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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).

This explains the fundamental characteristic of 2D materials and their unique properties that made them very attractive in
tribological applications. Also, the method of preparation of the materials are highlighted.
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| 1. Introduction

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 counterpartst.

| 2. Characteristics of 2D Materials

These unique features are a result of the effect of their spatial confinement in one dimensionld. 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 devicesiEl, which can
also result to unusual frictional features4®. 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 potentiall8Z,
Besides, the dispersion of 2D materials in aqueous solution are suitable precursors for the design of 2D based filmsl&!,
and since all atoms of 2D materials are surface atoms, this provides a proper handle to change the properties of the
materials through surface functionalization and modification!Il9,

Notably, layered materials such as graphene, MoS,, WS, 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 layers12 Recent
nanoscale experiments have revealed that layered materials, down to one atomic layer, also show outstandingly low
surface friction when they are slid against other counter surfaces®12l, Besides 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®3l14] Moreover, regarding few-layered 2D materials, it has been shown that the static frictional force
gradually increases for a few initial atomic 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 substrateld[15], By employing atomistic simulations, Li et al.
reproduce the experimental findings on layer-dependent friction and transient frictional strengthening on graphene
nanosheetsld. 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. While 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.lX2l analyzed the nanotribological
properties of some selected 2D materials such as graphene, MoS,, h-BN and niobium diselenide (NbSe,) 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 adhesionll8, 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. Moreover, 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, MoS, and h-BN possess much lower friction
(~1 nN) than NbSe, (~7 nN). Zhou et al.4] also demonstrated that TMDCs (MoS,, WS,, MoSe,, WSe,) 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
phononically2819l 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 behaviorl8l,

In Summary, 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
surfaces2Y, |nitially, 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 film24. This new film is known to significantly enhance tribological behavior23, 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 wearl24l,

| 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 graphenel2®. 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
la. The mechanics involve exerting a normal force on a scotch tape, which is 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 crystals2827], This method has also been widely employed in the synthesis of other 2D
materials, including TMDCs, h-BN and NbSejrsizasaey. 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 challengel2€l. 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 1b,ci2.
Moreover, other modifications have been proposed, as described by Peng et al. B3 and Zhang et al.[34.
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Figure 1. (a) Schematic illustration of the mechanical exfoliation of monolayer graphemel22l. Optical images of monolayer
graphene (b) as-prepared by scotch tape method and (c¢) as enlarged using Shmavonyan suggested method.
Reproduced with permission from[22. Copyright 2013 National Academy of Sciences of Armenia.

3.2. Liquid-Phase Exfoliation (LPE)

In 2008, Coleman and co-workers used the Liquid-Phase Exfoliation (LPE) technique to synthesize 2D materials8l. 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)E4. 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 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 properties28l,

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 as illustrated in Figure 2. 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[28l29, By adjusting these conditions,
the controlled growth of the graphene with a tunable number of layers, crystallinity and lateral size can be obtainedd.
Somani et al. reported the synthesis of planer few-layer graphene (PFLG) by thermal CVD method®Y. 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 substratel4Z. 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 besides 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 cost9. The CVD method has also been employed in the production of
large-scale 2D TMDC nanosheets, including alloyed 2D TMDCI28]. Zhan et al. were among the first to show the growth of
MoS, on Si/SiO, substrate3!. 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 MoS, on Si/SiO, substrate!281143],
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Figure 2. (a,b) Schematic demonstration of the growth mechanism of graphene. Reproduced with permission from44!,

Copyright 2009 American Chemical Society. (c) Schematic illustration of the CVD process setup. Reproduced with
permission from[22], Copyright 2015 CSIR-NISCAIR.
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