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Bulk layered materials, such as graphite and molybdenum disulfide, have long
been used as solid lubricants in various industrial applications. The weak
interlayer van der Waals interactions in these materials generate a low shear
slip-plane, which reduces the interfacial friction. The cumulative trends toward
device miniaturization have increased the need for basic knowledge of the
nanoscale friction of contact-mode devices containing layered materials.
Further, the decomposition and degradation of bulk layered solids subjected
to shear forces are detrimental to their lubricating characteristics. Layered-
structure materials, such as graphene, hexagonal boron nitride, and MXenes
consisting of single or few atomic layers, behave as a new class of lubricious
substances when deposited at a sliding interface. The exceptional mechanical
strength, thermal conductivity, electronic properties, large theoretical specific
area, and chemical inertness of these materials make them ideal antifriction
materials for continuous sliding interfaces, especially when operated at elevated
temperatures. These properties hold great promise for widespread applications
both in dry environments, such as solid film lubrication for micro/nano-
electromechanical systems, nanocomposite materials, space lubrication, and
optical devices, as well as in wet environments, such as desalination
membranes, lubricant additives, and nanofluidic transporters. However,
accurate and reliable prediction of the frictional behavior of layered-
structure materials is challenging due to the complex physicochemical
transformations encountered under tribostress. The presence of a liquid in
the vicinity of a surface in wet-environment applications further complicates
the lubrication behavior of layered-structure materials. Furthermore, insight
into the origins of interfacial friction and adhesion due to localized contact
interactions can be accomplished by atomic-level experimental techniques and
computational methods, such as atomic force microscope (AFM) in
combination with molecular dynamics (MD) and density functional theory
(DFT). The AFM setup mimics asperity-asperity contact at the atomic level
and can measure the friction force of layered-structure materials, whereas MD
and DFT can provide insight into the chemomechanical transformations
commencing at hidden interfaces, which cannot be detected by
experimental methods. The objective of this review article is threefold. First,
the relationship between friction and potential energy surface is examined for
different layered-structure material systems, and the parameters that mainly
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affect the energy corrugation are interpreted in the context of reported results.
Second, the atomic-scale friction mechanisms of layered-structure materials in
dry or vacuum environments are discussed in light of experimental and
theoretical findings, focusing on the most crucial frictional energy
dissipation mechanisms. Third, the complex mechanisms affecting the
nanosccale friction of layered-structure materials incorporated in liquid
media are introduced for ionic, polar, and non-polar solutions.

KEYWORDS

friction, graphene, layered-structure materials, lubricant additives, MXenes, potential
energy surface, van der Waals interactions

1 Introduction

Growing energy demands have dramatically increased the
consumption of non-renewable energy sources. According to
recent reports, the transportation sector accounts for 24.3% of
the overall energy consumption (Pandemic drives down U.S.
energy use in 2020, 2021) in the United States. Engine
efficiency and performance are adversely impacted by
frictional losses encountered at moving mechanical
components of vehicles, representing about 25-40% of a
vehicle’s fuel energy (Holmberg and Erdemir, 2017). More
importantly, 32.2% of the overall energy sources used in
various industry and transportation sectors are petroleum-
based, significantly contributing to CO, emissions (Woydt,
2021). Unequivocally, developing fuel-efficient automobiles
by mitigating friction losses is critical to reducing fuel
dependency worldwide and lowering the impact of climate

change (World Energy Outlook, 2011). Lubrication is one of

the most effective approaches to reducing friction between
sliding surfaces.

Materials with layered structures, such as graphite,
molybdenum disulfide (MoS,), and boron nitride (BN), have
long been used as solid lubricants in various technologies,
including micro/nano-electromechanical systems (Lemme
et al, 2020, 2022; Zhu et al, 2020), electronic devices
(Bhushan, 2001; Clauss, 2012), and biomedical implants for
joint replacement (Spear et al., 2015) (Figure 1A). In layered
materials, the atoms of each layer are strongly bonded via
covalent bonds, demonstrating high mechanical strength.
However, these materials exhibit low shear strength because
the interlayers are weakly bonded by van der Waals forces.
The friction behavior of layered-structure materials is highly
dependent on the environment in which these solid lubricants
function. For instance, macroscale measurements have illustrated
that bulk MoS, exhibits extremely low friction in vacuum or dry
environments but not at high humidity levels (Pritchard and

FIGURE 1

Examples of industrial applications of layered-structure materials in (A) dry and (B) wet environments.
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Midgley, 1969; Khare and Burris, 2013), whereas graphite

demonstrates enhanced lubrication behavior in humid
environments (Farshchi-Tabrizia et al., 2008; Rietsch et al,
2013). (2D)

materials, i.e., materials consisting of a single or few layers of

The advent of two-dimensional crystalline
atoms in a honeycomb structure, has motivated the design of
next-generation lubricants for both dry (Rapoport et al,, 1997;
Kim et al., 2011; Berman et al., 2014, 2018; Xiao and Liu, 2017)
and wet (Zu and Han, 2009; Song and Li, 2011) atmospheres.
When 2D materials are used as solid lubricants or additives in
base oils, they reduce the coefficient of friction by at least an order
of magnitude and the wear rate by as much as four orders of
magnitude compared to the bare contact (Kim et al., 2011; An
et al,, 2014; Berman et al., 2014; Gupta et al., 2016). 2D layers
demonstrate unique mechanical properties (Lee et al., 2008;
Bertolazzi et al, 2011) (e.g., the in-plane elastic modulus of
graphene is 1TPa (Lee et al, 2008) and that of MoS, is
~270 GPa (Liu et al, 2014)), thermal characteristics (e.g.,
3,000-5000 W/m.K
(Balandin et al., 2008)), electronic properties (e.g., zero

thermal conductivity for graphene
bandgap for graphene) (Zhan et al, 2012)), and chemical
behavior (Berman et al., 2014). Therefore, they are desirable
lubricant additives for components operating in extreme
conditions (Ermakov et al., 2015). The intrinsic chemistry and
functionality of 2D materials can be tuned to enhance their
compatibility with various oils and solvents, thereby enabling
their usage as lubricant additives, desalination membranes
(Heiranian et al,, 2015), and nanofluidic transporters (Secchi
et al,, 2016), as well as their chemical exfoliation of 2D layers
(Parvez et al,, 2015) (Figure 1B). Further, advances in scalable
exfoliation methods and surface functionalization approaches
have rendered 2D materials ideal for lubricant formulations (Tao
et al., 2017; Xiao and Liu, 2017).

Atomic-scale tribology is concerned with the physicochemical
processes that determine the friction behavior of sliding surfaces
displaying atomic/nanoscale roughness. Nanoscopic asperities at
sliding surfaces can generate extremely high contact stresses,
consequently augmenting surface damage that leads to the loss of
material. The atomic force microscope (AFM) is the most widely
used setup for nanotribological studies because it allows for accurate
measurement of interatomic forces at nano/pico-Newton resolution.
Additionally, the AFM probe provides a contact geometry that
closely resembles nanoscopic asperity contacts, thereby aiding the
study of atomic-scale surface force interactions and associated
deformation and wear processes commencing during normal
loading and reciprocal sliding. Molecular dynamics (MD)
complement experimental measurements by providing a detailed
atomistic description of the 2D surface, the AFM probe, and the
thus
interpretation of the energy dissipation pathways in hidden

surrounding ~ environment, facilitating a mechanistic
contacts. MD simulations are usually performed for a system of
interacting atoms to compute the interatomic forces (atomic

stresses) and potential energy of the system under different
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loading and temperature conditions (Szlufarska et al, 2008).
that

simulations

Therefore, atomistic investigations use combinatorial

experimental and  molecular can elucidate
fundamental energy dissipation phenomena at various surfaces
(Smolyanitsky et al., 2012).

The quality of the surface and hence the interfacial
interactions between layered materials or against the asperities
of the opposed sliding surface can be controlled by tuning the
chemical, physical, electronic, and mechanical behavior of the
surface. Despite numerous investigations concerned with the
impact of these properties on the nanoscale friction of 2D
layers in dry conditions, a limited number of investigations
have been performed to study the role of liquid molecules in
the friction behavior of these materials in wet environments. In a
liquid medium, there are several phenomena responsible for the
friction behavior of the surface in the nanoscale. For instance, in
humid environments, the formation of a capillary between an
AFM probe and the surface resulting from Laplace pressure
increases the interfacial adhesion by generating a larger
contact area, consecutively increasing the friction force
(Greiner et al,, 2012). Further, the specific arrangement of the
liquid molecules in the vicinity of layered-structure materials
increases the liquid density in those regions, affecting the net
interactions with the surface and, in turn, the friction force (Diao
et al., 2019; Baboukani et al., 2021).

In this article, atomic-scale friction models that elucidate the
origin of interatomic interactions and friction forces are
introduced first, followed by a discussion of classical friction
models of 2D materials and an assessment of the ability of 2D
materials to achieve superlubricity. Further, a comprehensive
summary of the atomic-scale friction mechanisms of 2D
materials in vacuum, air, and dry gas is provided, with special
emphasis given to the load dependence of the friction force at the
nanoscale and the anomalous friction behavior of 2D materials,
particularly deviations from Amontons’ friction law in various
environments. Furthermore, some unique friction behavior of
2D materials, such as friction force strengthening and load-
different

environmental conditions, are interpreted in the context of

dependent friction hysteresis observed under
experimental and simulation results. Finally, the friction
behavior of layered-structure materials in liquid media and
the effect of liquid molecular layering at contact interfaces are

discussed in light of recent findings.

2 Atomic-scale friction
2.1 Friction models

Several models have been introduced to describe the
fundamental origins of friction when two bodies slide against
each other. The Prandtl-Tomlinson (PT) and Frenkel-Kontorova

(FK) models use the one-dimensional (1D) motion of surface
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Atomic-scale friction models. (A) Schematic of the Prandtl-Tomlinson (PT) model (Schwarz and Holscher, 2016) representing a point mass that
resembles an AFM tip attached to a body by a spring having a spring constant k, which is dragged over a surface (the circles represent surface atoms)
that possesses a periodic potential with a periodicity a,. (B) Schematic showing the energy profile for a soft spring (low stiffness). According to the PT
model, the total potential energy (i.e., the sum of the spring-substrate interaction potential (sinusoidal) and the spring potential) yields a stick-

slip behavior (Vanossi et al., 2013). (C) Stick-slip patterns for a point-like mass (e.g., the AFM tip) at T = O K. Slip occurs when the lateral force reaches a
critical value F. (D) Stick-slip patterns at T = 295 K. Slip occurs at a lower force than the critical lateral force F. (Schwarz and Holscher, 2016). (E)
Schematic of the Frenkel-Kontorova (FK) model (Hu et al., 2013) where atoms connected with springs of length a. having a spring constant k interact
with a harmonic surface potential of periodicity a, and an energy corrugation equal to 2U,.

atoms (Popov and Gray, 2012; Schwarz and Holscher, 2016) and
elucidate the origins of friction in terms of the energy required for
a hopping event when an atom moves along a corrugated
potential defined by atomic periodicity. The PT model can be
used to simulate friction force microscopy (FFM) testing, by
modeling a tiny mass (representing the AFM tip) dragged by a
spring (with a spring constant k representing the simultaneous
contributions of the normal and lateral stiffness of the AFM
microcantilever) over a 1D periodic potential at a constant
scanning velocity v, (Figure 2A). The total PT potential U
comprises two components accounting for the AFM tip-
substrate interactions and the elastic strain energy stored in
the AFM microcantilever and is given by (Vanossi et al., 2013)

U(x, t)=U, cos(zn—x) + E[x —yit]? (1)

a 2

where Uy is the potential amplitude, a is the lattice constant of the
crystalline surface, and x is the coordinate of the point mass. The

Frontiers in Mechanical Engineering

04

energy barrier AE is defined as the difference between the first
minimum and the maximum of the PT potential, i.e., 2U,.

For springs with relatively low stiffness, the point mass resolves a
saw tooth-like motion characteristic of stick-slip behavior
(Figure 2B). When a critical value of U(x) (or critical lateral force
F.at T =0 K (Figure 2C) is reached, the point mass jumps from one
potential minimum to an adjacent minimum, and the inflection
point (U/dx = 9°U/0*x = 0) demarcates the inception of slip
(Vanossi et al, 2013). The elastic strain energy stored during the
stick stage is released in the form of heat during the slip stage and is
associated with the frictional energy loss. The energy barrier strongly
depends on the thermal oscillation of the mass (~kgT, where kg is
Boltzmann’s constant and T is the temperature) and the sliding
velocity v (Wang et al,, 2015). The increase of the temperature
enables the point mass to more easily overcome the energy barrier,
ie, F < F, at T =295K (Figure 2D). The friction force F can be
expressed in terms of the thermal energy and the sliding velocity
(Dong et al,, 2011; Hasz et al., 2021) as following

frontiersin.org
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F=Fc- [ﬁkBT 1n(V7C)]2/3 @)
where f is a parameter determined by the shape of the potential
and v¢ is the critical sliding velocity, above which friction is
independent of the sliding velocity.

Nanocontacts established between the apex of an AFM probe
and a surface usually contain hundreds of atoms interacting with
each other. However, the PT model does not account for the
coupling of the interatomic interactions (Alhama et al., 2011;
Schwarz and Holscher, 2016). In the FK model, N interacting
atoms are connected by harmonic springs (atomic chain) and
subjected to the external 1D periodic potential (Figure 2E) to
describe kink-related plasticity in crystals. The total potential in
the FK model is the sum of three terms associated with the kinetic
energy of the atomic chain, the harmonic interaction of the
nearest atom neighbors in the atomic chain, which has an elastic
constant k and an equilibrium distance a,, and the interaction of
the atomic chain with the periodic potential U, that has a
periodicity a,. Thus, the FK Hamiltonian potential is given by
(Vanossi et al., 2013)

] IV I S
H—sz+2(x,+1 Xi—a.)” + 2cos (3)

ap

where p; m, and x; are the momentum, mass, and location of the
ith atom, respectively. According to the FK model, the theoretical
yield strength of a crystal is obtained when an atomic plane is
displaced by a lattice distance. In this process, the kinks in the
structure play a critical role because the activation energy for kink
motion is much smaller than the amplitude of the substrate
potential Up; consequently, it is easier for these kinks to move
than the atoms. Atomic systems with higher kink concentrations
experience a more significant motion because the kink motion is
directly correlated to the mass transport along the atomic chain.
The tribological processes simulated by this model depend on the
kink excitation that defines the mobility of the atomic chain.
The FK model also provides insight into the dependence of
friction on the commensurability of the atomic chain with
respect to the substrate. Commensurability illuminates how
atomic-scale friction is affected by the length-scale correlation
between the interacting atomic chain and the underlying
substrate with periodicity a. and a,, respectively. For full
commensurability (ground state) between an atomic chain
with N atoms and an underlying substrate with M minima of
substrate potential, the dimensionless parameter 0 = N/M =
aplac is equal to one and the atomic motion strongly depends
on the creation of a kink pair (extra atom and vacancy in the
morphology). At the
(1++/5)/2 corresponding to the fully incommensurate

irrational golden value ay/a, =
case, the FK ground state exhibits an Aubry transition,
i.e., a transition between pinned kinks to mobile kinks,
when there is a probability of finding an atom close to the
maximum potential energy U,. In the case of incommensurate
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contacts, after the pinned-to-mobile kink transition, a
negligibly small driving force can initiate sliding of the
atomic chain. Accordingly, the static friction force F;
becomes vanishingly small, demonstrating superlubricity.
More recently, the pinned states within the contact define
the net shear stresses and the effective contact area during
sliding (Li et al., 2016). This unique type of sliding is discussed
in the following subsection. Although the FK model effectively
describes the origin of atomic-scale friction at the inception of
sliding in crystalline contacts, it does not explain the evolution
of friction in quasi-elastic/plastic contacts (English et al,
2001; Vanossi et al, 2013). A hybrid PT-FK model
accounting for both chain atom coupling and chain-
substrate atom coupling effects, which are not considered
in the foregoing PT and FK models, has been developed
(Weiss and Elmer, 1996; Alhama et al., 2011).

2.2 Superlubricity

A unique phenomenon is encountered when the crystal lattices
of two sliding bodies are incommensurate, resulting in extremely
low coefficient of friction y (e.g., y <0.001). This phenomenon is
commonly known as superlubricity and has been observed both
experimentally and theoretically with heterostructure 2D bilayers,
where the inherent lattice mismatch of different layers results in
incommensurate stacking between the layers (Wang et al., 2014,
2017). Superlubricity may also occur with homostructure 2D layers
when the top layer is twisted at a certain angle with respect to the
bottom layer (Liu Y. et al, 2018 Ru et al, 2020), or
incommensurate stacking of two 2D monolayers (Li et al,
2017). This phenomenon was first found in experiments of
graphite sliding over highly oriented pyrolytic graphite
(HOPG), where the rotation angle of the HOPG surface to
graphite influenced the friction force (Dienwiebel et al., 2004).
In particular, extremely small friction forces were measured at all
rotational angles, except at angles equal to 0° and 60°, where
commensurate stacking between the graphite and the HOPG
established (Dienwiebel et 2004). The
commensurability between the stacking of 2D layers can be

surfaces was al.,
quantified by the registry index (RI) (Hod, 2010; Ouyang et al,
2021), which describes the pinning site density, a parameter that
quantifies the correlation between the geometric configuration of
the layers and the frictional behavior. Two characteristic interfacial
stacking modes can be observed when 2D layers are sliding relative
to each other, that is, AA stacking, when the lattices of the two
layers fully overlap and AB stacking, when half of the atoms of a
layer reside atop the hexagonal centers of the opposed layer
(Figures 3A, B). The AA stacking configuration accounts for
the highest energy barrier, whereas the layers experience the
lowest energy barrier during sliding in the AB stacking
configuration. If each atom is represented by a circle of radius
. = 0.5], where [ is the covalent bond length of adjacent atoms
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surface barrier, and (C) definition of the registry index (RI), representing the projected overlap area between the atoms (circles) of the two layers
(particularly for bilayer graphene). (D) Friction force and Rl versus misfit angle (defined as the angle between the top and the bottom layers in the
corresponding stacking, i.e., ¢ = 0° corresponds to the highest potential energy (AA) for a graphene flake (Hod, 2012). The square symbols and

the black line represent the friction force (left axis) measured experimentally and predicted by the Prandtl-Tomlinson model, respectively, and the
red line shows the measured RI (right axis). Coefficient of friction versus twist (misfit) angle for (E) graphene homostructure and (F) MoS,/MoSe,
heterostructure bilayers (Ru et al,, 2020). (G) Trace and retrace lateral force signals and corresponding friction forces obtained by sliding a silicon AFM
tip on the graphene/h-BN heterostructure as a function of applied load increasing from top to bottom (Zhang S. et al., 2022). (H) Friction loops of (i)
fluorinated graphene and (i) graphene supported by a germanium substrate at regions with and without Moiré superlattice structures (Zheng et al.,

2016).

residing at the corner of the hexagonal lattice, the RI of graphitic

surfaces can be defined as

RI

AB
_ Scc - Scc

T QAA _ QAB
Sec = Sce
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where Scc is the total overlap area of the top and bottom circles
(atoms) corresponding to the two adjacent layers (Figure 3C).
The good agreement between experimental and theoretical (PT
model) results of a graphene bilayer indicate that the friction
force correlates to the corrugation of RI at different misfit angles

06
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(Figure 3D). This correlation illuminates a direct relationship
between superlubricity and the geometrical configuration of the
stacked layers, i.e., the degree of lattice commensurability of
bilayer graphene (Iod, 2012). In a comparative study of the
friction properties of bilayer graphene and MoS,/MoSe, van der
Waals heterostructures that present a relative misfit angle
between the layers, superlubricity was extended to a wide
range of misfit angles that generated a lower coefficient of
the MoS,/MoSe, than the
graphene bilayer (Figures 3E, F) (Ru et al, 2020). Large

friction for heterostructure
wavelength Moiré superlattices can be obtained by annealing
van der Waals bilayer heterostructures at elevated temperatures.
It has been reported that the rotation of the top graphene layer
stacked on hexagonal boron nitride (h-BN) due to thermal
annealing leads to the manipulation of the misfit angle,
resulting in practically zero static friction force (Wang et al,
2016). The superlubricity of the graphene/h-BN heterostructure
stems from the dynamic behavior of the graphene/h-BN interface
(Zhang S. et al, 2022). The hexagonal Moiré pattern for this
heterostructure is observed at low loads (Figure 3G). Increasing
the applied load leads to stretching of the Moiré structure along
the fast scanning direction, resulting in a higher friction force.
With the instigation of AFM tip sliding, the top layer of graphene
is stretched gradually to adapt to the h-BN lattice structure. The
graphene top layer is destabilized when sufficient deformation is
accumulated and abruptly snaps back at the period coinciding
with the Moiré pattern, resulting in stick-slip friction behavior.
The alignment of 2D layers on the support substrate (e.g.,
germanium (Ge)) yields ultralow friction. This behavior of the
graphene layer can be observed even after fluorination and
oxidation due to the formation of Moiré superlattices between
these 2D layers and the Ge substrate. (The surface modification
of graphene usually increases friction, as explained in the
following sections.) Figure 3H illustrates a regular atomic-
scale stick-slip pattern, and the low frictional energy
dissipation (area of the friction trace loop) indicates the
formation of a superlattice structure for the fluorinated
graphene/Ge(111)
(Zheng et al, 2016). Similarly, high superlubricity has also
other der  Waals
heterostructures, such as fluorinated graphene (FG)/MoS,
(Wang et al, 2014), graphene/h-BN (Leven et al, 2013;
Mandelli et al, 2017), graphene/MoS, (Wang et al., 2017),
borophene/graphene (Xu et al, 2022), and 2D-tellurene/

and graphene/Ge(111) heterostructures

been reported for several van

graphene (Ru et al, 2021). The intrinsic lattice mismatch
between the adjacent layers and the formation of Moiré
superlattices incommensurate during the 2D layer stacking
the
corrugations), hence lowering the coefficient of friction (Wang

eliminates local energy barriers (potential energy

etal, 2014). However, in the case of homostructure 2D layers, it
is difficult to maintain the incommensurate configurations
the of the
orientation commensurability of the lattices (Kabengele and

between stacking layers because inherent
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Johnson, 2021). Nevertheless, it has been suggested that the
commensurability of the graphene/graphene homostructure
can be changed by applying a strain to the graphene layer
(Dong et al,, 2020). In light of the foregoing studies, it may be
inferred that the superlubricity of 2D bilayers strongly depends
on both the contact size and the relative misfit angle between the
adjacent layers (Bai et al., 2022).

3 Load-dependent friction and
robustness of Amonton’s law

According to the classical theory of friction proposed by
Amontons (Gao et al., 2004; Schwarz and Holscher, 2016), the
friction force Fyat the macroscale shows a linear dependence on
the applied load L through the coefficient of friction yu (Fy= p L)
and independence on the apparent contact area and relative
sliding velocity. However, measurements of the electrical
conductivity of metal-metal interfaces have shown a
proportionality between load and real area of contact, which
is defined as the sum of the microscopic asperity contacts
(Bowden and Tabor, 2001). However, friction force acting at
the asperities at the inception of interfacial sliding is also
proportional to the real area of contact A,, leading to a
constant FfL ratio (i.e., coefficient of friction), which is in
agreement with Amontons’ first law of friction. However, an
elastic analysis of a non-adhering sphere of radius R sliding over a
flat surface (Wenning et al., 2001) shows that A, oc (RL)*?,
whereas for fully plastically deformed metallic microcontacts
A, oc RYL, and to account for the adhesive surface force F,
Amontons’ first law of friction was modified as (Derjaguin, 1934;

Gao et al., 2004),
Fy=Fy+ul )
The friction law represented by Eq. 5 has been proven to
hold for a wide range of macroscopic and microscopic sliding
contacts. In fact, MD simulations have shown that Eq. 5 can be
extended to the nanoscale, where the load is not proportional
to A,, and theload is given by L = L, + L,, where L, is the elastic
restoring force of the deformed asperities and L, is a surface
adhesive force originating from van der Waals, dipole-dipole,
Columbic, capillary, hydrogen bonding, etc. surface forces.
Moreover, considering that Fr=1A,, where 7 is the interfacial
shear strength, Amontons’ first law of friction (i.e., Fr=uL)
breaks down at the nanoscale. In addition to the effect of
surface adhesion, the elastoplastic deformation of the
interacting asperities leads to a non-linear proportionality
between L and A,, also contributing to the observed
deviations from the Amontons’ friction law (Weber et al,,
2018). This discrepancy from classical friction theory has been
observed in several nanotribological studies (Johnson et al.,
1971; Derjaguin et al., 1975; Zekonyte and Polcar, 2015; Chen
and Gao, 2017; Ouyang et al., 2018; Weber et al.,, 2018),
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Deviation of atomic-scale friction of layered-structure materials from Amontons’ friction law. (A) MD results of the friction force F; versus
contact force (load) F. for suspended single-layer graphene sliding against single-wall carbon nanotube AFM tips of diameter d (the inset shows
results for spherical fullerene tips of diameter d) (Smolyanitsky and Killgore, 2012). (B) Maximum energy barrier AE .« (left axis) versus contact
pressure P, for MoS,, h-BN, and graphene homostructure bilayers (Li et al., 2020). The right bottom figure illustrates the van der Waals (black
squares, left axis) and Coulomb (red circles, right axis) energies as a function of contact pressure for MoS.. (C) Friction force versus load (unloading
regime) for graphite at different times of exposure to an oxygen atmosphere (L. is the adhesive (attractive) force between the AFM tip and the
graphene layer for 0, 90, and 160 h of exposure to oxygen) (Deng et al., 2012). (D) Friction stress (i.e., the ratio of the friction force to the contact area)
versus load for a graphene monolayer stacked onto a four-layer thick h-BN substrate (Moiré superstructure) at 0 and 300 K (Mandelli et al., 2019).

including studies of the tribological characteristics of 2D
layers (Deng et al., 2013; Serpini et al., 2019). For example,
while the friction force of a suspended graphene membrane
sliding against a single-wall carbon nanotube tip shows a
linear increase with the load in the positive load range,
which is consistent with Amontons’ first law of friction, it
decreases nonlinearly in the negative (attractive) load regime
(Figure 4A) (Smolyanitsky and Killgore, 2012). The increase
of the friction force in the positive load range is attributed to
the increase of the penetration depth and the contact area with
the increase of the load, resulting in greater contributions of
the plowing (out-of-plane 2D material deformation) and
adhesion components to the total friction force. The
variation of the friction force at negative loads can be
attributed to the out-of-plane deformation (puckering) of
graphene, resulting in the formation of a neck between the
tip of the retracting carbon nanotube and the suspended
graphene monolayer. The enhancement of necking due to
the intensifying negative (attractive) load increases the
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resistance to lateral deformation and, consequently, the
lateral (friction) force needed to plastically shear the neck.

First-principle calculations have also revealed a non-
monotonic variation of the friction force with the load of 2D
bilayer structures, such as MoS,, h-BN, and graphene (Li et al.,
2020). Figure 4B shows the effect of contact pressure P, on the
maximum energy barrier AE,,, defined as the difference
between the highest and the lowest total energy corresponding
to (AA) and (AB) bilayer stacking, respectively. For all three
bilayer structures, AE,,,,, increases with P, up to a critical value,
beyond which it decreases with further increasing the contact
pressure. An investigation of the effects of van der Waals and
Columbic interactions on the interlayer adhesion and the binding
energy (Li et al., 2020) has shown that while the van der Waals
interactions intensify with the increase of the contact pressure, an
opposite trend is encountered with Columbic interactions,
leading to a friction behavior characterized by a negative
coefficient of friction beyond a critical pressure, as shown for
MoS, in Figure 4B.
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The breakdown of Amontons’ law has also been observed in
nanoscale FFM experiments with multilayer bulk graphite during
the retraction of the probe (unloading) (Mandelli et al., 2019).
Specifically, the friction force of freshly cleaved graphite surfaces
(measured before and after the exposure to oxygen for 60 and
90 h) increased as the load decreased during the retraction of the
AFM tip (Figure 4C) (Deng et al., 2012). In addition, the aging
time affected both the friction force and the coefficient of friction
(slopes of fitted lines in Figure 4C). The increase of the pull-off
force with the exposure time to oxygen was attributed to the
increased surface hydrophilicity, which was induced by oxygen
MD
delamination of the topmost graphene layer by the sliding

chemisorption. simulations demonstrated localized
AFM probe, which was related to the ratio of the probe-
surface adhesion to the exfoliation energy of graphite.
Localized separation of the graphite lamellae by the probe was
predicted when the former ratio was greater than one (Deng
et al., 2012). It was presumed that interlayer bond stretching,
lateral displacement of the deformed region, and the increase of
the driving force to push the deformed region as the probe was
unloaded were responsible for the observed friction behavior
(Deng et al., 2012). An increase of the friction force with
decreasing contact pressure has also been observed with
layered graphene/h-BN Moiré superstructures at low contact
pressures. Figure 4D shows the non-monotonic frictional
behavior of this 2D heterostructure bilayer at two different
temperatures (Mandelli et al., 2019). It was supposed that the
out-of-plane atomic motion played a critical role in the resulting
friction behavior.

4 Friction mechanisms of layered-
structure materials

The profoundly different friction behavior of 2D materials
compared to their 3D bulk counterparts is attributed to their
unique structure and electronic state that vary significantly from
those of their 3D bulk structures. Associated fundamental
concepts of nanoscale friction of 2D layers are discussed in
this section.

4.1 Potential energy surface

At the fundamental level, the mobility of 2D layers against
each other is governed by the potential energy surface (PES)
corrugation. Since friction is an interfacial process, the PES is
controlled by the energy associated with the interactions
between the opposing surfaces. Thus, the PES landscape
between an AFM tip and a 2D layer (Vazirisereshk et al,
2020a) or between two 2D layers controls the friction
behavior. The PES corrugation (the 2D Prandtl-Tomlinson
energy projected on the xy-plane) represents the interlayer
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interaction energies measured as a function of the relative
translational displacement of the 2D layers (Reguzzoni et al.,
2012; Lebedev et 2016). The
electrostatic, van der Waals, and Pauli contributions to the

al, interplay between
2D layer sliding interface is controlled by the relative position
of the atoms in two adjacent 2D layers (or the atoms in the 2D
layer and the AFM tip), which changes during sliding (Levita
etal., 2014). Generally, it has been shown that the PES profiles
of 2D bilayer systems display two minima separated by a
maximum point, while sliding along the y-direction marked
with the red dots in Figure 5B (Ye et al., 2015; Vazirisereshk
et al,, 2019), as shown in Figure 5A for four different 2D
homostructure bilayers (Levita et al., 2015). The absolute
minimum of the PES corrugation (Minl) corresponds to
the AB stacking (Figure 3B) for graphene (chalcogen atom
on top of molybdenum atom for 2D transition metal
(TMDs)). the
maximum represents the AA stacking (Figure 3A) of

dichalcogenides In contrast, absolute
graphene (chalcogen atom on top of chalcogen atom). The
saddle point and secondary minimum (Min2) are obtained
upon displacing the top layer by 1/6 and 1/3 along the unit cell
diagonal, respectively, illustrated with solid red lines.
Compared to the graphene bilayer, an increase in the
corrugation energy is observed for the TMD bilayers.
Higher van der Waals interactions due to the larger
chalcogen and transition metal atoms compared to the
and the Pauli

chalcogen atoms are responsible for the higher corrugation

carbon atoms repulsion between the
potential observed with the TMD bilayers than the graphene
bilayer. The increase of the PES corrugation of the TMD
bilayers correlates with the increase in electronegativity of
the chalcogen atoms (from S to Te). The energy profiles in the
xy-plane (Figure 5B) of the foregoing 2D homostructure
bilayers are shown in Figures 5C-F. The white lines show
the minimum energy paths obtained by connecting the
minima of the corrugated potential (Levita et al., 2015).
Although the MoS, monolayer displays the lowest PES
corrugation (Figure 5H), it still exhibits higher friction than
the MoSe, and MoTe, monolayers (Figure 5G), contrary to
expectation. The trajectory of the AFM tip’s center of mass on
the PES corrugation demonstrates that the tip does not move
along the sliding direction (Figures 5H-]); instead, it jumps
between minimum energy points by crossing close to the
saddle points in the PES corrugation. The curvature of the
energy at the saddle point correlates to the lattice constant.
Among the three 2D layers, the MoTe, has the largest lattice
constant, resulting in a smoother upward curvature at the saddle
point in the direction perpendicular to the minimum energy path
compared to other monolayers (Figure 5K). Hence, the AFM tip
experiences a higher lateral force as it passes across the narrower
saddle point for MoS, than MoSe, and MoTe, (Vazirisereshk
et al., 2020b). These measurements show the contribution of the
maximum energy barrier (peak-to-valley energy) and the shape
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FIGURE 5
The effect of potential energy surface (PES) corrugation on the friction behavior of layered-structure materials. (A) Separation work AW, (PES)
profiles of MoTe,, MoSe,, MoS,, and graphene homostructure bilayers versus sliding distance in the y-direction (denoted by red dots in (B) and given
as a fraction of the lattice distance a, in the y-direction). (B) Plane view (top) and side view (bottom) of a graphene bilayer structure (the dark and light
gray atoms in the plane view correspond to the top and bottom graphene layers). PES maps of (C) graphene, (D) MoS,, (E) MoSe,, and (F) MoTe,
homostructure bilayers for sliding of the top layer over the bottom layer in the y-direction. All of the results shown in (A)—(F) were obtained from DFT
calculations (Levita et al., 2015). (G) Friction force due to a SiO; tip sliding against a MoS,, MoSe,, and MoTe, monolayer. PES corrugation maps of a
SiO, tip sliding against (H) MoS,, (1) MoSe,, and (J) MoTe, monolayers (the black lines show the sliding trajectories of the center of mass of the tip). (K)
PES profiles were measured at four different saddle points for the MoS,, MoSe,, and MoTe, monolayers. Results shown in (G)—(K) were derived from
MD simulations (Vazirisereshk et al., 2020b). (L) Load-dependent friction forces for different AFM tips sliding on graphite. Charge density differences
(Continued)
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(pgise) @and corresponding PES corrugations were measured for (M) Gr/Gr, (N) Gr/Al,Oz, and (O) Gr/SiO, contact interfaces. py is defined as the
charge densities of the two individual surfaces subtracted from the total charge density of the interface (Shi et al., 2022).

of the potential corrugation on the friction force of 2D layers. It is
possible to manipulate the PES landscape between the AFM tip
and the 2D layers by tuning the scanning direction of the AFM
tip over these layers (Vazirisereshk et al., 2020a).

The interfacial charge density and its variation during
sliding of van der Waals interacting layers, such as graphene/
graphite layers or an AFM tip sliding against 2D layers,
determine the overall adhesion force and the corrugation of
the PES (Wolloch et al., 2018). Nanoscale load-dependent
friction forces were measured experimentally on graphite
using different AFM tips (Figure 5L). Charge density
differences (pg) between graphene (Gr) and several
materials, including graphene, Al,O;, and SiO,, and the
corresponding PES corrugations were calculated using DFT
simulations (Figures 5M-0). The extremely small coefficients
of friction obtained for the Gr/Gr and Gr/Al,O; interfaces
correlate to the smooth corrugation of the PES [Figures 5M, N
(bottom)] of these interfaces. Comparing the charge density
distribution profiles and the PES landscapes, it can be deduced
that the energy corrugation originates from the sliding-
induced evolution of electronic charges, which control
friction dissipation (Shi et al., 2022).

4.2 Thickness-dependent friction
behavior

Thickness-dependent friction has remained a subject of
debate for many years. The friction behavior of 2D materials,
such as graphene, h-BN, MoS,, WS,, and NbSe,, has been
investigated as a function of the number of layers. For a wide
range of conditions, i.e., humidity, applied load, and
substrate material, a monotonic decrease in friction has
been reported with increasing number of 2D layers (Li
et al.,, 2010; Xu et al,, 2011; Cho et al., 2013; Fang et al,,
2017). Figures 6A, B illustrate a layer dependence of the
friction force of few-layer graphene and bulk graphite and
their corresponding atomic-scale stick-slip patterns during
sliding, respectively. Friction loops show a gradual increase
in lateral force at the inception of sliding, resulting in a tilted
friction loop (slopes are shown with dotted lines). This
phenomenon (known as friction strengthening) is more
pronounced for single-layer graphene and weakens with
increasing number of layers. The thickness dependence
and strengthening of friction depend on the bending
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stiffness and the in-plane rigidity of the 2D layers
(Figure 6C). During sliding, the contact adhesion forces
and the inherent flexibility of the elastic sheets define the
pucker of the 2D sheet in front of the AFM tip. This
deformation enhances the contact area between the tip
and the 2D layer (Figure 6D), consequently increasing the
friction force. Puckering is less prominent in the case of
thicker layers (n > 5) due to the higher bending stiffness of
the multilayer sheets (D = n’Dy, where D is the out-of-plane
bending stiffness, n is the number of layers, and D, is the
bending stiffness of a single-layer 2D material (Li et al,
2010)), resulting in friction forces lower than the single-layer
friction force. The increase of the contact area due to
the
advancing slip, causing a tilting of the lateral signals over
a short sliding distance (Lee et al., 2010).

To investigate the effect of the contact area on the friction of

puckering enhances lateral force required for

2D materials, suspended single-layer graphene with varying
degrees of wrinkles induced by different compressive strains
was tested with the AFM (Li et al., 2016). Despite the slight
increase in real contact area (Figure 6E), a profound effect of
compressive strain on friction was encountered (Figure 6F).
However, the per-atom friction force distributions (Figure 6G)
and corresponding histograms (Figure 6H) reveal a higher
compressive strain in front of the tip, which produced a
greater number of pinning sites that intensified the interfacial
interaction. Therefore, it may be inferred that not only the real
area of contact (i.e., the number of atoms within the range of
interatomic forces) but also the quality of the contact control the
strength of the pinning sites, playing significant roles in the layer-
dependent friction behavior of few-layer graphene (Li et al,
2016).

MZXenes (metal carbides, nitrides, and carbonitrides) is an
emerging family of layered-structure materials. The dependence
of the friction force on the number of layers of MXenes has been
investigated more recently. It has been found that single-layer
Ti;C,Tx (Ty is the functional group of a compound or a
combination of compounds, e.g., -O, -OH, and -F) deposited
on a silica substrate exhibits slightly higher friction force and
coefficient of friction than double-layer flakes (Figure 7A).
However, double- and triple-layer Ti;C,Ty demonstrates
similar friction forces. Topographical images illustrated that a
single-layer MXene was more susceptible to environmental
contamination, resulting in surface roughening and higher
friction. Moreover, the higher content of -F terminal groups
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The effect of contact quantity and quality on friction of layered-structure materials (Lee et al., 2010; Li et al., 2016). (A) Friction force of few-layer
graphene and bulk graphite (normalized by the friction force of single-layer graphene) measured with a silicon AFM tip in a dry atmosphere. (B)
Friction loops revealing stick-slip behavior of few-layer graphene (numbers 1 — 4 indicate the number of layers) and bulk graphite. (C) Friction force
(normalized by the friction force of a single-layer sheet) due to a rigid AFM tip sliding against few-layer elastic sheets obtained from a finite
element analysis (the inset schematics illustrate puckering of the elastic sheets in front of the AFM tip). (D) Schematic showing puckering of a
graphene sheet at the front of an AFM tip along the sliding direction (the yellow arrow shows the out-of-plane deformation of the sheet in front of the
AFM tip (Lee et al., 2010). (E) Stick-slip friction (lateral) force behavior and (F) contact area versus lateral (sliding) distance for a silicon AFM tip sliding
against graphene monolayers with varying degrees of pre-existing wrinkles produced by an equibiaxial compressive strain Gy = 0 (control), G, =
—-0.002, and Gz = —0.005. (G) Friction force distribution for graphene monolayers with prestrain G5, G, and Gs. (H) Friction force distributions of

graphene monolayers (Li et al., 2016).

in few-layer MXene than single-layer MXene enhances the
surface hydrophobicity. Therefore, the thinner water layer
expected to form on the surface of few-layer MXene exposed
to the ambient reduces the sliding resistance and, in turn, the
friction force compared to single-layer MXene (Kozak et al.,
2022). More recent AFM studies (Pendyala et al., 2022) of few-
layer Ti;C,Ty also demonstrated a decrease in friction force with
increasing number of layers from one to three layers (Figure 7B).
The increase of the layer number decreases the elastic
compliance, thereby decreasing the susceptibility of the thin
MZXene sheets to the out-of-plane deformation contributing to
the increase of the friction force; however, another study (Serles
et al., 2022) showed no correlation between the friction force of
Ti;C, T layers and the layer number (Figure 7C). Nonetheless,
the termination groups of the MXene surface greatly affect the
friction behavior. The PES of MXene layers with exclusive -F,
-0, and -OH termination groups (Figure 7D) demonstrated that
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the minimum energy path for OH-terminated MXenes
[Figure 7D(iii)] is significantly larger than O- or F-terminated
Ti3C, Ty, resulting in higher friction for the latter surfaces. The
effect of chemical modification of layered-structure materials on
the friction behavior is further discussed in a later subsection.

4.3 Electronic and phononic effects

The kinetic energy generated during sliding is dissipated
either electronically and/or phononically through the damping of
the surface atom vibrations (Park et al., 2006; Qi et al., 2008). A
likely energy dissipation process affecting thickness-dependent
friction may be electron-phonon coupling. The lattice vibrations
in 2D layers induced by the sliding process are damped by
electronic  excitations

due to electron-phonon coupling.

Because this effect is milder in the case of two-layer graphene
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Thickness-dependent friction of 2D MXene layers. (A) AFM topographic (i) and friction map (ii) images of few-layer TizC,T, deposited on SiO,/Si
substrates (Kozak et al., 2022). (B) Thickness-dependent friction forces of few-layer TizC,T, MXenes for different loads (Pendyala et al., 2022). (C)
Load-dependent friction force of few-layer TisC,T (1 — 4 layers) measured with a sharp diamond AFM tip (Serles et al,, 2022). The inset represents the
average friction force normalized to that of single-layer TisC, T, at all normal forces. (D) Calculated PES of TizC, T, with (i) —F, (ii) —O, and (i) ~-OH
termination groups. The yellow lines and dots illustrate the minimum energy pathway during sliding (Serles et al., 2022).

than single-layer graphene, undamped lattice vibrations may
develop during the slip of two-layer graphene. Thus,
analogous to overcoming the energy barrier by thermal
vibrations, a relatively small lateral (friction) force is needed
to initiate slip of a multilayer 2D material with undamped lattice
vibrations (Filleter et al., 2009). A dependence of the friction
force on phonon transport has also been observed at the
nanoscale (Torres et al., 2006; Wang et al., 2007; Prasad and
Bhattacharya, 2017). In a study aimed to elucidate the
contribution of excited acoustic modes on the friction of a
graphene the commensurate-incommensurate
transition, it was found that the friction force due to a

layer in
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graphene tip sliding against a rigid graphene layer can be
controlled by prestraining the graphene layer (Dong et al,
2020). Prestraining (either tensile or compressive) caused the
excitation of fewer acoustic modes, resulting in less friction
energy dissipation (Dong et al, 2020). An atomic-scale
friction study of semiconductor surfaces revealed significant
differences in friction due to atom charge accumulation (Park
et al,, 2006). Moreover, the fluctuations of the interfacial charge
density in 2D van der Waals heterostructures (graphene/TMDs)
induced by the sliding process affect the PES corrugations and
friction of these layers (Wang et al., 2017). The former studies
indicate that because atomic vibrations, electronic excitations,
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and charge accumulations to the atoms of layered-structure
materials are coupled, they influence the PES corrugation and,
consequently, the friction behavior.

4.4 Chemical effects

Chemical modification of 2D layers by functionalization
(Figure 8A) is a versatile method for altering the surface
chemistry and obtaining desired properties at the contact
interface. Specifically, functionalization is an effective method

10.3389/fmech.2022.965877

for tuning the mechanical (Ko et al., 2013), electrical (Byun et al.,
2011; Lee et al, 2013), and chemical (Mao et al., 2013;
Bagherzadeh and Farahbakhsh, 2015) properties of 2D layers
and, consequently, modulate the nanotribological characteristics.
For instance, graphene fluorination increases significantly the
out-of-plane bending stiffness, which is strongly affected by out-
of-plane vibrations (the so-called flexural phonons). This effect
enhances the friction force for fluorinated graphene compared to
pristine graphene. The friction energy at the atomic scale is
initially dissipated by damping of the softest phonons (Kwon
et al,, 2012). DFT calculations have shown that stiffening of the

A
B - C 3 AE 0.00 I 087
| Out-of-plane COH CFO99
~ 3} CF
?0 | v B 1.0
E L =3 C,F @ 99
2 w
e r CH| ¥
o 1+
=
uJ 4
0
0 001 002 003 0.04 0.05
D Axpoma (A)  E
@ Fluorinated hBN
50| « Pristine hBN
~40-
£
8 30
S :
E |
8 20+ 1 I
3l % g l SRR i ;
it p 2
10 4 i # § g I
ol® | : J : : : ’
0 10 20 30 40 50
Normal Force (nN)
FIGURE 8

The effect of chemical modification on the friction of layered-structure materials. (A) Atomic structure of functionalized graphene layers (C: graphene,
CH: hydrogenated graphene, CF: fluorinated graphene, and COH: hydroxidized graphene). (B) Friction energy versus out-of-plane deformation Axpormal for
different functionalized graphene layers (Ko et al., 2013). (C) PES amplitude AE versus atomic fluorine content and applied load for a silicon AFM tip interacting
with a graphene layer obtained from MD simulations. The insets illustrate the energy corrugation of graphene with various atomic fluorine contents (Li
et al, 2014). (D) Friction force of pristine and fluorinated h-BN versus normal force (load). The blue and green shadows represent error ranges. (E) Optimized
geometry of (i) h-BN and (i) fluorinated h-BN obtained from DFT calculations. The pink, blue, and green atoms are B, N, and F, respectively (Meiyazhagan

et al, 2021).
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graphene layers can be achieved not only by fluorination but also
by other chemical functionalizations, such as oxidation and
2013). Figure 8B shows the total
energy versus the out-of-plane deformation for different
chemically modified graphene layers.

hydrogenation (Ko et al,

A higher energy is
needed to deform the functionalized graphene layers than the
pristine graphene. The reduced out-of-plane deformation of
chemically modified graphene layers may be attributed to the
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isotropic directional sp®> bonds of these layers (Ko et al., 2013).
Moreover, FFM and MD results have shown a much higher
friction force between a silicon AFM tip and fluorinated
2014). Figure 8C
shows the corrugation amplitude of the PES for a silicon tip and
fluorinated graphene as a function of fluorination degree (F/C
ratio) and applied load. An increase in the interaction energy
with fluorine atom content is evident at all loads. It has been

graphene than pristine graphene (Li et al,
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(A) Atomic-scale friction mechanisms of layered-structure materials and their interdependence. A machine learning (ML) method was used to
predict the friction of 2D homostructure bilayers (Sattari Baboukani et al., 2020): (B) pairwise correlation of the geometrical, mechanical, electronic, and
thermal properties of fifteen 2D bilayers that directly affect friction (the red scale shows higher pairwise correlation) and (C) maximum (peak-to-valley)
energy barrier (PES) of different 2D homostructure bilayers computed from the maximum PES, quoted from the literature for graphene (Gr), BN,
MoS,, MoSe,, and MoTe, 2D homostructure bilayers, and the correlation between 2D layer properties and maximum PES. To validate the ML model, the
maximum PES of hydrogenated graphene (h-Gr) and WS, homostructure bilayers estimated from MD simulations (green triangles) are compared with

predicted values.
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contended that fluorination enhances the corrugation potential
because of the concentration of negative charges at the fluorine
atoms. Electrostatic interactions due to the polarized bonds
between the fluorine and the carbon atoms dominate the van
der Waals forces, consequently affecting the PES (Li et al,
2014).

Functional groups can also influence adhesive characteristics
and surface roughness. For example, the higher friction of
hydrogenated graphene compared to pristine graphene has been
attributed to the higher surface roughness of the former material
(Dong et al, 2013). Functionalized graphene layers are more
susceptible to airborne adsorbates than pristine graphene, which
can also contribute to the higher friction of functionalized graphene
surfaces (Fessler et al, 2014). Conversely, h-BN fluorination
reduces the friction force compared to pristine h-BN in the load
range of 0-50 nN (Figure 8D). According to DFT simulations and
XRD measurements, F atom bonding to B and N atoms increases
the B-N bond length by ~4.5%. Moreover, the repulsive forces that
originate from the F atoms between the layers push the fluorinated
h-BN layers apart, leading to an increase in the interlayer distance
by ~26%, decreasing the interlayer van der Waals energies in the
fluorinated h-BN compared to the pristine h-BN (Figure 8E), which
explains the lower friction of the modified h-BN layers (Meiyazhagan
et al,, 2021).

It is noted that the foregoing dissipation mechanisms in layered-
structure materials influence each other. Figure 9A shows a detailed
map of these mechanisms that includes the main constituents and
illustrates the interdependences between the constituents. In view of
the simultaneous contributions of the dissipation mechanisms to the
friction behavior of layered-structure materials, a physics-based
machine learning (ML) model was used to predict the friction
response of 2D bilayers (Sattari Baboukani et al., 2020). This was
accomplished by generating a database of the mechanical, electrical,
chemical, and thermal properties of 2D layers belonging to the
graphene and TMD families to train the ML model. The maximum
PES of these 2D homostructure bilayers was determined from the
pairwise correlations of the properties of the 2D layers (Figure 9B)
that affect the friction behavior. The transfer learning approach was
used to predict the maximum PES corrugation of ten 2D bilayer
systems (Figure 9C). The good agreement between the MD and DFT
estimated (green triangles) and ML predicted (blue squares) energy
barriers of hydrogenated graphene (h-Gr) and WS, bilayers
illustrates the accuracy of this approach. According to the former
methodology, the 2D bilayers from the graphene family are
characterized by lower energy barriers, and the polarity and size
of the chalcogen atoms in the TMD family control the energy barrier
height of the 2D bilayers from this group.

5 Friction anisotropy

Friction strengthening is a type of friction anisotropy
associated with the gradual increase of the friction force from
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the onset of sliding until reaching a steady state, resulting in
tilting of the friction force loop. This atomic-scale friction
strengthening in layered-structure materials depends on
several factors, including the
(Almeida et al.,, 2016; Zeng et al., 2018b; Peng et al,
2020), the relative velocity and sliding direction of the
scanning AFM tip (Almeida et al., 2016), the applied load
(Peng et al., 2020), the adhesive interactions between the

number of 2D layers

substrate and the layered-structure material (Cho et al,,
2013), and the chemical structure of the 2D layers
(functional groups) (Zeng et al., 2018b). The role of these
parameters in friction strengthening discussed in this
subsection is based on the earlier demonstrated effect of
the 2D layer thickness on friction, where layer-dependent
friction strengthening was shown to depend on the degree of
puckering and the quality of the contact between the AFM tip
and the 2D layers (Lee et al., 2010; Li et al, 2016). An
investigation of the effect of sliding velocity on friction
strengthening in the case of a silicon AFM tip sliding on
few-layer graphene illuminated time-dependent interactions
at the tip/graphene contact interface (Zeng et al., 2018a).
Specifically, weaker friction strengthening (smaller slope of
the dashed lines shown in Figure 10A) was encountered at
higher sliding velocities, which was attributed to inadequate
time for the graphene layer to undergo configurational
changes, even though the interaction forces between the
tip and the graphene layer were weaker at higher velocities
than lower velocities. A similar dependence of friction
strengthening on sliding velocity has been reported for
single-layer graphene (Peng et al., 2020); however, the
enhancement of friction strengthening with decreasing
sliding velocity was observed only at light loads because
the puckering and contact stress distribution produced
insignificant changes in friction strengthening at high
More
observed when a silicon tip was slid against a graphene

loads. pronounced friction strengthening was
monolayer in an armchair direction instead of a zigzag
mode (Figure 10B) (Almeida et al, 2016). This friction
anisotropy, which is characteristic of few-layer graphene
but not bulk graphite, is indicative of the anisotropic
nature of the flexural deformation amplitudes of single-
layer graphene instigated by the tip movement.

Friction strengthening in the first few nanometers of sliding
has also been reported for functionalized graphene layers, such as
graphene (GO) and fluorinated graphene (FG)
(Figure 10C) (Zeng et al., 2018b). In fact, higher static friction
and more prominent friction strengthening occurred with GO
[Figure 10C(ii)] than graphene [Figure 10C(i)]. The lack of
friction strengthening in the case of FG [Figure 10C(iii)] is

oxide

attributed to the instantaneous saturation of the interfacial
interactions between the silicon tip and the FG layer. In the
ambient environment, the adhesion force measured on the GO
surface is dominated by capillary and van der Waals forces.
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Friction anisotropy in layered-structure materials. (A) Effect of sliding velocity on friction force strengthening for a silicon AFM tip sliding on a

0.5-nm-thick graphene layer (Zeng et al., 2018a). (B) Effect of sliding direction on friction force strengthening for a silicon AFM tip sliding on a
graphene monolayer in armchair and zigzag path configurations. The schematics represent the spatial distribution of local PES minima for the sliding
AFM tip following zigzag and armchair paths (the blue and red circles represent stick points and the arrows indicate slip jumps) (Almeida et al.,

2016). (C) Effect of chemical modification on friction force strengthening for a silicon AFM tip sliding against (i) graphene, (ii) graphene oxide, and (iii)
fluorinated graphene layers (Zeng et al.,, 2018b). (D) Substrate effect on friction strengthening in 2D layer materials (Cho et al., 2013; Zeng et al., 2017).
Schematics show an AFM tip sliding over a graphene layer, which is (a—i) weakly and (b—i) strongly bonded to a substrate. Friction force strengthening
in the case of a silicon AFM tip dragged over a graphene layer supported by (a—ii) a low adhesive strength SiO, substrate and (b—ii) a high adhesive
strength h-BN. Friction force signals due to a silicon AFM tip sliding over a 0.8-nm-thick graphene layer deposited on a SiO, substrate (a—iii) before
and (b—iii) after 3 min of plasma treatment. (E) Friction at the step edges of layered-structure materials: (i) Step height profile (top) and friction force
(bottom) along the edges of a HOPG surface with a single-atom (0.34 nm) step height (Lee et al., 2015). (ii) PES at a graphene step measured with a
silicon AFM tip (Holscher et al., 2008). (iii) Lateral force and step-height profile at a graphene edge measured with a silica AFM tip (Chen Z. et al., 2019).
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Sliding-induced puckering at the GO surface increased the
interfacial contact area, consequently intensifying the capillary
and van der Waals forces. In addition, the accumulation of
oxygen-containing functional groups at the hydrophilic GO
surface strengthened the hydrogen bond interactions between
the silicon tip and the GO surface. Alternatively, in the case of the
highly hydrophobic FG layer, the effects of the capillary force and
hydrogen bond interactions on the adhesion force were
insignificant. Hence, friction strengthening did not occur with
the FG layer due to the limited puckering (Zeng et al., 2018Db). A
dependence of friction strengthening on the properties of the
substrate of layered-structure materials has also been observed in
a recent study (Peng et al., 2020).

Atomic-scale stick-slip behavior has been observed for a
silicon tip sliding against single-layer graphene deposited on
SiO, [Figure 10D(a-ii)] and h-BN [Figure 10D(b-ii)] substrates;
however, friction strengthening was significantly more pronounced
for the graphene/SiO, contact interface. The foregoing finding was
attributed to the suppression of puckering due to the strong
adhesion of the graphene layer to the h-BN substrate, as
illustrated schematically in Figure 10D(a-i) (weak interfacial
adhesion) and Figure 10D(b-i) (strong interfacial adhesion).
The adhesive strength between the 2D layer material and the
substrate can be enhanced by various surface modification
methods, such as plasma surface treatment. Additionally,
changes in the atomic configuration of graphene, endowed by
a low adhesive strength to the substrate, may promote atomic
pinning and a higher commensurate state, thereby enhancing
friction strengthening. This is shown by a comparison of the
friction responses of graphene deposited on an untreated SiO,
substrate (low interfacial adhesion) [Figure 10D(a-iii)] and a
plasma-treated SiO, substrate (high interfacial adhesion)
10D (b-iii)]
strengthening was observed for a silicon AFM tip sliding

[Figure (Zeng et al, 2017). Similar friction
against a highly oxidized graphene layer deposited on a
copper substrate. The high oxidation level reduced the
interfacial adhesive strength leading to puckering and
wrinkling in front of the AFM tip, which were conducive to
friction strengthening (Zhao et al., 2019). The foregoing study
also showed that wear of the graphene layers commenced in
the wrinkled areas. The adhesive strength between a 2D layer
and a substrate can also be affected by substrate roughness.
Rough substrates are characterized by a lower interfacial
adhesive strength, leading to the formation of wrinkles and
folds and the enhancement of puckering in front of the tip,
consequently promoting friction strengthening (Peng et al.,
2020). Therefore, the adhesive strength between a 2D layer and
the substrate greatly contributes to the friction strengthening
and the wear resistance of these layers (Zhao et al., 2019; Liu
et al., 2022).

Another type of friction anisotropy of layered-structure
materials is the higher friction force encountered at step
edges of 2D layers exposed to the environment, as shown
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in Figure 10E(i) for graphene (Lee et al., 2015). Since these
edges are more susceptible to environmental adsorbates, they
may be terminated by hydroxyl (-OH) or alkyl (-H) groups
(Chen Z. et al,, 2019). Alternatively, the higher chemical
reactivity of step sites leads to higher friction in these
regions (Lee et al.,, 2015; Chen L. et al.,, 2019). The higher
friction forces at step edges are attributed to the higher
potential energy barrier at these sites [Figure 10E(ii)],
often called the Ehrlich-Schwoebel barrier,
adapted from the diffusion barrier for atomic movement at
the surface (Holscher et al., 2008; Chen L. et al., 2019).
Moreover, the friction forces arising at step edges show a

which is

dependence on scanning direction (HOlscher et al., 2008).
The friction forces measured during upward scanning,
i.e., when the AFM tip climbs up the step of a 2D layer,
are much higher than those measured during downward
scanning. As shown in Figure 10E(iii), a higher sliding
resistance is observed when the silica tip steps up the
graphene edge due to the increased shear strain in the tip
atoms (physical effect) and hydrogen bonding interactions
between the silica tip and the C-OH groups at the graphene
edge (chemical effect). However, when the tip slides down the
step, there is a small contribution from the strain, which
assists the sliding of the tip along the edge of the 2D layer
(Holscher et al., 2008; Chen Z. et al., 2019).

6 Load-dependent friction hysteresis

Friction hysteresis is defined as the increase of the friction
force with the load (loading) and the development of a higher
or lower friction force upon the subsequent decrease of the
load (unloading) than that measured during the loading. This
frequently observed behavior of layered-structure materials
depends on the contact conditions (Feiler et al, 2007;
Dedinaite et al., 2010; Egberts et al., 2014; Ye et al., 2016;
Gong et al.,, 2018). For example, the deposition of a graphene
monolayer on polycrystalline copper by chemical vapor
deposition (CVD) has been reported to lower the friction
force under ambient conditions by a factor in the range of
~1.5-7 compared to bare oxidized copper. However, the load-
dependent friction hysteresis increased with the maximum
applied load, e.g., for a load of 66 nN and 27 nN in tests 1 and
2, respectively, shown in Figure 11A (Egberts et al.,, 2014). The
increase of the friction force hysteresis with the applied load
observed in the former study was attributed to the formation of
a pucker in front of the sliding tip. A load-dependent friction
hysteresis behavior occurs due to the dependence of the contact
area on the applied load and the sliding history of the contact.
Specifically, the increase of the friction force during loading is
attributed to the increase of the contact area with the load

during unloading caused by the adhesion forces
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Friction force hysteresis of graphene. (A) The friction force hysteresis produced by a silicon AFM tip dragged onto CVD-grown graphene
(Egberts et al,, 2014). (B) Schematic of the deformed configuration of a graphene sheet (red line) supported by a copper substrate interacting with a
silicon AFM tip at the instances of (i) initial contact, (ii) inception of sliding, (iii) load increase, (iv) load decrease after reaching a maximum, (v) zero load,
and (vi) adhesive force development during unloading (Egberts et al., 2014). MD simulations showing (C) the load-dependence of the friction
force generated by an amorphous SiO;, tip sliding on hydrophobic (contact angle = 112°) and hydrophilic (contact angle = 40°) graphene monolayers
in vacuum and humid air, (D) the water-graphene contact area estimated by the number of water molecules in contact with the hydrophobic and
hydrophilic graphene monolayers during loading and unloading (the blue and red dashed lines indicate the water contact area for hydrophobic and
hydrophilic graphene, respectively, in the absence of the tip), and (E) snapshots of the water configuration between a graphene substrate and a SiO,
tip moving in the direction of the red arrow at the inception of loading (top) and after unloading (bottom) (Ye et al., 2016).

[Figure 11B(iv—vi)] produces a friction hysteresis. The difference in
contact area during loading and unloading at a given load [e.g,,
Figure 11B(iiiv)] explains the development of the friction force
hysteresis (Egberts et al., 2014).

A load-dependent friction force hysteresis of single-layer
graphene may also originate from changes in the contact area
caused by environmental adsorbents. The adsorption of
airborne contaminants on graphene may intensify the
adhesive force between the AFM tip and the graphene
thus
deformation of graphene during unloading. Removing
environmental adsorbents from the surface of graphene by
annealing is an effective method of lowering adhesion that
may even lead to a negative load-dependent friction force
hysteresis, i.e., lower friction forces during unloading than
loading. The absence of a friction force hysteresis in
experiments performed with bulk graphite confirms that

surface, reducing the recovery of out-of-plane
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the out-of-plane deformation (puckering) and the sliding
history are responsible for this behavior. Because the
adsorption of water molecules on a graphene surface is
unavoidable in the ambient, the friction behavior of the
graphene layers can be fairly erratic. MD simulations of a
SiO, tip sliding on a graphene monolayer show the
development of a friction force hysteresis in atmospheric
conditions, which is especially pronounced with hydrophobic
graphene, but not in vacuum (Figure 11C) (Ye et al,, 2016).
Moreover, the contact area (estimated by the number of water
molecules present in the contact) was also found to exhibit a
load-dependent hysteresis (Figure 11D). Hydrophilic contact
interfaces are characterized by higher friction because of the
larger water-graphene contact area than hydrophobic contact
interfaces. During loading, the water molecules trapped at the
contact interface are pushed downwards, spreading on the
graphene surface, increasing the contact area, and decreasing
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the contact angle (Figure 11E, top). During unloading,
however, the AFM tip pulls the water up and lowers the
contact area (Figure 11E, bottom), leading to the evolution of
a friction force hysteresis. The difference between the water
contact angles at the front and the back of the tip is more
significant for hydrophobic graphene, resulting in more
pronounced load-dependent friction force hysteresis (Ye
et al., 2016). AFM studies of few-layer graphene have also
confirmed that the relative humidity plays a significant role in
the overall friction behavior and the evolution of the friction
force hysteresis (Egberts et al., 2014). In a high-humidity
environment, surface oxidation and/or adsorption of oxygen-
containing species increase the surface energy of graphene,
also enhancing the friction force hysteresis (Gong et al., 2018;
Hasz et al., 2018).

7 Friction behavior of layered-
structure materials in liquid media

The friction behavior of layered-structure materials in
contact with liquids is a subject of significant interest due to
the wide range of applications, e.g., lubricant additives (Liu et al.,
2019), 2015),
nanofluidic transporters (Secchi et al, 2016), and chemical
exfoliation of 2D layers (Huo et al., 2015) (Figure 1B). Despite
numerous studies dealing with the nanotribological behavior of

desalination membranes (Heiranian et al,

layered-structure materials in dry environments, there have been
fewer studies in liquid media. In view of the rapidly increasing
applications of 2D layers in liquid media, basic knowledge of
their friction characteristics in wet environments is of paramount
importance.

The friction behavior of layered-structure materials is
profoundly different in liquid media than in vacuum and dry
environments. Atomic-scale adhesion forces of 2D layers
immersed in liquid media are lower than those in air, and are
mainly dominated by van der Waals and electrostatic forces
rather than capillary forces in humid atmospheres (Robinson
et al, 2013). Furthermore, the structure and arrangement of
liquid molecules confined at a flooded contact interface differ
significantly from those of the bulk liquid counterparts, affecting
the motion of these molecules, the slip length, and, in turn, the
interfacial friction behavior (Tocci et al, 2014). Specifically,
liquid molecules confined to the proximity of the atomically
flat surface of 2D layers tend to arrange in layered structures. The
increased density of solvent molecules at the contact interface
affects the interaction energies, shear-activation lengths, and the
energy barrier for slip instigation. Additionally, the interfacial
interactions between the liquid molecules and layered-structure
materials modulate the PES corrugation and, in turn, the friction
behavior. The friction behavior of layered-structure materials
fully immersed in ionic liquids, water, and non-polar liquids is
examined next.
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7.1 lonic liquids

Layered-structure materials have been proven to be
promising candidates in various leading technologies where
these materials are in direct contact with ionic liquids, such as
electrodes in the electrochemical energy storage (Augustyn and
Gogotsi, 2017; Kato et al., 2018), electro/photocatalysis (Zhang X.
et al, 2022), and batteries (Sahu and Zwolak, 2019). The
arrangement of ionic liquids near the surface can modify the
electrical and friction behavior. For example, AFM tribological
studies of CVD-grown graphene immersed in I-ethyl-3-
methylimidazolium tris trifluorophosphate (EMIM FAP)—an
ionic liquid—have shown prominent interfacial liquid layering
(Figure 12A) compared to sucrose 60 wt% in aqueous solution
(Figure 12B). Significantly larger slip lengths were observed with
graphene immersed in EMIM FAP (Figure 12C) (Greenwood
et al,, 2021). The slip length depends on the energy barrier that
the molecules must overcome to slide and can be associated with
the energy landscape of the graphene/liquid interface. Therefore,
a more ordered ionic liquid structure is characterized by a lower
energy barrier (Figures 12D,E), suggesting that molecular
layering of ionic liquids is related to the greater slip lengths at
the interface (Greenwood et al., 2021). It has also been found that
the layered structure of ionic fluid films in the vicinity of a
graphene surface results in multiple adhesion force minima that
are less than the adhesive forces between the solid surfaces. The
tribological behavior of graphene can be tuned by changing the
concentration of the ionic fluid film (Diao et al., 2019). Strongly
hydrated cations retain more water in the confined fluid film,
increasing the shear-activation length and, in turn, augmenting
slip on the graphene surface. The presence of ionic species in
water can also affect the thermal activation energy for instigating
slip at the interface. The ordered cation/anion layering of ionic
liquids on other smooth surfaces, such as silica, has been
correlated to low friction (Lertola et al., 2018).

7.2 Water

The small thickness and large surface area of layered-
structure materials make them ideal for water purification
2016; 2016),
applications in water-based lubricant additives (Xie et al,
2018), and photocatalysis (Singh et al., 2015). The friction of
graphene is influenced by the flow of water molecules, which is

(Carmalin Sophia et al, Dervin et al,

affected by their arrangement in the vicinity of the surface (Neek-
Amal et al, 2016). Ordering of water molecules has been
observed adjacent to 2D layers (Lee et al, 2019; Go et al,
2021). MD simulations have provided insight into the
contribution of ordered water layers (hydration layers) to the
origin of stick-slip behavior of few-layer graphene (Vilhena et al,,
2016). A similar friction force response was found for a diamond
tip sliding on a graphene slab in vacuum or immersed in water
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FIGURE 12

Friction behavior of layered-structure materials in ionic liquids (Greenwood et al., 2021). Solvation layers were detected in three different normal
force-separation responses obtained with a sharp silicon AFM tip and graphene deposited on a silicon substrate that was fully immersed in

(A) 1-ethyl-3-methylimidazolium tris trifluorophosphate (EMIM FAP) ionic liquid and (B) sucrose solution (A represents the thickness of the solvation
layers). (C) Hydrodynamic force measurements of the slip length bey, versus slip velocity Vs (normalized by a liquid constant 9y; Vs/9 is a
dimensionless parameter) for graphene deposited on different substrates immersed in sucrose solution and EMIM FAP. The inset shows the
estimated activation energy E, (affected by both the order/disorder of the liquid and the solid-liquid interaction energies) for sucrose solution and
EMIM FAP. Schematics of (D) a molecular liquid with a mixture of molecules not resulting in solvation layering (e.g., sucrose solution) and (E) a
molecular liquid forming well-arranged solvation layers at the graphene surface.

(Figure 13A). The diamond tip coming in contact with the
graphene immersed in water (Figure 13B) penetrates through
the hydration layers and then slides over the indented graphene
surface (Figure 13D). Two dominant peaks were realized in the
normal force-distance response (Figure 13E), representing the
breakthrough of the AFM tip from the hydration layers at the
surface, before direct contact of the AFM tip with the graphene
surface (Figure 13C). Interestingly, besides these two dominant
peaks, the normal force-distance responses of graphene in water
and vacuum are quite similar. However, another study of the
load-dependent friction of single-layer graphene immersed in
water showed an abrupt increase of the friction force for loads
above ~60 nN (Figure 13F), which was attributed to squeeze-out
of the hydration layers on the graphene surface (Diao et al,
2019).

Although molecular layering was found to reduce the friction
of 2D layers, a similar trend was not observed with other
conditions (Robinson et al., 2013; Arif et al., 2018). In a study
of the friction behavior of few-layer graphene immersed in water
or a non-polar solvent, the ordering of the non-polar molecules
on the graphene surface resulted in a solid-like layer, which
yielded a higher shear force compared to graphene in water,
demonstrating that a liquid-like behavior aids the sliding process
(Robinson et al., 2013). Another investigation focused on the
effects of relative humidity (RH) and water intercalation on the
nanotribological behavior of graphene, graphene oxide (GO),
and bare silica (SiO,) (Arif et al.,, 2018). A significant decrease in
the friction force was observed with SiO, when the RH was
~20-30%,
graphene showed a trend to increase slightly above ~40-50%

increased above whereas the friction force for

Frontiers in Mechanical Engineering

21

RH (Figure 13G). The water molecules bound to the SiO, surface
form an ice-like solid structure. At high RH, the adsorption of
more water molecules leads to a more lubricous water-like layer
on top of the existing ice-like layer, decreasing the friction force
(Arif et al,, 2018) (Figure 13G). Despite a similar state transition
of the water molecules on the graphene surface, the friction force
increased with the RH, and neither ice-like nor water-like
structures were as lubricous as the pristine graphene layer
(Arif et al, 2018). Furthermore, graphene is characterized by
limited intercalation of water molecules between its basal plane
and the SiO, substrate when exposed to water due to its non-
reactive edges. However, the higher water intercalation observed
with GO and SiO, leads to the formation of clusters that induce
swelling of the GO layer. The reduced out-of-plane stiffness of
GO makes it more susceptible to puckering and delamination.
The higher surface roughness and PES corrugation of the GO
also contribute to the development of a higher friction force. In
addition, the size of the water meniscus at the sliding tip played a
key role in the friction response. Specifically, a much higher
friction force was measured with a large radius (bead) tip that
promoted the formation of a larger capillary meniscus than a
sharp tip (Figure 13H) (Arif et al., 2018).

The arrangement of liquid molecules at the interface also
affects the PES landscape, consecutively altering the friction
characteristics of layered-structure materials. Water density
profiles in the vicinity of single-layer graphene and h-BN
obtained from MD simulations show a higher density of water
molecules adjacent to both layer surfaces (Figure 14A) (Tocci
et al, 2014). The overlap between the two water density
profiles indicates a similar water structure at the graphene
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The dependence of friction on water molecule layering in the surface vicinity of layered-structure materials. (A) MD simulations of the variation

of the friction force during sliding of a diamond tip on graphene in vacuum (black curve) and in water (red curve) revealing stick-slip behavior (Vilhena
et al,, 2016). MD simulated atomic configurations of the diamond tip (green atoms) interacting with a graphene layer (dark gray atoms) (the van der
Waals surface of the graphene layers is shown in light gray) immersed in water (oxygen molecules in water are shown in cyan color) at three
characteristic stages: (B) initial contact of the tip with the first hydration layer (purple color atoms), (C) penetration of the tip through the first
hydration layer, and (D) sliding of the tip over the penetrated graphene layer (Vilhena et al., 2016). (E) Indentation force versus distance between the
bottom tip atom and the top layer of graphene (the inset highlights two force peaks associated with breaking of the hydration layers) (Vilhena et al.,
2016). (F) Friction force versus load for a silicon AFM tip sliding against a single-layer graphene on a SiO,/Si substrate immersed in water (Diao et al.,
2019). (G) Friction force versus relative humidity for a SiO, AFM tip sliding on graphene and SiO; layers supported by a SiO, substrate (the schematics
of the sliding tip at different humidity levels illustrate a transition from solid/solid to solid/liquid contact) (Arif et al., 2018). (H) Friction force versus
relative humidity for a graphene oxide (GO)-decorated SiO, sharp tip and a graphene-decorated larger radius (bead) SiO; tip sliding against a

graphene layer (Arif et al.,, 2018).

and h-BN surfaces (Figures 14B, C); however, the friction
coefficient of the h-BN layer is three times higher than that of
graphene. This discrepancy is attributed to differences in the
free energy (an approximation of the PES corrugation)
profiles. In particular, higher corrugations were observed
with the h-BN layer (Figure 14E) than the graphene layer
(Figure 14D) in water (Tocci et al., 2014). In another
investigation on the effect of water between graphene
sheets or inside carbon nanotubes (CNTs) with a varying
radius of curvature (Falk et al., 2010), the friction coefficient of
graphene sheets demonstrated a dependence on the
confinement of the water film. Water transportation
the CNTs assisted by

commensurability achieved superlubricity for a CNT radius

through curvature-induced

of ~0.4nm over the entire range of sliding velocity
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(Figure 14F). The extremely low friction of CNTs with the
smallest radius of curvature was linked to smoothening of the
PES corrugation, resulting from water-carbon interactions in
the water-CNT incommensurate stacking (Figures 14G, H)
(Falk et al., 2010).

7.3 Non-polar liquids

An effective approach for minimizing the friction force in
mechanical components and, hence, mitigating energy
consumption, is using layered-structure materials as
additives in oil-based lubricants (Liu L. et al., 2018; Guo
2021). Force spectroscopy has been used to

investigate the molecular layering of different base oils used

et al.,
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Friction of layered-structure materials immersed in water and modification of the PES in the presence of water. (A) Average density {p) profile of

a water film on single layers of graphene and h-BN and molecular configuration of the water film on (B) graphene and (C) h-BN (O and H atoms are
shown in red and white colors, respectively) (Tocci et al., 2014). Free energy AG distribution of water film at the contact surface of (D) graphene and
(E) h-BN (Tocci et al,, 2014). (F) Friction force F (normalized by the contact area A) versus slip velocity Vg, for a graphene slab and CNTs of
different radius of curvature R sliding against a graphene slab fully immersed in water. MD results of the PES corrugation experienced by water
molecules (G) adjacent to the graphene slab and (H) inside a CNT (Falk et al,, 2010).

in machine lubrication on graphite, mica, and polished steel
surfaces. The formation of organized molecular layers
(solvation layers) depends on the specific interactions
between the oil molecules and the confining surfaces. For
instance, although molecular layering of n-hexadecane (linear
Ci6H3, structure) was observed on graphite, mica, and steel
surfaces, the thickness of the hexadecane layer adjacent to the
graphite surface was 15% less than that of the alkane layers on
the mica and steel surfaces (Krass et al., 2018), indicating a
packed structure of the alkane layer on the graphite surface.
The stronger interaction of the hexadecane molecules with
graphite compared to mica and steel enhanced layer ordering
in the vicinity of the graphite surface. Molecular layering has
also been discovered with oil molecules exhibiting more
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complex structures (exemplified by the number of atoms
and molecular configuration), such as poly-(1-decane)
tetramers and undecamers on graphite (Krass et al., 2018).
An AFM investigation of the nanotribological behavior of
graphene deposited on a smooth steel surface and immersed in
a non-polar liquid (n-hexadecane) showed that the structure
of the molecular layers, controlled by the interaction of the
surface with the liquid molecules, differed on graphene and
steel surfaces, as evidenced by surface topography maps
(Figures 15A, B) (Krdmer et al,, 2019). Higher force steps
in the normal force versus tip-sample distance were obtained
with graphene than steel (Figure 15C), indicating a higher
ordering of the hexadecane molecules on the graphene
surface. Consequently, squeezing out the hexadecane layers
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FIGURE 15

Friction of 2D graphene layers in a non-polar solvent (n-hexadecane). High-resolution lateral (friction) force maps revealing stick-slip behavior
during sliding of a silicon AFM tip on (A) graphene (regular stick-slip behavior; the schematic represents a hexadecane molecule) and (B) steel
(irregular stick-slip behavior) (Kramer et al., 2019). (C) Normal force versus separation distance between a silicon AFM tip and graphene (black) and
stainless steel (blue) surfaces (Kramer et al., 2019). (D) Normal force versus separation distance between a silicon AFM tip and a graphene
monolayer deposited on a silica substrate obtained before, at the instant of, and after the transition from descending to ascending friction force
(Baboukani et al., 2021). (E—=H) MD simulation results of (top) atomic configurations of a silicon tip in the proximity of graphene immersed in
n-hexadecane obtained before (left), at the instant of (middle), and after (right) the transition from descending to ascending friction force (the tip
silicon atoms, the hexadecane molecules, and the graphene atoms are shown in purple, pink, and gray color, respectively), and (bottom) atomic
stress distributions on the graphene layer due to sliding of the silicon tip from left to right (red colored atoms indicate a compressive stress)
(Baboukanietal., 2021). (1) Friction force versus normal force for a silicon tip sliding on a graphene monolayer in the absence and presence of ordered
and disordered n-hexadecane obtained from MD simulations (Baboukani et al., 2021). (J) Load-dependent friction force hysteresis of HOPG and
two-layer (2L) graphene immersed in n-hexadecane for loads less than ~30 nN. (K) Overlay of ~50 force-displacement curves for graphitic surfaces
immersed in n-hexadecane. (L) The radial distribution function (RDF) of the C—C pairs in n-hexadecane during the loading and unloading phases

(Baboukani et al., 2022).

on the graphene layer required a higher normal force
compared to the steel substrate. While irregular stick-slip
occurred on the steel surface (Figure 15B, bottom), the
graphene surface exhibited regularity in the stick-slip
behavior with a peak-to-peak distance equal to ~2.1 nm
(Figure 15A, bottom), consistent with the molecular length
of hexadecane. The greater layering of hexadecane on the
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graphene surface yielded a threefold decrease in friction force
compared to steel (Krimer et al., 2019).

Hexadecane molecular layering on silica-supported
graphene monolayers has been reported to change upon
equilibration (Baboukani et al, 2021). Specifically, gradual
diffusion and intercalation of the hexadecane molecules

between the graphene monolayer and the silica substrate
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was observed, and a transition from descending to ascending
friction force occurred at a critical immersion time
(Figure 15D). A larger number of force steps in the normal
force-distance response were encountered before and after the
aforementioned transition (Figure 15E) than during the
transition period. It was presumed that the rearrangement
of the the

confinement was responsible for the changes in the

hexadecane molecules at graphene-silica
molecular layering of the hexadecane at the graphene
MD three

configurations of the hexadecane molecules intercalated

surface. simulations  revealed possible
between the graphene monolayer and the silica substrate,
i.e., no molecules (Figure 15F, top), disordered molecules
(Figure 15G, top), and ordered molecules (Figure 15H, top)
before, at the instant of, and after the transition of the friction
force, respectively. MD results showed the lowest friction force
for the disordered configuration of hexadecane confined
between the graphene monolayer and the silica substrate
(Figure 15I). Despite the larger contact area developed
between the AFM tip and the graphene layer in the case of
disordered hexadecane (Figure 15G, top) compared to no
hexadecane (Figure 15F, top) and ordered hexadecane
(Figure 15H, top), a significantly larger number of carbon
atoms of the graphene monolayer were subjected to a
compressive stress, as shown in the per-atom stress
distribution at the bottom of Figures 15F-H, especially
behind the AFM tip, aiding the shearing process for this
configuration. Therefore, the nanotribological performance
of 2D layers can be modulated by tuning the solvation
structures of the liquid molecules in the surface vicinity.
Moreover, AFM nanotribological measurements on the
graphitic surfaces, including few-layer graphene and HOPG
immersed in n-hexadecane, revealed the evolution of a friction
force hysteresis for aload of ~30 nN, with higher friction forces
measured during unloading than loading (Figure 15]). Up to
four organized layers of n-hexadecane formed on the graphitic
surfaces (Figure 15K). MD simulations suggested that the
measured friction force hysteresis was due to the no
recovery of the n-hexadecane molecules at the contact
interface during unloading. The radial distribution function
(RDF) of the C-C pair in the hexadecane molecules in front of
an AFM tip sliding on two-layer graphene (Figure 15L) show a
larger RDF peak during unloading compared to loading,
implying that the higher density of n-hexadecane molecules
in the vicinity of the contact enhanced the friction force. The
ordered layers of n-hexadecane were squeezed out of the
contact interface upon the inception of sliding, leading to
the development of a molecular pile-up in front of the AFM
tip that induced friction strengthening. However, for loads
higher than 30 nN, all ordered layers of n-hexadecane were
squeezed out as soon as the AFM tip contacted the graphitic
layers. Thus, similar friction forces were measured during
loading and unloading at high loads (Baboukani et al., 2022).
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8 Concluding remarks

The origin of atomic-scale friction was interpreted in the
context of two fundamental models, the Prandtl-Tomlinson (PT)
model and the Frenkel-Kontorova (FK) model, which illuminate
the nature of stick-slip friction behavior at the nanoscale. The FK
model has been used to study the unique friction characteristics
of 2D layers, where the vanishingly small friction forces between
the layers result in superlubricity. According to the PT and FK
friction models, the potential energy surface (PES) corrugations
of layered-structure materials sliding either against each other or
an AFM tip controls the friction behavior. The main contributors
to the PES corrugations are van der Waals forces, electrostatic
interactions, and Pauli repulsion. The out-of-plane deformation
(puckering) of layered-structure materials increases the contact
area (quantity of contact) and the number of 2D layer atoms
contributing to the friction force by pinning at the contact
interface (quality of contact). The friction behavior of layered-
structure materials can be controlled by tuning the electronic
structure and/or chemical modification.

Some of the unusual nanotribological characteristics of layered-
structure materials encountered under various conditions, such as the
deviation of the friction behavior from the classical Amontons’ friction
law, friction strengthening, and friction force hysteresis, were
interpreted in light of experimental and simulation results. Due to
the escalating number of applications of layered-structure materials
used in liquid media, particular attention was given to the friction
behavior in the presence of ionic, polar, and non-polar liquids. It was
established that the arrangement of the liquid molecules in the vicinity
of layered-structure materials strongly influences the friction force. It
was also shown that the configuration and alignment of the liquid
molecules at the surfaces of layered-structure materials are controlled
by the interactions between the layers and the liquid molecules.

Despite significant advances in the fundamental understanding
of the nanotribological properties of layered-structure materials
derived from previous investigations, specifically the origins of
atomic-scale friction in various dry and wet environments,
further studies must be carried out to fully explore the
applicability range of these novel materials. In particular, it is
imperative that future investigations of the friction behavior of
traditional layered-structure materials, such as those belonging to
the graphene and TMD families, focus on the chemical nature of
these 2D materials, e.g, functionalized graphene, the recently
developed structures from the MXene families (Gao et al,, 2017),
and borophene (Meng et al., 2017), on the friction characteristics of
these novel materials.

It is well-known that superlubricity is a unique tribological
behavior of layered-structure materials, which can be achieved by
stacking 2D layers of different kinds. Although various 2D
heterostructures have been designed to achieve practically
frictionless contacts, designing double/multilayered-structure
complex heterostructures to tune friction to the application
requirements is another challenging direction. Moreover, the
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insight into how liquid molecules alter PES corrugations of
layered-structure materials during sliding suggests that
cancellation of atomic forces may be attainable. For this reason,
it is valuable to examine the possibility of accomplishing
superlubricity by immersing layered-structure materials in
different solvents and manipulating the PES corrugation.
Another important research direction is to explore how the
unique structure of the solvent molecules in the vicinity of
layered-structure materials can be further utilized to modulate
friction at the nanoscale. The discrepancies in previous
investigations aimed to explain the effect of liquid molecular
layering on the friction behavior of layered-structure materials
suggest that further studies must be devoted to further elucidate
the fundamental issues related to the surface chemistry of 2D layers
and its effect on the alignment of solvent molecules in the vicinities
of the confining surfaces, which directly influence the friction
behavior and other transport properties.

The importance of understanding the frictional response of
layered-structure materials in different environments is critical to
modifying the surface characteristics of these materials to meet
specific application requirements under different ambient
conditions and various length scales. Consequently, more
in-depth studies must be carried out to elucidate the friction
mechanisms of emerging layered-structure materials to be used

in various environments.
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