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Abstract: Two-dimensional materials having a layered structure comprise a monolayer or multilayers of atomic 

thickness and ultra-low shear strength. Their high specific surface area, in-plane strength, weak layer-layer 

interaction, and surface chemical stability result in remarkably low friction and wear-resisting properties. Thus, 

2D materials have attracted considerable attention. In recent years, great advances have been made in the 

scientific research and industrial applications of anti-friction, anti-wear, and lubrication of 2D materials. In this 

article, the basic nanoscale friction mechanisms of 2D materials including interfacial friction and surface 

friction mechanisms are summarized. This paper also includes a review of reports on lubrication mechanisms 

based on the film-formation, self-healing, and ball bearing mechanisms and applications based on lubricant 

additives, nanoscale lubricating films, and space lubrication materials of 2D materials in detail. Finally, the 

challenges and potential applications of 2D materials in the field of lubrication were also presented. 
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1  Introduction 

Friction is a common phenomenon that is encountered 

in people’s daily lives and in industrial production. 

It has been estimated that 1/2 to 1/3 of the world’s 

energy is consumed in various forms of friction [1−3]. 

Friction causes wear and even failures in mechanical 

equipment. Therefore, the effective reduction of friction 

and the control of wear are important considerations 

in the performance of mechanical equipment and even 

in the improvement of the national economy. 

The use of lubrication is an effective method of 

controlling friction and wear in mechanical equipment. 

Approximately 4,000 years ago, according to ancient 

Egyptian murals, water, animal products, and vegetable 

oils were first used as lubricants to reduce friction, 

thereby increasing the service life of tools [4]. Liquid 

lubricants have been widely used owing to their 

effective anti-friction effect. However, the performance 

of liquid lubricants is seriously affected in severe 

working environments, which may result in the failure 

of the equipment. Thus, solid lubricants have been 

considered in the industry as they are more stable 

than liquid lubricants under the harsh conditions  

of heavy loads, high speeds, etc. As the micro- and 

nanoscale phenomena in tribology played an increa-

singly important role in modern technologies such as 

micro-electro-mechanical systems, traditional lubricants 

began to exhibit their limitations in the case of micro- 

scale friction. With the unparalleled superiority of  
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traditional lubricants, the small size and surface effects 

of nanoparticles provide an excellent lubrication 

performance. Therefore, extensive studies on the friction 

properties and wear resistance of nanomaterials have 

been conducted by researchers in the field of 

tribology [5−8].  

Two-dimensional (2D) materials are representative 

of new nanomaterials and are expected to introduce 

new opportunities for application in the traditional 

technology and engineering fields [9−19]. Atoms in the 

same atomic layer are combined through a covalent 

bond, which results in the formation of a monolayer 

structure having a high modulus and high strength. 

In addition, the low shear resistance between the 

adjacent atomic layers combined by the Van der Waals 

force allows the atomic layers to slide easily [20]. 

Because of the higher specific surface area of 2D 

materials, they are easily adsorbed onto the contact 

surface, which prevents the direct contact of the friction 

pair. Thus, the lubrication performance of 2D materials 

is superior to that of other nanomaterials. Graphene 

is a new type of 2D material with a hexagonal 

honeycomb 2D grid structure and comprising single- 

layer carbon atoms exhibiting sp2 hybridization. The 

thickness of monolayer graphene is 0.335 nm [21]. 

The excellent tribological properties of 2D materials 

have also been widely explored. Cao et al. [22] focused 

on their mechanical properties including elastic 

modulus, strength, and fracture, and the frictional 

properties of graphene, MoS2 and BN. In 2010, Lee  

et al. [23] studied the tribological properties of   

2D materials such as graphene, MoS2, and BN. The 

experimental results they obtained showed that 2D 

materials have good anti-friction properties. Penkov 

et al. [24] reviewed the tribological properties of 

graphene and concluded that the key factors affecting 

tribological properties are the number of layers, 

stacking mode, and substrate material. 

This review systematically describes the nanoscale 

friction mechanisms of 2D materials including the 

interfacial friction and surface friction mechanisms. 

‘Superlubricity’ and three other major mechanisms 

including electron-phonon coupling effect, puckering 

mechanism, energy dissipation mechanism are described 

in detail. This review also introduces lubrication 

mechanisms based on the film formation mechanism, 

self-healing mechanisms, and ball bearing mechanism 

and applications based on lubricant additives, nanoscale 

lubricating films, and space lubrication materials of 2D 

materials in detail. Finally, we present the challenges 

and prospects of 2D materials in this field. 

2 Nanoscale friction mechanism of 2D 

materials 

Despite great advances in science and technology and 

remarkable research progress on friction, the current 

understanding of friction and lubrication phenomena 

is macroscopic. Owing to the development of micro-

mechanical devices, macroscopic tribology theory has 

become obsolete, and the characteristics of friction  

at the microscale have been extensively investigated 

[25, 26]. Tribology has also followed this developmental 

trend and has gradually evolved into nanotribology. 

Prof. Winer, a famous American tribology scholar, 

pointed out that microscopic and atomic scale tribology 

is a new field. Since the 1990s, several international 

scientific research teams have conducted numerous 

experiments using instruments such as scanning 

electron microscope (SEM), scanning tunneling micro-

scope (STM), and atomic force microscope (AFM)  

in combination with molecular dynamics [27−32], 

first principle calculation [33−39], and finite element 

analysis [23, 40, 41]. They concluded that the friction 

mechanisms can be divided into inter-layer and 

surface-sliding friction mechanisms, which are explained 

in detail in the following sections (Fig. 1). 

2.1 Sliding-friction mechanism of 2D material 

interlayers 

2.1.1 Discovery of ‘superlubricity’ 

In 1928, Bragg [42] attributed the low-friction behavior 

of flake-like materials to the low shear resistance 

between their adjacent atomic layers. Tomlinson [43] 

used a well-known mechanical model to understand 

the mechanism of solid friction and revealed that solid 

sliding is caused by the dissipation of elastic energy 

owing to the relative sliding of two contacting solids. 

However, Tomlinson did not study the possible contact 

movement at a crystal surface at the atomic level. In 

1990, Hirano et al. [44−47] studied two clean crystal   
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Fig. 1 Summary of frictional mechanisms of 2D materials. 

surfaces and found special cases in which friction 

completely disappears at a completely clean solid 

surface. Subsequently, they confirmed the occurrence of 

the phenomenon called ‘superlubricity’ using ultrahigh 

vacuum STM. The presence of superlubricity depends 

on the commensurability of a contact surface. This 

conclusion was confirmed by Dienwiebel et al. [48, 49], 

who used a self-made friction microscope to examine 

the energy dissipation between sliding tungsten tips on 

a graphite surface by measuring the atomic friction 

as a function of the angle of rotation. They verified 

that the ultra-low friction of graphite was owing to 

the incommensurability of rotating graphite layers. 

Similarly, Martin et al. [50] studied the superlubricity 

of MoS2 and attributed it to the incommensurability 

of its adjacent layers during intercrystallite slip.  

To understand the concept of lattice commen-

surability, Zheng et al. [51] creatively developed the 

“egg box” model. It is equivalent to the perfect match 

of the lattice constants and the orientations of two 

crystal flakes when two egg boxes are completely 

stuck, as shown in Fig. 1. Thus, the two flakes either 

exhibit commensurability or incommensurability. 

Lattice commensurability dramatically affects the 

interlayer friction of graphene; ultra-low friction 

(superlubricity) occurs especially when surfaces come 

into contact incommensurately [52]. Moreover, these 

findings provided the basis for the further under-

standing of the friction mechanism between 2D material 

interlayers. 

2.1.2 Interlaminar friction in homogeneous and 

heterogeneous sliding contact 

To further explore the influence of the lattice com-

mensurability of interlayers on the friction between 

layers, using STM, Feng et al. [53] found that graphene 

nanosheets slide easily on a graphene surface at 

temperatures as low as 5 K. This phenomenon includes 

translational and rotational motions in the initial and 

final states. In addition, they presented the sliding 

mechanism that occurs on graphene, which revealed 

the commensurate-incommensurate transition, as 

shown in Fig. 2. Furthermore, superlubricity may also 

occur in other 2D materials such as MoS2 and BN 

because of their same layered structure. Li et al. [54] 

obtained a friction coefficient of 10−4 in the regime of 

superlubricity in the case of the sliding between 

incommensurate MoS2 monolayers by combining the 

in situ SEM technique with a Si nanowire force sensor. 

The obtained results provided a new approach and 

guidance for studying the friction mechanisms of 2D 

materials, which was of great significance. 

The registry index (RI) concept is used to quantify 

interlaminar copolymerization levels in layered 

materials using simple geometric considerations. An  

 
Fig. 2 Conversion process of commensurate-incommensurate state 
when graphene nanosheets slide on graphene surface. Reproduced 
with permission from Ref. [53], © American Chemical Society 2013. 
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accurate relationship between a commensurate inter-

layer and nonabrasive friction in layered materials has 

been presented by Hod, and its simple and intuitive 

model can be used to capture the behavior of hexagonal 

graphite sheets sliding on a graphite surface [55]. 

Furthermore, the ultra-high-speed superlubricity of 

micrometer-sized graphene flakes has been observed 

[56]. However, the superlubricity that occurs in finite- 

sized sheets is unstable. Experiments have shown that 

the low-friction sliding of an incommensurate graphite 

flake on graphite can be broken by rotation causedby 

torque, thus resulting in large and irreversible friction 

[57]. Superlubricity behavior easily develops into 

slip motion under high loads [58]. These findings 

have been supported by theoretical results. Wijn et al. 

[59] concluded that certain scanning lines, thermal 

fluctuations, and high load forces can destroy the 

stability of an ultra-lubricated track. The optimal con-

ditions for superlubricity are a large layer, low 

temperature, and low load. In addition, Liu et al. [60] 

studied two methods of suppressing frictional scattering 

to maintain the state of superlubricity. One such 

method involves the use of graphene nanoribbons 

for eliminating the friction scattering by limiting  

the rotation of nanosheets, which are called frictional 

waveguides. Another such method includes the effective 

suppression of frictional scattering via the biaxial 

stretching of a graphite substrate. 

In addition to effectively maintaining the superlu-

bricity at a nanoscale, Berman et al. [61] found that 

superlubricity can be realized at an engineering scale. 

They concluded that nanoscrolls slide on a diamondlike 

carbon surface at which incommensurate contact 

occurs, thereby reducing the friction coefficient. Wu 

et al. [62] developed a lubricating system in which a 

self-assembled graphene film (SGF) slides against an 

SGF under macroscale contact. Ultra-low friction was 

discovered owing to the low resistance to shear 

between the adjacent layers of SGFs. In addition, they 

found that an annealing process would significantly 

enhance the tribological properties of SGFs. Another 

example is the macroscopic superlubricity exhibited 

between the inner and outer shells of centimeter-sized 

double-walled carbonnanotubes [63]. In general, the 

key to achieving stable superlubricity is to realize a 

sustained incommensurability sliding contact. 

Liu et al. [64] achieved sustained superlubricity 

between layers in a high-load atmosphere. They 

prepared graphene-coated microspheres (GMS) using 

the metal-free catalyst chemical vapor deposition 

(CVD) method and obtained an ultra-low coefficient 

of friction of 0.0025 at a local rough-contact pressure of 

up to 1 GPa and an arbitrary relative surface rotation 

angle. This ultra-low friction is attributed to the 

incommensurate contact that can be realized bet-

ween randomly oriented graphene nanocrystallites. 

The specific preparation of GMS is shown in Fig. 3. 

Vu et al. [65] investigated the friction forces in 

incommensurate micrometer-sized contacts between 

atomically smooth graphite surfaces. The ultra-low 

friction can be obtained in the case of a normal load 

(maximum pressure 1.67 MPa). 
Superlubricity easily occurs when 2D materials slide 

on other 2D materials. This heterogeneous interlayer 

sliding-friction system has been extensively investigated 

and is expected to have a robust superlubricity behavior 

regardless of the orientation of the substrates [66−68]. 

The theoretical basis for this is that heterostructure 

materials naturally exhibit a lattice misfit. 

RI theory—which is based on studies on the 

phenomenon of homogenous sliding structures—can 

accurately capture the frictional behavior of a hexagonal 

graphite flake on the surface of graphite and has been 

used to examine the sliding behavior of heterogeneous 

structures. Leven et al. [69] defined the RI of a 

graphene/h-BN interface and concluded that when 

sufficiently large graphene flakes slide on top of the 

h-BN layer, regardless of the relative orientation, a 

stable superlubricity state can be realized.  

In addition to the lattice commensurability, the 

normal force and stacking structure between layers 

also influence superlubricity [70]. Moreover, graphite 

 
Fig. 3 Preparation of graphene-coated microspheres. Reproduced 
with permission from Ref. [64], © Springer Nature 2017. 
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contains different types of defects that affect the 

interlayer friction. The majority of theories and 

investigations mainly take into consideration perfect 

graphene sheets without defects [71, 72]. Guo et al. [73] 

examined the effect of interlayer distance variations 

and on-chip defects on inter-layer graphene friction 

by using a wide range of molecular field statics 

calculations. They found that the friction between the 

graphene layers increases as the interlayer distance 

decreases. In addition, the introduction of defects 

significantly affects the interlaminar friction in graphene 

with incommensurate stacking. The ultra-low friction 

of graphene layers stacked in an incommensurate 

manner is insensitive to the chip defects of a certain 

orientation of vacancies. It has been found that the 

friction between graphene layers is affected by various 

factors, such as temperature, load, size, stacking, defects, 

interlayer spacing, and the number of layers [74]. Xu 

et al. [75] investigated the effect of layer thickness on 

the intrinsic frictional properties of few layer graphenes 

and revealed the strong dependence of stick-slip 

friction force on the number of layers. As the number 

of layers decreases, the sliding friction gradually 

decreases. When there are only two or three atomic 

layers, the average friction is almost zero. 

2.2 Sliding-friction mechanism of 2D material 

surfaces 

In addition to its abundant interlayer sliding friction, 

the sliding friction of 2D materials on a graphene 

surface has been extensively investigated. This frictional 

mechanism is discussed in the following sections. 

2.2.1 Electron-phonon coupling effect 

The mechanism of friction at a sliding interface has 

yet to be elucidated because of the inherent complexity. 

Two basic mechanisms of energy dissipation owing 

to friction have been obtained: electron and phonon 

contributions [76, 77]. Filleter et al. [77] observed that 

the difference in friction between monolayer and bilayer 

graphene is attributed to the significant variation in 

electron-phonon coupling by using angle-resolved 

photoelectron spectroscopy. The possible explanation 

for the higher friction that occurs in monolayer 

graphene is that the lattice vibrations are efficiently 

damped, and thus, the majority of the energy can be 

dissipated only through electron excitation. Dong 

et al. [78] applied molecular dynamic simulation and 

the two-temperature method (TTM) to confirm that 

electron-phonon coupling in graphene slightly affects 

friction as compared with the substrate roughness. 

Although electron-phonon coupling may be essential 

for atomic friction, simulations based on a TTM model 

show that friction is slightly related to electron-phonon 

coupling. 

2.2.2 Puckering mechanism 

The mechanisms of substrate morphology, electron- 

phonon coupling, and wrinkling are possible reasons 

for the thickness dependence of graphene friction, 

while the effect of electron-phonon coupling is weak. 

Thus, the state of the substrate and the puckering 

effect may seriously influence the dependence of the 

thickness of graphene friction. Lee et al. [23, 79, 80] 

found that the frictional force of atomically thin sheets 

obtained through mechanical exfoliation is closely 

related to the atomically thin-sheets–substrate binding 

state. When atomically thin sheets of graphene and 

MoS2 are exfoliated onto a weakly adherent substrate 

(SiO2/Si), the surface friction decreases as the number 

of layers increases. Suspended atomically thin sheet 

films exhibit the same properties. Friction is not affected 

by the number of layers when graphene is exfoliated 

onto the surface of fresh mica with a high adhesive 

strength. Thus, the state of the substrate has a significant 

influence on the friction force of 2D materials. As the 

probes slide on the surface of a weakly adherent 

substrate, the friction force is large because of the 

obvious wrinkle deformation of graphene. While the 

probes slide on the surface of fresh mica, the strong 

binding between graphene and fresh mica inhibits the 

wrinkle effect, and thus, the thickness dependence is 

not observed. Cho et al. [81] found that mechanically 

stripped graphene produces low friction on an 

atomically smooth substrate. This class of graphene 

inhibits surface wrinkle deformation as observed using 

atomic stick-slip imaging. This is because the conformal 

morphology of graphene on the substrate enhanced 

the intimate contact, increased the contact area, and 

suppressed the puckering effect, thereby resulting in 
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low friction. Thus, the influence of the morphology of 

the substrate is actually caused by the wrinkle effect. 

This property is also validated in subsequent 

studies base on puckering mechanism. Furthermore, 

Deng et al. [82] found that the friction increases with 

increasing number of graphene layers at low loads 

and attributed this result to the local deformation of 

the surface layer and van der Waals forces between 

AFM tip and the surface layer. Ye et al. [83] observed 

that the influence of the number of layers on the 

friction becomes notable when the simulated graphene 

sheet exceeds 32 nm or longer. Frictional behavior can 

be directly related to the height of anti-slip approaching 

wrinkles, the bonding energy between graphene layers 

decreases as the size of graphene decreases, resulting 

in an increase in the distance between graphene layers 

which less able to resist wrinkle formation. 

2.2.3 Energy dissipation mechanism  

The layer dependence of the friction force has been 

extensively investigated. Smolyanisky et al. [84] 

conducted a Brownian dynamics (BD) simulation to 

quantify the friction behavior at room temperature 

between the scanning ends of carbon nanotubes and 

FLGs or the surface of self-supporting multi-layer 

graphene. They found that the friction decreases at  

5 m/s as the number of layers increases, and this 

observation is the same as the conclusion presented by 

Lee et al. Subsequently, they investigated the contact 

area of different layers of graphene in the sliding 

process and found that the real contact area changes 

slightly. Therefore, the contact area between the tip 

and the sample is not the main reason for the change 

in the friction at the graphene surface with the number 

of layers. They proposed an energy dissipation me-

chanism based on the elastic energy of the specimen 

deformation. The energy dissipation mechanism of 

the deformation has been further explored. Deng et al. 

[85] discovered unusual frictional behaviors at the 

graphene surface. When a probe gradually departs 

from the surface of a graphene sheet, the friction 

force increases as the load under the tip contraction 

decreases, thus resulting in an effective negative 

coefficient of friction at a low load. The size of this 

coefficient depends on the ratio of the adhesion of 

the tip-sample to the peel energy of graphite, and this 

unusual phenomenon is attributed to the delamination 

of the reversible part of the topmost atomic layer. A 

probe lift-off or applied load reduction results in a 

considerable surface deformation, thus increasing the 

frictional force (Fig. 4).  

Although the energy dissipation mechanism remains 

unverified, the influence of lateral slip is important. 

Sun et al. [86] used molecular dynamics simulations 

to study the lateral sliding behavior of graphene. 

Their results revealed that the energy corrugation 

associated with sliding is not only a result of the 

interfacial interaction but also the interaction between 

the atomic deformation layers of graphite. In addition, 

the unusual phenomenon that occurs during the tip 

retraction was correlated with the local atomic 

 
Fig. 4 (a) Schematic of retraction when tip approaches and leaves 
graphene surface; (b) unusual frictional behavior at graphene 
surface. Reproduced with permission from Ref. [85], © Springer 
Nature 2012. 
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delamination of the top graphene layers (Fig. 5). 

This is consistent with the anomalous experimental 

phenomenon observed by Deng et al. at the surface 

of graphene [85]. 

Reguzzoni et al. [87] used molecular dynamics 

simulations to investigate the tribological properties 

of multilayer graphene under energy dissipation due 

to shear deformation. They proposed a new friction 

mechanism related to shear motion, in which the 

friction force decreases as the number of layers 

decreases.  

In summary, whether in theory or in an experiment, 

the nanoscale friction mechanisms of 2D materials 

have been extensively studied and have become one 

of the most popular subjects of study. A plane formed 

by a strong chemical bond between 2D materials has 

high in-plane strength, high surface chemical stability, 

and weak van der Waals force between its layers. 

Therefore, many strange friction mechanisms occur 

between the layers and surfaces. At present, although 

the research methods used vary widely, the results 

obtained are generally consistent; that is, 2D materials 

are expected to be promising nanoscale lubricating 

materials owing to their low friction coefficient and 

high load-bearing capacity. When 2D materials are used 

as additives in various types of macro-lubrication 

systems, protective films are often formed on the 

friction surfaces (improving surface roughness, repairing 

wear, bearing loads, preventing contact, providing low 

shear strength between layers, and causing interlaminar 

sliding) with nanoscale superlubricity properties. 

Therefore, they have important applications in the 

fields of lubricants, lubricating coatings, lubricating 

films, and space lubrication materials. 

 
Fig. 5 Local atomic delamination of graphene and abnormal 
variation of friction with a normal load. Reproduced with permission 
from Ref. [86], © Springer Nature 2015. 

3 Nanoscale lubrication mechanism of 2D 

materials 

The lubrication mechanism should be studied in order 

to fully reveal the tribological properties of the nano-

particles. 2D materials provide interlaminar sliding 

and a low shear force, thus giving them superlubricity 

properties. Moreover, owing to their nanostructures, 

they can easily enter the frictional contact surface  

to form a lubricating film. Furthermore, they can also 

decrease surface roughness and repair wear. However, 

the elucidation of this mechanism remains the subject 

of many debates in research on nanoparticle lubrication 

systems. Researchers have described the mechanism 

of lubricant enhancement using nanoparticle suspen-

sions via surface analysis techniques, such as ball 

bearing mechanism [88−92], film formation mechanisms 

[93−98] and self-healing mechanisms [99−102]. These 

mechanisms can be categorized into two broad 

categories. One category comprises the direct nano-

particle effects, including the ball effect and film 

formation. The other category comprises the assisting 

effect of surface enhancement via the repair and 

polishing effect. These mechanisms are discussed in 

the following sections. 

3.1 Film formation mechanism 

Nanoparticles with large surface areas show chemical 

activities and become quickly adsorbed onto a friction 

surface to form a physical adsorption film. Some 

nanoparticles are affected by external factors in terms 

of friction surface migration and deposited on a friction 

surface to form a deposited film. Nanoparticles can 

also react chemically at the friction surface to create a 

chemical reaction film, thereby enhancing the wear 

resistance of the friction-pair surface [103]. Hu et al. 

[104] studied the friction and wear properties of 

nano-MoS2/TiO2 nanoclusters and found that the MoS2 

frictional surface contains chemical films such as 

MoO3, Fe2O3 (or Fe3O4), Fe2(SO4)3 (or FeSO4), FeS, 

and carbon-containing compounds. Therefore, they 

speculated that nano-sized MoS2/TiO2 nanoclusters 

have significant anti-friction and anti-wear properties 

because nanosized TiO2 and Mo are transferred onto 

the surface of the nano-MoS2/TiO2 nanocluster via   

a friction chemical reaction and react with other  
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substances to produce a lubricating film that reduces 

the surface friction and wear. Su et al. [105] observed 

the lubricating wear scar surface of 0.25% graphite 

nanoparticles added to plant-based oil. Graphite 

nanoparticles can be stably adsorbed on friction 

surface, which forms a physical adsorption film on a 

friction surface. Therefore, they speculated that graphite 

nanoparticles are mainly used to improve the anti- 

friction and anti-wear properties of plant-based oils 

because graphite nanoparticles can create physically 

deposited films on a surface.  

Based on this theory, Xiao et al. [106] stated that the 

film formation process can be divided into two stages. 

The initial high specific surface allows 2D materials 

to be easily adsorbed onto the surface of a substrate to 

form a physical membrane. The physical membrane 

can separate the two contact surfaces to prevent direct 

contact between the two sliding surfaces. In the second 

stage, the physical film ruptures with an increase in 

the frictional strength, thereby promoting the chemical 

reaction between a lubricant and a local contact surface. 

This chemical reaction forms a new tribological film 

and gradually replaces the physical film, and this 

film exists on a local contact surface. As a result, the 

tribological properties are improved. 

3.2 Self-healing mechanism 

With inherent limitations in manufacturing technology, 

the contact surface remains significantly rough. 

Nanomaterials can fill a concave area on a friction 

surface to smoothen it. Su et al. [105] developed a 

model for simulating the self-healing mechanisms of 

nanomaterials (Fig. 6). The friction surface is tightly 

bonded under a high pressure, thus resulting in 

friction and wear. When an amount of nanomaterials 

is added to the lubricating oil to penetrate the concave  

 

Fig. 6 (a) Schematic of a tribological model of lubricating 
base oil; (b) schematic of a tribological model of lubricating base 
oil containing an appropriate of nanomaterials. Reproduced 
with permission from Ref. [105], © Hindawi Publisning 2015. 

friction surface, the damaged surface is repaired. The 

instantaneous high temperature during sliding can 

even melt the nanoparticles and repair defects on the 

sliding surface. Similarly, Gulzar et al. [107] investigated 

the self-healing effect of nanomaterials. Nanoparticles 

deposit on interacting surfaces and compensate for 

the mass loss, thereby reducing wear and tear. 

3.3 Ball bearing mechanism 

Nanoparticles disperse through friction repair to form 

“class bearings” and transform sliding friction into 

rolling friction, thereby reducing the friction coefficient 

and exhibiting an excellent anti-friction performance. 

Gulzar et al. [107] established a mechanism model to 

study the class bearing effect of nanomaterials and 

found that nanoparticles transform sliding friction into 

a combination of sliding friction and rolling friction. 

This lubrication mechanism is attributed to a friction 

pair system with a stable low-load condition between 

the shear surfaces to maintain the shape and stiffness 

of the nanoparticles (Fig. 7). 

Xiao et al. [106] summarized the lubrication 

mechanism of 2D materials into four processes (Fig. 8) 

and proposed other mechanisms. For example, (1) 2D 

materials easily enter the friction pair because of their 

small size, and the relative movement of the contact 

surfaces results in a shear force acting on these 

materials. Consequently, multi-layered 2D materials 

are easily cut, and they readily come in contact with 

a friction surface to form a sliding system, thus 

resulting in effective lubrication. For instance, a MoS2 

sheet with lubricating grease comes in contact with the 

friction surface between two friction pairs. The sheet 

structure is easily absorbed onto the friction surface 

because of the lamellar crystal structure of MoS2  

 
Fig. 7 Schematic of ball bearing mechanism of nanoparticles. 
Reproduced with permission from Ref. [107], © Springer Nature 
2016. 
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Fig. 8 Lubrication mechanisms of 2D materials. (a) entering the 
contact area of sliding surfaces, (b) tribofilm formation, (c) filling 
the pits and gaps of the contact area, (d) affecting the fluid drag and 
viscosity. Reproduced with permission from Ref. [106], © Elsevier 
2017. 

and the combined van der Waals forces between the 

layers. Under the effect of the frictional shearing force 

and normal load, cleavage easily occurs between the 

lamellar MoS2 layers. Cleavage is also observed along 

the cleavage plane slip, which plays an anti-friction 

role. (2) 2D materials are impervious to liquids and 

gases because of their ultra-high chemical stability. 

The adsorption of these materials on substrates helps 

to prevent chemical attacks on the lubricants or other 

active elements in a given system, thereby slowing 

the corrosion and oxidation of materials and further 

reducing the wear on the sliding surfaces. 

4 Application of 2D materials in lubrication 

2D materials have excellent friction behavior 

mechanisms, and they have a high specific surface area 

(cover a greater surface area), high in-plane strength 

(bond by covalent bonding), good surface chemical 

stability, and low interlaminar shear strength (allow 

adjacent layers to slide easily against each other). 

Therefore, their surface lubrication effect is apparent, 

which is very suitable for applications in the lubrication 

field, such as lubricant additives, space lubrication 

materials, and nanoscale lubricating films. 

4.1 Lubricant additives 

Given their unique molecular structure and lubrication 

properties, 2D materials are widely used in the field 

of tribology. They are also excellent candidates for the 

lubrication of friction surfaces because of their high 

strength and the low interlaminar shear strength 

between their atoms. The anti-friction and anti-wear 

performance of 2D materials is superior to that of 

conventional lubricant additives. In addition, 2D 

materials can also be used to reduce the emission of 

harmful substances and make an important contribution 

to building a green environment [108−111]. 

2D materials are widely used as oil-based lubricants. 

Zhao et al. [112] used a UTM-2 friction and wear 

testing machine for a graphene abrasion resistance test, 

and the obtained results demonstrated that graphene 

can significantly improve the friction and wear pro-

perties and even reduce the maximum friction 

coefficient by 78%. Furthermore, the maximum wear 

rate can be decreased by 95%. Senatore et al. [113] 

studied the tribological behavior of graphene oxide 

nanosheets in mineral oil. The experimental results 

indicated that the average friction coefficient decreases 

by approximately 20%, and the anti-wear rate decreases 

by approximately 30% at 25 °C − 80 °C and an average 

contact pressure of 1.17 GPa. The friction reduction 

mechanisms of graphene and graphene oxide are 

similar. They easily form a protective film to prevent 

the direct contact between the contact surfaces. In 

addition, the nanoscale thickness and extremely 

thin laminated structure offer a lower shear strength, 

thereby easily causing interlayer sliding and resulting 

in a lower friction. 

Although graphene can effectively play anti-friction 

and anti-wear roles, graphene is prone to agglomerating 

in the base lubricating oil, which seriously affects the 

lubricating effect. In order to avoid the agglomeration 

of graphene, (1) an appropriate amount of dispersant 

is used to improve the uniform dispersion in the 

lubricating oil, and (2) an appropriate chemical 

modification (such as fluorination or hydrogenation) 

of graphene is used to enhance the uniform dis-

persion of graphene in the lubricating oil. Zhang et al. 

[114, 115] utilized the modification effect of an oleic 

acid surfactant to disperse graphene evenly and 

uniformly in poly-α-olefin (PAO9) lubricating oil and 

used a four-ball abrasion testing machine to test the 

anti-friction and anti-wear performance of modified 

graphene (Fig. 9). The obtained experimental results  



208 Friction 7(3): 199–216 (2019) 

 | https://mc03.manuscriptcentral.com/friction 

 

 

Fig. 9 Schematic of tribological experiment with lubricating 
oil adding a certain amount of graphene. (a) friction diagram of 
pure lubricating oil, (b) represents the optimal concentration of 
graphene in oil, (c) represents excessive concentration of graphene 
in oil. Reproduced with permission from Ref. [115], © IOP 
Publishing 2011. 

show that the friction coefficient decreases by 17% 

when the mass fraction of the oleic-acid-modified 

graphene is 0.02%, whereas the wear spot diameter is 

reduced by 14% when the mass fraction is 0.06%. In 

addition, they concluded that an appropriate quality 

of graphene is required in the lubrication in order to 

achieve a friction reducing effect. 

Lin et al. [116] conducted studies on the role of 

such modifiers and found that graphene is effectively 

modified by stearic acid and oleic acid, which is 

uniformly dispersed in the lubricating oil as an 

additive. The wear resistance and bearing capacity of 

the lubricating oil are significantly improved. This is 

because long paraffin chains on the surface of graphene 

produce a steric hindrance when modified graphene is 

dispersed in the base lubricating oil to prevent graphene 

sheets from being precipitated and agglomerated. 

Considering that the modification effect can obviously 

improve the dispersibility of graphene, Zheng et al. 

[117] applied ball milling to prepare graphene fluoride 

to improve the bearing capacity and wear resistance 

of lubricants, and the thus obtained base oil had 

good dispersion stability. In addition, they noted that 

fluorinated graphene sheets can easily enter the contact 

surface and form a protective layer, which reduced 

the wear and improved the load carrying capacity. 

However, when the concentration exceeds a critical 

value, the excess fluorinated graphene sheets might 

agglomerate with the metal wear debris, thereby  

reducing the wear resistance. The conclusion of 

this study has been confirmed. Dou et al. [118] used 

crumpled graphene balls as additives to polyalphaolefin 

base oils. Owing to the unique self-dispersibility of 

crumpled graphene balls, they reduce the friction 

coefficient and wear coefficient by approximately 20% 

and 85%, respectively. In summary, to realize the wide 

applications of 2D materials in the field of lubrication, 

the problem of agglomeration is required to be further 

studied.  

2D materials also act as water-based lubricating 

additives to maintain excellent thermal conductivity 

and the bearing capacity of water-lubricated films. 

Song et al. [119] investigated the tribological properties 

of graphene oxide nanosheets as water-based 

lubricating additives by using a UMT-2 ball friction 

tester. The result showed that graphene oxide nano-

sheets slide between the friction surfaces and form  

a thin physical friction film on the friction surface, 

which can bear friction and prevent the direct contact 

of the steel ball surface. Cho et al. [120] studied the 

lubricating effect of the water dispersions of h-BN 

nanoplates. They synthesized h-BN aqueous dis-

persions at concentrations of 1%, 0.05%, and 0.01% 

and evaluated the friction and wear of the aqueous 

dispersions using SiC balls sliding on a disk. They 

demonstrated that even a small amount of h-BN 

nanosheets can enhance the wear resistance and reduce 

the friction. A repeated peeling and deposition of 

h-BN occurs on the sliding surface, thereby forming a 

protective film that can reduce friction and wear. He 

et al. [121] studied the lubricating effect of α-zirconium 

phosphatein both oil and aqueous media using a 

characterization technique, and revealed that they 

are effective lubricant additives in oil and aqueous 

media. Subsequent to the addition of them in mineral 

oil and water, the friction is reduced by 65% and 91%, 

respectively. Their unique 2D structure promotes the 

arrangement of zirconium phosphate nanosheets in 

lubricants, thereby resulting in effective lubrication. 

4.2 Space lubrication materials 

Sputtered MoS2 solid lubricants are widely used in 

the aviation field, e.g., high-speed long-life bearings 

for gyroscopes and accelerometers and gears and 

bearings for spacecraft harmonic drive devices [122]. 
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Magnetron sputtering technology provides numerous 

advantages, including a high film-formation rate, low 

deposition temperature, uniform film thickness, and 

dense film structure. This technology has been applied 

for preparing various wear-resistant, corrosion-resistant, 

and anti-oxidation coatings and solid lubricant coatings 

[123, 124]. Numerous practical applications of MoS2 

sputtering films have been developed, and using the 

Aerospace 510, it has been shown that the service 

life of these sputtering films can exceed times, and 

individual test results have reached times [125]. 

Extreme conditions such as vacuum, low temperature, 

and strong radiation in the space environment demand 

special performance requirements of solid lubricants 

[126]. To satisfy the high reliability requirement of 

moving parts in space equipment and extend their 

life expectancy, Cheng [127] used nanoscale MoS2  

as an additive for space grease in an atmospheric 

environment and a simulated space environment, 

experimentally studied the anti-friction and anti-wear 

effects of the grease, and concluded that the friction 

and wear resistance of nano-MoS2 are superior to 

those of MoS2. Space grease with MoS2 nanosheets 

has the best extrusion performance and anti-friction 

and anti-wear properties and good lubrication per-

formance under high-load conditions. However, an 

excessive amount of nano-MoS2 affects the flow of 

space grease, thus resulting in significantly decreased 

lubrication. Luo [128] experimentally concluded that 

the addition of nano-MoS2 particle/polyester polymer 

aviation lubricants significantly improves the anti-wear 

performance, and the optimal concentration is 3 wt% 

to 4 wt%. Song et al. [129] found that graphene can 

solve the problem of vacuum lubrication and proposed 

a unique mechanism. They introduced graphene into a 

carbon film and grew 2D nanostructured carbon-based 

film materials on a carbon film using a field-induced 

growth method. An ultra-low coefficient of friction 

of 0.02 was thus obtained. The graphite surface is 

disorderly tiled, which impedes relative motion, thus 

resulting in a large friction coefficient. A graphene 

sheet has π electrons and certain surface interaction 

forces at the 2D structure surface and can form an 

oriented layered structure. Only a weak van der Waals 

force acts between its layers, which makes it prone 

to slipping, thus allowing it to exhibit ultra-low 

frictional characteristics with nanoscale superlubricity 

properties. 

4.3 Nanoscale lubricating film 

Graphene-layered structures have an ultra-thin 

thickness, ultra-low shear strength, high chemicals-

tability, and high specific surface area; thus, they are 

suitable for use in micro/ nanofilm equipment. Lee  

et al. [130] deposited graphene onto a copper surface 

through CVD to form a thin film, and the friction 

coefficient of a copper film deposited with graphene 

is lower than that of bare copper foil. Watanabe et al. 

[131] prepared a WS2/MoS2 nanocomposite film, i.e.,  

a superlattice structure multilayer film using radio 

frequency sputtering. The multilayer films exhibit  

a wear resistance superior to that of individual 

monolayers. This multilayer film shows potential for 

the improvement of wear resistance relative to current 

MoS2-based low-friction films and may be suitable 

for use under severe frictional conditions because of 

the increase in film hardness caused by the multilayer 

structure. Kim et al. [132] discovered the excellent 

frictional properties of graphene films grown on  

Cu and Ni metal catalysts and transferred the two 

graphene films to SiO2/Si substrates through the CVD 

method. It was found that graphene films effectively 

reduce the adhesion and friction force. Graphene 

grown on Ni has a friction coefficient of 0.03, and the 

frictional difference is the appearance of a tortoise-like 

amorphous carbon layer on the Ni-grown graphene. 

In general, CVD-grown graphene films exhibit a 

strong potential for reducing adhesion and friction 

and protecting the substrate surface. The liquid phase 

exfoliation method can be used to produce high-yield 

graphene films, while the film performance obtained 

using this method is degraded owing to the functional 

groups and structural defects. Sun et al. [133] presented 

an annealing method in which nickel sputtering is 

used for the structural repair of graphene sheets by 

stitching the spacers, thus forming a continuous film, 

which improves the crystal quality. Similarly, Li et al. 

[134] performed thermal annealed on copper foils, 

coalesced the electrochemically exfoliated graphene 

flakes, and finally recrystallized it into a continuous 

film. The new growth mechanism of this recrystallized 

and coalesced graphene can be used to prepare a 
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high-quality graphene film having a large area, which 

has wide applications. 

5 Summary and outlook 

2D materials exhibit anti-friction and anti-wear pro-

perties because of their unique layered structure, and 

thereby providing great prospects for the development 

of nanoscale lubricants. In this paper, we reviewed 

the friction mechanism of 2D materials and found that 

this mechanism can be divided into the interfacial 

friction and surface friction mechanisms. The interfacial 

friction mechanism is mainly influenced by tem-

perature, load, size, stacking, defects, layer spacing, 

and the number of layers, while the surface friction 

mechanism is mainly categorized into the electron- 

phonon coupling effect, out-of-plane puckering 

mechanism, and deformation energy dissipation 

mechanism. The lubrication mechanism includes the 

film formation mechanism, ball bearing mechanism, 

self-healing mechanism, and other lubrication 

mechanisms. In practical applications, 2D materials 

are commonly used as lubricant additives, nano- 

lubricating films, and vacuum space lubricating 

materials because of their unique anti-friction and 

anti-wear properties. Finally, to facilitate the use of 

2D materials, we opine that future studies should be 

performed in the following areas: 

1) The study of atomic level friction is a new direction 

in the field of tribology. Research on superlubricity 

may help to promote the development of the industry 

and energy, and thus, further research is required for 

achieving superlubricity under macro- and micro- 

scale conditions and maintaining the durability of 

superlubricity [135, 136]. 

2) Although 2D materials have excellent frictional 

properties, they are easily affected by the surface 

conditions, thus resulting in a degraded performance. 

Therefore, the optimization of various processes is 

inevitable during the process of preparation and the 

experiment. 

3) Functionally modified 2D materials have superior 

friction properties owing to the inhibition of the 

agglomeration of graphene. Therefore, the preparation 

of functional 2D materials and the mechanism of 

the suppression of agglomeration should be further 

studied. 

4) 2D materials quickly adsorb onto the surfaces of 

the friction pair because of their high specific surface 

area, and further chemical reactions occur. Therefore,  

further study is required to understand those physical 

and chemical reactions in order to make the lubrication 

mechanism of 2D materials more reliable. 

5) 2D non-lamellar materials have great advantages 

in energy conversion and storage in the electronics 

industry because of their complex electronic structure 

[137, 138].  

6) The preparation of new materials in the 2D 

materials family and the physical and chemical pro-

perties of the materials require further exploration. 
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