
morphology (lamellar WSz and spherical WS2) under varying loads and speeds conditions [109].
They proved that the COF of lubricating oil with lamellar WS additive was reduced by 29.35% at the
optimal condition and the minimum COF was recorded at ~100 N. The COF of lubricating oil with
spherical WSz additive decreased by 30.24% and the minimum COF was observed at 120 N. The
high-pressure behavior of spherical WSz was better than that of lamellar WS2. The spherical WS2
gave a more stable wear resistance at over 80 N loads. The explanation given for the major difference
in the tribological behavior mechanism of the WSz with different forms was as follows; for WS: with
lamellar structure, the lamellar structure improved the slip between layers and the surfaces of layers
resulting in the decrease in COF. While, the spherical structured WSy, its spherical structure is
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considered as a ‘small ball’, which can play a role akin to ‘micro-bearing’ on the friction surface,
turning the sliding friction between surfaces into rolling friction thereby decreasing the COF.

4.2.2.1 Application in low-earth-orbits (LEO)

In low-earth-orbits (LEO), the oxidation and erosion of atomic oxygen are known to be the most
critical environmental factor for materials used in the aerospace environment. For preserving the
service-life of spacecraft and ensuring reliability, more considerable attention is given to the
response behavior of spacecraft materials to the atomic oxygen environment. Xu et al. investigated
the tribological performance of sputtered WS: films possessing loose or dense microstructures in a
vacuum, atomic oxygen (AO), and vacuum/AO irradiation alternate conditions [110]. Their finding
shows that the WS: films revealed a periodic fluctuant COF and high wear under the simultaneous
action of atomic oxygen irradiation and friction (in-situ condition). They proved that the friction and
wear characteristics are not dependent on the film compactness but the anti-oxidation ability of W52
itself. Concerning the in-situ atomic oxygen irradiation condition, the high friction is due to the
formation of oxidation product (WOs) by AO and its delamination by frictional interaction was the
cause of the high wear. They suggested that improving the anti-oxidation ability of WS: instead of
just densify the film microstructure is the best way to effectively enhance the wear resistance of WSz
film in the potential service environment. Fu et al. [111] investigated the influence of atomic oxygen
on MoS2-WS: composite lubricating film. The composite film has a dense film microstructure and
shows excellent atomic oxygen resistance due to the doping of WSz They reported that the
introduction of WSz to the MoSz-based film altered the film structure and enhanced the oxidation
resistance of the film. In comparison to pure MoS: film, the wear rate of the composite film was
decreased by 53% at 20 r/min, 68% at 100 r/min, and 30% at 200 r/min as shown in Figure 11. Gao et
al. have reported similar results [112].
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Figure 11. The morphologies of the wear tracks for pure MoS2 film (al-a3) and the MoS:-WS2
composite film (b1-b3) after atomic oxygen irradiation at varying sliding speeds. Reproduced from
ref. [111] with permission.

4.3 Other 2D Layered Materials
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4.3.1 Zirconium Phosphate

Along with the various 2D nanomaterials employed in lubricating oils, layered-zirconium
phosphate (Zr(HPO4)H20, a-ZrP) nanosheets have also gotten broad research interest for a wide
range of lubrication applications due to their unique 2D layered structures, easy surface
modifications, and high purity. He et al. has shown that a-ZrP nanoplatelets were very effective as
lubricant nano-additives in both non-aqueous and aqueous media. The COF was decreased by 65%
and 91% in mineral oil and water, respectively [113]. Dai et al. studied the tribological performance
of a-ZrP particles as a nano-additive in anhydrous calcium grease. Their results proved that the
anti-wear behavior and load-carrying capacity of lithium grease largely improved due to the
formation of a stable and compact tribofilm with low shearing strength during the rubbing surfaces.
Meanwhile, the poor dispersion of unmodified a-ZrP in oil has limited their tribological
performance. Therefore, efforts have been made to improve a-ZrP dispersibility. Jiang et al.
synthesized 2D layered a-ZrP nanosheets intercalated with varying amines content and studied
their dispersion stabilities in lubricating oil and tribological properties. The results revealed that
with the introduction of well-dispersed zirconium phosphate nanosheets, the COF and pin volume
loss decreased by ~47% and 75%, respectively. The outstanding dispersion stability made the
nanosheets to flow into the contact area at the inception, hence, protect the contact surface. The
mechanism is that the decrease in the van der Waals forces between the adjacent layers impacted by
the intercalated amines changed the friction between adjacent layers from pin disk to sliding,
resulting in a reduced COF under hydrodynamic lubrication.

4.3.2 Hexagonal Boron Nitride (h-BN)

Hexagonal boron nitride (h-BN) nanosheet is another 2D material that has huge potential as a
solid lubricant, it exhibits a good combination of chemical stability, high mechanical strength,
thermal conductivity, and low density of surface dangling bonds. Besides being desirable as the part
of core/shell assemblies, h-BN also shows superior tribological behavior amid other BN
nanostructures like spherical, hollow, rod-like, and prismatic nanoparticles [114, 115]. They have
also attracted particular interest in superlubricity operations. Sagbas et al. improved the tribological
performance of coconut oil using h-BN. The introduction of h-BN into the coconut oil offered an
84 % decrease in COF and 56 % in of wear rate [116]. Song and co-workers used
polydopamine-decorated boron nitride as nonadditive for epoxy resin with improved tribological
properties [117]. Bondarev et al. reported the improvement of the tribological properties of synthetic
PAOG6 oil using h-BN nanosheets [118]. The addition of h-BN nanosheets to PAO6 oil significantly
improved the tribological behavior of the steel tribopair. The COF was decreased to 0.07 when the
h-BN addition is 0.01wt. %, and 0.08 when it is 0.1 wt.%. The ball wear rate was reduced from 5.22 x
108 mm3 N m (for 0.01 wt.% h-BN) to 1.14 x 108 mm?3 N m (for 0.1 wt.% h-BN). The h-BN
nanosheets are believed to separate two sliding steel surfaces resulting in the reduction in wear rate.
Molecular dynamic simulations indicated that exfoliation and sliding of the h-BN layers under
tribological contact do add to the reduction in friction and wear.

4.3.3 Black Phosphorus

Black phosphorus (BP) is a new class of 2D materials that has gained considerable interest in
recent years. Besides weak interlayer interaction, BP exhibits other interesting characteristics such as
anisotropic lamellar structure, high carrier mobility, tunable bandgap, and good thermal stability
[119]. Also, the high mechanical properties of BP have made it very suitable in obtaining low-friction
and low-wear systems; the ideal elastic modulus of zigzag BP nanoribbon is ~65 GPa, and the
modulus for armchair BP nanoribbons is ~27 GPa [120]. BP is known to be unstable under ambient
conditions; few-layer BP surface is prone to oxidize when exposed to visible light, oxygen, and water
[121]. However, Wu et al. [122] have shown that the ambient degradation of BP favors its lubrication
behavior. Using AFM microscopy, they observed a 50 % reduction in friction force at the degraded
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area of the BP flakes as a result of the produced phosphorus oxides during degradation. They
suggested that the combination of water molecules and the resultant chemical groups (P-OH bonds)
formed on the oxidized surface may be responsible for the friction force reduction of the degraded
BP flakes. Several studies have confirmed the anisotropic frictional behavior of single-layer BP
nanosheet (phosphorene) using a frictional force microscope (FFM) and simulation models [123, 124].
However, Lee at al. recently employed molecular dynamic simulation to systematically analyze the
mechanisms of the anisotropic friction occurring at the interfaces of the FFM tip and the
phosphorene [125]. They evaluated the influence of experimental parameters such as scan direction,
spring stiffness, tip load force, and tip size on the frictional behavior. It was suggested that the
anisotropic friction depends on the scan direction. Through the analysis of the potential energy
profiles, it was shown that the mean friction increases in the armchair direction compared to the
zigzag direction. It is worth noting that phosphorene has an uncommon puckered honeycomb
structure which impacts it with irregular hexagonal atomic lattice [126, 127]. Hence, the scan
direction dependence frictional behavior is because the FFM tip had to overcome a larger energy
barrier while passing over the puckered honeycomb structure than passing over the bond of
phosphorus atoms. So, the tip had to overcome more resistance in the armchair direction. Similarly,
the tip’s behavior of passing over the bond of phosphorus atom (zigzag direction) and passing over
the puckered honeycomb structure (armchair direction) was shown to be the cause of nanoscale and
sub-nanoscale stick-slip phenomena in case of the changes in the spring stiffness and tip load size.
Furthermore, they showed that a decrease in the FFM tip’s diameter resulted in a high-frequency
sub-nanoscale stick-slip behavior and reduced nanoscale slip duration. Losi et al. studied the
interlayer slipperiness of BP utilizing DFT calculations [128]. It was shown that BP Layers stacked
with parallel orientation like an armchair-armchair or zigzag—zigzag orientation is as slippery as the
conventional solid lubricants such as MoS: and graphite. However, the armchair-zigzag
(perpendicular) orientation offered an excellent superlubricity, with one order of magnitude
reduction of the shear stress. By observing the electric charge distribution at the interface, the
superlubricity behavior was attributed to the strong localization of charges within the perpendicular
orientation. Furthermore, Wang and co-workers obtained an extremely low COF value of 0.0006 on
an experiment conducted with ball-on-plate tribometer [119]. They modified BP powder with NaOH
via a high-energy-ball-milling (HEBM) technique to obtain BP-OH. Thereafter, an aqueous solution
of BP-OH was prepared and its COF was measured in comparison with other lubricants as shown in
Figure 12. Interestingly, the robust superlubricity obtained with aqueous BP-OH was seen in an
expanded range of additive concentrations, sliding velocities, and contact pressures. This
outstanding result was attributed to the very low shear resistance of the water layer retained by
BP-OH nanosheets. It has been suggested that water molecules are strongly attracted to the BP-OH
nanosheet surface because of the formation of hydrogen bonding around the OH headgroups [129].
wherefore, the dynamically stable layer of water on the surface of the BP-OH nanosheet can offer a
very low shear strength due to its remarkable fluidity.
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Figure 12. (a) Variation in the COF with time using the 7 wt. % BP-OH aqueous solution as the
lubricant. The inset is the magnified graph of the COF after the running-in period. (b) The
comparative plots of the COFs of four different lubricants including ultrapure water, 3% NaOH
solution, 0.06% BP Dispersion and 3% BP-OH dispersion.

5. Micro-nano Patterns

It is well known that surface topography could affect friction. Therefore, many researchers
around the world are studying the effect of micro/nano textures on friction as well as seeking the
optimal textures for different applications. Micro/nano textures are promising in reducing friction
mainly due to the following mechanisms. First, micro/nano patterns such as grooves can provide
spaces for debris during the friction, therefore reduce the wear caused by debris. Solid debris
especially those made of hard materials sandwiched between two friction surfaces can lead to
significant mechanical wear. Second, micro/nano patterns can efficiently reduce the actual contact
area, therefore also reduce the friction efficiency and wear rate. However, the current understanding
of the friction behavior on micro/nano textured surface is not sufficient [130]. One reason is the lack
of precise tools to study nanoscale friction. Although atomic force microscopy (AFM) is a good
platform, an idea spherical AFM probe that has the range from a hundred nanometers to a few
microns are missing for this type of study. A recent work by Hu et al is promising in experimentally
studying the tribology in this scale [131].

Figure 13 shows eight different types of micro/nano textures used together with 2D materials
that have been demonstrated to be effective in reducing friction.

Figure 13(A2) shows an SEM image of micro grooves and WS: coatings. The combination of
micro grooves with 0.679 texture coverage exhibits the lowest friction coefficient and lowest steel
ball wear rate, decreasing by ~16% and ~70% [132]. Figure 13(A3) shows an SEM image of textured
disk self-assembled with a 3-APS membrane and the inset was the magnification image. The 2D
materials together with micro-hole array textures reduced the friction coefficient by 26% and the
wear rate by 39.4% compared with the smooth surface. Figure 13(A4) shows an SEM image of a 363
nm thick GO film atop a silicon micro dimple array, which obtained a friction coefficient five times
lower than a non-textured GO film and half the wear rate compared to wear of a non-textured GO
film [133]. Figure 13(B1) is the SEM image of WS: film textured with a cabbage-like nanocone-array
Ni interlayer, which increases the wear life by seven times compared with pure WS2 films and by 1.5
times compared with rough Ni textured WS: films [134]. Figure 1(B2) shows an SEM image of MoS2
on top of AAO membranes that can effectively decrease the friction coefficient by more than 50%
[135]. Figure 13(B3) is an SEM image of burnished MoS: addition on nano-textured PVD TiAIN
coatings. This surface was tested to increase the wear life time of TiAIN coatings against AISI 316
stainless steel by about 40% but not the coefficient of friction [136]. Meng et al. reported that h-BN
doesn’t reduce friction as well as other 2-D materials such as WSz and graphite on micro-textured
surfaces [137].
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Figure 13. Different types of micro/nano textured surface used with 2-D materials for reducing
friction coefficients and wear.

The optimal texture geometries including sizes, shapes, heights depend on the lubrication
conditions for tribology applications such as mechanical properties of tribopairs, loading conditions,
and the environmental parameters [138]. Therefore, optimization of textures lacks a universal
guideline and relies on experimental studies for each unique case.

From a manufacturing perspective, producing micro/nano textures on a macro scale and
friction parts remains a challenge. Lithography normally occurs on flat and smooth surfaces such as
silicon wafers, and it will require extra steps to transfer the micropatterns from silicon to metal
surface [139]. Laser such as femto-second laser is an emerging method due to its low-cost and the
easy of applying it to a broad type of materials regardless of its surface shape and topography. Laser
has been used for surface texturing on stainless steel [140], zirconia [141], alumina-titania [142],
silicon nitride ceramic [143], etc. However, some challenges remain to be solved including the
quality of the produced patterns as well as the lower limits in produced sizes. Other nanofabrication
methods such as nanosphere lithography, replica molding, block-polymer are promising in
fabricating micro/nano textured surfaces for reducing frictions in a low-cost fashion, therefore can be
applied for macro-scale applications. However, these methods have limited design options.

Now, with the advancement of micro/nano-manufacturing, it is now possible to scale up the
micro/nanotexturing on surfaces exposed to friction. The techniques of transfer
lithography-produced patterns to metal and polymer surfaces are extremely promising because it
takes advantage of the mass-production capability and precise control of pattern geometry of
lithography [144].

6. Conclusions and Prospects

Recent developments on the tribological performance of 2D materials as a solid lubricant,
composite mixture as well as lubrication nano-additives have been reviewed. However, some
challenges are limiting their wide industrial applications. The most common challenge facing 2D
materials is the lack of dispersion in oil. Nanomaterials like graphene nanosheets and WSz always
agglomerate due to high surface ratio, and strong van der Waals forces. Such aggregation in
lubricants has prevented their broad application. Several scientific techniques ranging from
chemical surface modification and alkylation, have been proposed to solve the problem of
dispersion [4]. The chemical modification involves the termination of a functional nanoparticle onto
the nanosheets or the incorporation of nanoparticles such as a-Fe203 nanorods, ZnO nanoparticles,
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and Ni nanoparticles in the 2D material [145-147]. This method has proven effective in enhancing the
dispersion of the 2D material in oil lubricants. The grafting of alkyl chains on the active sites of
reduced graphene oxide (rGO) through amide linkage has been proven to stabilize the dispersion of
rGO in oil, resulting in improved tribological performance [148, 149]. The addition of surfactants has
also been explored for efficient dispersion of graphene in water to enhance tribological behavior, as
reported by Liang et. al. [150] and Uddin et al. [151]. Besides nanoparticle agglomeration, WSz is also
limited by its high density. Also, despite that MoS: exhibits better dispersion, its load-bearing
capacity is low when it is employed independently. Therefore, a sizable amount of MoS:z is usually
required to reduce the COF. This might pose a significant challenge to the overall mechanical
behavior of the matrix [4]. So, the challenge is achieving very low friction at minimal particle
concentration. The common solution is harnessing the synergistic influence of two solid lubricants,
particularly graphene, with excellent mechanical properties to compensate for the load-bearing
capacity. Also, the use of MoS: with ceramics to enhance the strength of the lubricants has been
reported [4]. Notably, some of these solutions like chemical modification, are limited to laboratory
observations. Therefore, further investigation is required to make them feasible and scalable for
industrial use.

Furthermore, as humans continue to explore their immediate surroundings (example; the
marine environment, deep seas, biomedicals, etc.) and far-away universe such as outer space, the
need for excellent lubricants for future machinery keeps arising. For example, the spacecraft has
several friction pairs in components like wheel shafts, bearings, and sleeves. These tribopairs are
expected to perform under severe environmental conditions (that is in the vacuum at about —200 °C -
200 °C temperature variation). It means that the use of conventional liquid lubricants is
impracticable in such conditions. Also, the absence of a heat transfer system, coupled with cosmic
irradiation and solar wind, creates an extremely difficult environment for the tribopairs[2]. The
presence of friction in tribopairs has been shown to have detrimental effects on the spacecraft, and
also impede the design procedure [152]. So, to prolong the service life of the spacecraft and ensure
reliability, the prospective lubricants must provide superlubricity, adequate hardness, excellent
thermal stability, and oxidative resistance. Also, putting in context other environmental cases where
lubricants are required, it becomes necessary that future lubricants should not only possess excellent
reduction of friction and wear, they are expected to also exhibit multifunctionality such as
anti-fouling, anti-corrosion, anti-thermal, anti-pressure, self-repairing and so on as the demand
arises, hence more research is needed to develop very high-performance multifunctional 2D
materials for tribological purposes.
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