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Abstract: Friction and the wear caused by friction will not only lead to energy dissipation, but will also
cause damage to the function of mechanical parts, affecting the precision and lifespan of mechanical
devices. Superlubricity as an ideal state of zero friction has become a hot research topic in recent years.
There have been many reviews on the concept, origin, and research progress of superlubricity, but,
among them, there are more presentations on the research status of solid superlubricity and liquid
superlubricity; however, the theoretical summarization of solid-liquid combined superlubricity and
high-temperature superlubricity is still imperfect and lacks a systematic and comprehensive review.
The mechanism of superlubricity is not explicitly presented in many reviews, which are clearly
summarized in this paper. This paper introduces superlubricity from friction, and then introduces the
origin of superlubricity, and presents the research progress on superlubricityby separating it into in
four categories: liquid superlubricity, solid superlubricity, solid-liquid combined superlubricity, and
high-temperature superlubricity. By analyzing the superlubricity system, the mechanism of realizing
various types of superlubricity, such as incommensurability, hydration, and oxidation, is summarized.
Based on the research progress of superlubricity, the development prospects, opportunities, and
challenges of superlubricity in the future are discussed.

Keywords: solid superlubricity; liquid superlubricity; solid-liquid superlubricity; high-temperature
superlubricity; superlubricity application

1. Introduction

Friction is a very common physical phenomenon in life, occurring widely between
surfaces that are in contact and in relative motion or that have a tendency to move, and it
is involved in many fields, such as machinery, aerospace, transportation, marine, chemical
industry, bioengineering, and so on. Thanks to friction, we are able to utilize it to perform
tasks that improve our lives, but at the same time the presence of friction also leads to
energy dissipation, and induces material migration on the surfaces of the moving parts,
which leads to wear and tear and ultimately to the degradation or even loss of functionality
of the parts. Lubrication failure and excessive wear often occur in mechanical components.
Therefore, it is crucial to enhance the friction state between mechanical parts and efficiently
decrease the coefficient of friction. According to statistics, friction consumes 1/3 of the
world’s disposable energy, about 80% of mechanical parts fail because of wear, and more
than 50% of the vicious accidents due to mechanical equipment are caused by lubrication
failure, resulting in losses of about 5% of the gross national product of the industrial
society, which is extremely costly to resources, the environment, and the economy in
today’s world [1]. With the rapid industrial development, the contradiction between
the sharp increase in energy consumption and the lack of resources is becoming more
and more serious. Friction, as an important way to consume energy and promote the
progress of tribology in order to boost green and sustainable energy development, has
become crucial.
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Superlubricity technology is currently a crucial solution for overcoming issues re-
lated to friction and wear. Its emergence offers significant improvements regarding the
energy utilization efficiency of motion systems. What is commonly called superlubricity
can be thought of as a state of lubrication in which the friction between two surfaces in
contact is close to zero. In fact, the scientific concept of superlubricity is not yet clear
in the academic and engineering communities. Due to signal interference, the current
friction test instrument is often unable to accurately measure the friction coefficient if it
is less than 10™* and its following friction state [2], so the lubrication state with a friction
coefficient of 1072 or lower is usually called superlubricity [3]. According to its characteris-
tics, it is mainly divided into solid superlubricity, liquid superlubricity, and solid-liquid
combined superlubricity.

Superlubricity, as a brand new research direction in tribology, has attracted increasing
interest since it was first proposed. In the past decades, remarkable progress has been made
in this field, and there has been extensive research leading to an in-depth understanding
of superlubricity. In this paper, we introduce the origin, realization, mechanism, and
materials with properties of superlubricity. We also summarize the latest research progress
in superlubricity both domestically and internationally and discuss its future applications.

2. The Development of Superlubricity
2.1. Origin of Superlubricity

The origin of the superlubricity phenomenon can be traced back to the early 1990s.
The Japanese scholars Hirano and Shinjo found through theoretical calculation that when
two crystal planes move in certain directions, the friction between the crystal planes will
completely disappear when they are in an incommensurable state, which is called “super-
lubricity” [4]. However, if the crystal size and orientation of the two sliding surfaces are
exactly the same, that is, the microstructure is in a commensurable state, the superlubricity
will disappear, as shown in Figure 1. In view of the fact that the ultra-low friction produced
by the incommensurate contact interface mainly comes from the geometric structure effect
under the interface mismatch, the scholar Miiser [5,6] suggested that the discovery of
Hirano et al. [7-9] should be called “structural lubrication” or “structural superlubricity”.
In addition, it was found that for the rigid sliding system, under the condition of low load,
interface sliding can easily avoid the “stick-slip” sliding mode with high energy dissipation
and realize continuous sliding [10]. This extremely low friction state is also customarily
called “superlubricity” [11-13]. Energy dissipation is the basic principle used to measure
the friction resistance caused by the relative movement of the material interface, and the
existence of sliding barriers is the key reason for the dissipation and friction caused by
interface sliding. Although there are differences between superlubricity and ultra-low
friction in principle, both of them follow the general principle of reducing the interface
sliding energy barrier to achieve low friction. Subsequently, many scholars have carried
out research on superlubricity because once friction can disappear, human beings will
benefit a lot. On the one hand, people explore the realization conditions and mechanism of
superlubricity state in theory; on the other hand, they look for materials with superlubricity
characteristics in experiments [1]. At present, structural superlubricity and ultra-low fric-
tion are important methods to obtain a super-lubrication state in current academic circles,
among which structural superlubricity may be one of the more widely studied methods.
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Figure 1. Two graphene layers in contact in commensurate registry (a) and in incommensurate
registry (b) [14].

2.2. Research Status of Superlubricity
2.2.1. Liquid Superlubricity

Liquid lubrication is one of the main means of reducing friction. Unlike the friction
mechanism described in solid superlubricity, the main source of friction in liquid lubrica-
tion is the internal friction of the fluid, which, according to the lubrication theory, can be
reduced by reducing the viscosity of the lubricant. However, as the viscosity of the lubri-
cant decreases, so does its load-carrying capacity, and so it is not feasible to significantly
reduce friction in this way. Therefore, tribologists have been working in this field for a long
time, trying to find practical ways to significantly reduce friction. Liquid lubricants mainly
include two kinds: oil-based and water-based. For oil-based lubricants, they are charac-
terized by a high viscosity and high coefficient of viscous pressure, so it is easy to form
fluid lubrication between the surfaces of the friction pair. The lowest friction coefficient
corresponding to traditional oil-based lubricants is usually between 0.01 and 0.05, mainly
due to the limitations of their viscosity. For water-based lubricant, it has the characteristics
of low viscosity and a small coefficient of viscous pressure, so the lubrication between the
friction parts is often in the form of boundary lubrication or mixed lubrication [15].

(1) Water-based lubrication

In 1987, Tomizawa and Fischer [16] found a silicon nitride ceramic (Si3Ny) in the water
as a lubricant under the conditions of a period of break-in. Its final coefficient of friction
was less than 0.002, demonstrating, for the first time, that water can achieve superlubricity
as a lubricant [17], as shown in Figure 2. Subsequently, many scholars have begun to study
the system of ceramic water lubrication, and found that other types of ceramics, such as
silicon carbide ceramics (SiC) and alumina ceramics (Al,O3), after a break-in period, can
also be obtained with an ultra-low friction coefficient of less than 0.01. Related experiments
have shown that ceramic surfaces undergo friction chemical reactions with water molecules
during the break-in process:

SizNy + 6H,0 = 3Si0, + 4NHj3 (1)
SiO, + 2H,0 = Si(OH), )
Si(OH), = H" + H3Si0; (3)

This forms a negatively charged layer of silica sol on the surface of the friction pair.
In the presence of an electric charge, a Stern layer and a double electric layer are formed
on the surface of the silica sol [18,19]. When the silica sols are in contact with each other,
their shear strength is very low, which results in a small coefficient of friction for boundary
lubrication. And due to the existence of the fluid dynamic pressure effect, a layer of water
film will also be formed between the silica sols, and the friction coefficient of the fluid
dynamic pressure lubrication formed is also very small due to the low viscosity of water.
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Therefore, they concluded that the ceramic friction pair forming superlubricity is located in
the mixed lubrication region (boundary lubrication and fluid lubrication), so that a very
low coefficient of friction can be realized [15,20].
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Figure 2. Friction coefficient variation curve and conductivity curve of Si3N4/Si3N4 friction pair

under water lubrication conditions [21].

(2) Polymer fluid lubrication

The second class of water-based lubricants with superlubricity properties is the poly-
mer molecular brushes [22], i.e., the polar end of the polymer is grafted onto the surface,
and the other end of the long chain floats in the water to form a layer of molecular brushes,
as shown in Figure 3. Because the long chain can be stretched well in the solvent without
detaching from the surface, the molecular brush can produce a strong penetration pressure
between the polymer brush and the double electric layer repulsive force and dispersive
force. For the polymer between the force field in the repulsive field range and in the
molecular brush under the action of the huge repulsive force, even at a higher pressure
(1 MPa), the two surfaces are still separated by molecular brushes, resulting in a coefficient
of friction of the order of 0.001 [23]. Since the 1990s, Klein et al. [24] have carried out
a lot of research on the superlubricity of polymer molecular brushes by using a surface
force apparatus. They formed polymer molecular brushes on two mica surfaces via electro
static adsorption, and the friction coefficients between them could reach a 0.001 order of
magnitude or even lower, and, later on, using brine as a lubricant between the mica, friction
coefficients of up to a 0.0001 order of magnitude could be realized, being attributed to the
results of hydration. At the same time, their research found that when water is used as
lubricant, charged polymers (such as polyelectrolyte) have better lubrication characteristics
than other polymers and can achieve an ultra-low friction coefficient less than 0.0006 under
a pressure of 0.3 MPa. They proposed that there are a lot of moving ions with opposite
charges in the molecular brush layer formed by charged polymers, and that the potential
generated by these ions to inhibit the interpenetration between molecular brushes will be
much stronger than that of neutral molecular brushes. This means that the interpenetration
between charged molecular brushes can be suppressed, which greatly reduces the energy
dissipation and thus reduces the friction resistance of the system [25,26]. However, for
polymer molecular brushes, it is only possible to obtain superlubricity on the surface force
apparatus (low speed and low load), and it is very difficult to realize superlubricity under
macroscopic conditions, so its application to mechanical systems is greatly limited [27].
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Figure 3. Schematic of the lubrication of a charged polymer confined between two mica [28].

(3) Acid-based liquid

However, the realization of liquid superlubricity under macro conditions (high speed
and high load) is a difficult problem because it requires not only the inability of liquid
molecules to be squeezed out of the contact zone under high pressure, but also that liquid
molecules have a small shear strength [15]. This problem gave rise to the study of acid-
based solutions to achieve macroscopic superlubricity. First, the team of Luo Jianbin
found that phosphoric acid with pH=1.5 could help to realize superlubrication under the
conditions of a load of 3N (maximum contact pressure of 700 MPa), a linear speed of
0.057m/s, and a friction coefficient between glass/silicon nitride and sapphire/sapphire
surfaces of 0.004 after 10 min of operation [29]. Relevant experiments show that phosphoric
acid superlubricity is closely related to the hydrogen ions in solution and the structure of
the hydrogen bonding network formed between phosphoric acid and water molecules [30].
Based on the analysis, a model of superlubricity of phosphoric acid was established. When
superlubricity occurs, the contact zone is a three-layer structure: a Stern layer, an adsorption
membrane with a hydrogen bonding network structure, and a layer of free water molecules.
The main function of the Stern layer is to connect the hydrogen bond network structure
with the surface of the friction pair. The main function of the hydrogen bond network
structure is to bear the load and keep the water molecules confined in the contact zone.
The main function of the free water molecule layer is to provide very low shear strength.
According to the above-mentioned phosphoric acid superlubricity model, Luo Jianbin and
others infer that the realization of superlubricity needs to meet at least two conditions:
@ hydrogen ion, which can absorb on the surface of a friction pair to charge the surface
and form a Stern layer; and 2 hydrogen bonding, which can form a hydrogen bonding
network structure and fix water molecules in the contact zone. Therefore, if we have these
two characteristics in other experimental schemes, we should also have superlubricity.
In the mixture of acid and glycerol, superlubricity was quickly realized via a similar
scheme, which further proved the above theory [31]. Of course, acid is at the same time a
double-edged sword, and the problem with the acid-assisted realization of superlubricity is
obvious: the presence of acid can easily cause the corrosion of the friction pair surface. Later,
Ge Xiangyu et al. demonstrated that a similar state of superlubricity could be achieved
under neutral conditions (pH = 6.4) when boric acid was added to an aqueous solution
of poly(ethylene glycol) (PEG). Boric acid reacts with polyethylene glycol to form boron
chelates, a process that not only neutralizes the solution but also provides a continuous
supply of H* ions, which is key to the lubrication running process [32].

(4) OQil-based lubrication

Commonly used oil-based lubricants are divided into vegetable oil, mineral oil, liquid
paraffin, silicone oil, organic synthetic oil, and so on [33,34]. In 2017, Bouchet et al. added
ultra-smooth tetrahedral amorphous carbon (ta-C) to petroleum under the conditions
of acid lubrication and diamond-like carbon coating, and reached an ultra-low friction
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coefficient of 0.003. The reason is that the lubricating oil promoted the tribochemical
reaction of hydrogen-free carbon in ta-C due to the high initial sp3 content [35]. In 2013,
Qunfeng Zeng et al. achieved a superlubricity phenomenon with a friction coefficient of
0.001 by using the addition of olefin oil to a-nano boron nitride particles [36]. Meanwhile,
they also reported a novel superlubricity phenomenon: castor oil showed a superlubricity
tendency (the friction coefficient could be as low as 0.0005) under the sliding friction of steel
alloys [37]. In addition, Li Jinjinet al. achieved an ultra-low coefficient of friction of 0.005 by
means of a steel/steel friction pair and in concert with a special 1,3-diketone lubricant [38].
The mechanism during lubrication is that the thickness of the layer gap between two
shear surfaces is only a few tens of nanometer sthick, which makes the molecules undergo
multiple shear motions within 10~% s. Under such a strong shear effect, the effective
viscosity of the member rotor in the friction gap and sliding direction is significantly
reduced, which makes the whole lubrication state present in the film lubrication state. Their
group chose silicone oil as the lubricant and utilized sulfuric acid to pretreat the silicon
nitride/glass friction pair, which ultimately achieved superlubricity with a coefficient of
friction of about 0.004, and the superlubricity life in this state can be guaranteed to be
maintained for at least 5 h. It is worth noting that the coefficient of friction of silicone oil on
the friction pair without sulfuric acid pretreatment is about 0.12, which is much higher than
the former [39]. We know that the viscosity of the lubricant in general has a great influence
on the coefficient of friction, but, at this time, the viscosity of the lubricant is insignificant
to the coefficient of friction. The coefficient of friction of silicone oil with a friction partner
utilizing sulfuric acid pretreatment is less than 0.01. This indicates that regardless of
the viscosity of the silicone oil, sulfuric acid pretreatment is the key factor in achieving
superlubricity with a silicon nitride/glass friction partner. In addition, if the increase
in silicone oil viscosity is large, the coefficient of friction also increases, indicating that
viscosity has an effect on fluid sliding. They suggest that the mechanism of superlubricity
in lubrication systems works in that the acid solution helps to form a low-shear-resistance
silicone oil-slip layer on the surface of silicon nitride during the break-in process, and
therefore the contact pressure between the friction partners slowly decreases. Notably, this
layer of silicone oil can form a fluid film that can easily shear in the contact area, which
significantly reduces the coefficient of friction and ultimately achieves superlubricity.

(5)  Ionic liquid lubrication

Ionic fluids are a representative group of lubricants and lubricant additives that
significantly reduce friction and wear and retard corrosion and mechanical failure. Room-
temperature ionic liquids have a variety of excellent properties, including nonflammability,
difficult volatility, a wide electrochemical window, high conductivity, and good thermal
stability, and thus have attracted the attention of scholars in both basic research and
applications [40]. In order to explore the superlubricity of ionic liquids, Ge Xiangyu
et al. [41] comparatively investigated four aqueous solutions of ionic liquids on silicon
nitride/silicon dioxide friction substitutes, among which the friction coefficient of the
[EMIM] TEFS (aq) solution could reach 0.002 to achieve macroscopic superlubricity, and it
was found that the superlubricity state could be stabilized for at least one hour, which is very
stable under the natural conditions through observation and subsequent experiments. Since
the four ionic liquids have the same cation, it is inferred that the superlubricity property
of [EMIM] TFS (aq) is determined by its anion, which forms a layer of effective friction
chemical film through the friction chemical reaction between the anion and the friction
pair surface during the break-in stage, thus realizing superlubricity. T.I. Han et al. [42]
obtained macroscopic superlubricity between silicon oxide spheres and sapphire disks at
high pressure with the help of hydrated alkali metal ions, obtaining an ultra-low coefficient
of friction of 0.005 at an average contact pressure of 0.25 GPa. In the boundary lubrication
state, the hydrated shell layer wraps around the alkali metal ions like a protective shell,
which provides a hydrated repulsive force to counterbalance large normal loads, provides
a fluid response to shear, and significantly reduces friction.
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(6) Organismal mucus lubrication

In addition to the liquid superlubricity mentioned above, there is also a class of biologi-
cal materials that have superlubricity properties, such as certain organs in living organisms,
human joints, human eyes, etc. This is mainly due to the existence of various different
aqueous solutions of polymers between these organs, which are capable of providing excel-
lent lubrication. For example, there is a polysaccharide polymer, hyaluronic acid, in human
joints. Studies show that it can achieve an ultra-low friction coefficient of 0.003 between the
two joints as a lubricant [43], so that we can walk without feeling joint pain. In addition,
some types of plant mucus also have a good lubricating effect. In 2006, Arad et al. [44]
extracted polysaccharides from red algae and achieved superlubricity. They attributed this
superlubricity to the spiral chain structure, which can maintain a thin water layer inside
under low load. Li Jinjin and others found that the mucus of an aquatic plant (Braseni-
aschreberi) could achieve superlubricity. The friction coefficient between it and the glass
surface could be reduced to 0.005 at least [45]. The results show that there are many layered
nanoflakes in the braseniaschreberi mucus, so they put forward a lubrication mechanism.
In these polymers, nanoflakes combine with a large number of water molecules to form a
hydration layer, which provides extremely low shear resistance and realizes superlubricity.

At present, most of the realization of the superlubricity state still needs a long break-in
period. The long break-in period meansthat the friction vice may have already achieved
serious wear before the superlubricity state was reached, so designing the lubrication
material with a super short break-in period is also a difficult problem in this field. Recently,
Wang Daoai’s research team at the Lanzhou Institute of Chemistry designed and developed
a variety of liquid superlubricity materials based on natural organic acids, and made
progress in macro-scale liquid superlubricity research, shortening the running-in period
to a few seconds [46]. Using the hydrogen bond interaction between tannic acid and
polyethylene glycol, researchers developed a new type of environmentally friendly liquid
superlubricity material, which can shorten the running-in period between silicon nitride
and glass to 9s and the friction coefficient to as low as 0.005. In addition, researchers have
discovered a new natural superlubricity material, plant water-soluble acid, the lubrication
state of which can be maintained for at least 13h at low contact stress (0.4 MPa). Additionally,
the lubricant can achieve rapid superlubricity between polydimethylsiloxane (PDMS) and
a variety of friction pair materials, such as metals, polymers, and inorganic non-metals.
Using an aqueous glycerol solution as a model, Qiang Ma et al. explained the mechanism
of ultra-low friction through hydration lubrication in the hope of eliminating the long
break-in period. The specific gravity of glycerin and water was varied in the experiments,
and at a water/glycerin weight ratio of 2.0, the friction was initially high, and after a long
break-in period, ultra-low friction was achieved. And when the water/glycerin specific
gravity was reduced to 0.2, ultra-low friction was observed at the beginning of the test [47].

2.2.2. Solid Superlubricity
(1) MoS; lubrication

Since Hirano and Shinjo predicted super lubrication in 1990 [7], some of their early
explorations have shown that there is a state of near-zero friction, and they considered
incommensurability as the main mechanism to realize solid superlubricity [48,49]. Soon
after, it was found that two-dimensional materials, such as molybdenum disulfide, boron
nitride, graphite, and graphene, could feasibly obtain solid superlubricity. Because the
interaction between two-dimensional materials was very weak and non-commensurability
contact could be achieved, it provided conditions for realizing superlubricity. In 1993,
Martin et al. [50] found that the friction coefficient of the molybdenum disulfide (MoS,)
layer was in the range of 0.001 under the ultra-high-vacuum condition. As shown in
Figure 4, through the high-power transmission electron microscope, it can be seen that the
molybdenum disulfide abrasive particles formed a neat pattern structure on the surface of
the friction pair, which indicates that there are overlapping molybdenum disulfide crystals
in the molybdenum disulfide abrasive particles, and that there is a rotation angle between
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these crystals. Therefore, in the process of the mutual movement of crystals, the friction is
anisotropic along the basal plane with high sulfur content, which is the fundamental reason
why molybdenum disulfide has superlubricity, but molybdenum disulfide can only achieve
an ultra-low friction coefficient under high-vacuum conditions, or under the protection of
inert gases (such as pure nitrogen and argon). Under natural conditions, the existence of
oxygen atoms and water vapor in the air prevents molybdenum disulfide from achieving
super-sliding. In 2000, Chhowalla and Amaratunga [51] prepared a fullerene-structured
MoS; thin film with super-smooth performance in an inert atmosphere and air with a
humidity of 45%, and its friction coefficient reached 0.003. They thought that the curved
5-Mo-S basal plane hindered the surface oxidation and protected the layered structure
from being destroyed, so that the molybdenum disulfide could realize superlubricity under
natural conditions.

2 )3
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Figure 4. High-power transmission electron microscope diagram of molybdenum disulfide abrasive

particles [50].

(2) Graphite lubrication (Experimental verification of superlubricity)

The concept of superlubricity has caused a lot of controversy since it was put forward.
The biggest controversy is whether the concept of superlubricity is similar to the hot con-
cepts of superconductivity and superfluidity at that time. In fact, the incommensurate
crystal contact only cancels out one method of energy dissipation, that is, the stick-slip phe-
nomenon in the low-speed sliding process, and there are other forms of energy dissipation
in the sliding process, such as the generation of sound waves, which mean that the dynamic
friction of even the most stringent incommensurate crystal contact in the experiment cannot
reach zero. However, with the deepening of research, in 2004, M. Dienwiebel and others
took the lead in observing the friction anisotropy between nano-graphite sheets and their
structural superlubricity [52]. They glued a nano-graphite flake to the probe of a friction-
force microscope and measured the friction force of the flake when sliding on the surface of
highly oriented pyrolytic graphite (atomic smooth surface). The results showed that the
friction force is extremely low (<50 pN) for most of the relative orientations of the sheet and
the machine body, while the stick-slip motion is observed at this orientation angle when the
orientation angle is very narrow (0 and 60, etc.), that is, incommensurate contact, and the
friction force is large, as shown in Figure 5. This discovery is considered a milestone in the
study of structural superlubricity. Following this, Verhoeven et al. theoretically explained
the observed super-lubrication phenomenon through the extended Prandtl-Tomlinson
model, in which the graphite flake was simplified to a rigid crystal plane with a finite size,
as shown in Figure 6.
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Figure 5. Friction forces (data points) at different rotation angles and friction forces (curves) calculated
based on the PT model [52].

substrate

Figure 6. Schematic diagram of extended Prandtl-Tomlinson model used in super-lubrication
simulation [53].

However, the nano-scale contact surface is too small compared with the scale required
for practical application. Not to mention the macro-scale contact surface, and even the
contact surface of the smallest bearing in the most precise mechanical watch has a scale
of several hundred microns. The extension of nano-scale superlubricity to a micron or
even a macro-scale is the premise of the practical application of superlubricity. However,
the reality is cruel. The excitement about superlubricity research brought about by the
breakthrough of superlubricity experiments in 2004 began to fade after several years.
Until 2011, the reported superlubricity was still limited to a nano-scale, high-vacuum
environment, and low speed (10 um/s) [14], so the theoretical and experimental research
related to superlubricity also gradually decreased. Scholars at home and abroad have put
forward several different views on this issue. Among them, Dienwiebel and others, who
have made a breakthrough in superlubricity in experiments [52-54], hold that superlubricity
cannot be achieved on a larger scale, mainly because the crystal planes cannot achieve
absolute stiffness, and the contact between the two crystal planes always tends to involve
commensurability contact with lower energy. The deformation of the crystal plane will
cause local congruence when the size of the contact surface is large, which will lead to the
disappearance of superlubricity. The scholars represented by Zheng Quanshui’s research
team atTsinghua University hold another view. They believe that large-scale superlubricity
can be realized, and it may not be affected by size. One of the important reasons for the
failure of previous large-scale superlubricity attempts is that it is impossible to achieve
absolutely clean crystal-face contact. When two originally separated crystal planes are
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contacted by transfer, it is inevitable that there are adsorbents such as atoms, molecules,
and nanoparticles on the crystal planes exposed to air (even in the ultra-clean room), so
the contact formed in this way cannot be absolutely clean. However, according to the
theoretical prediction made by American scholars M. Robbins and M. Mueser, the contact
static friction force that is not absolutely clean is not zero [55,56]. So, achieving absolute
clean contact in a large area is a very difficult problem. Another problem is that even if
there is “zero” friction in the contact area, friction can be caused by many factors such as
adsorption or deformation at the edge of the contact area, so it is difficult to distinguish
whether these friction forces occur in the contact area or originate from the edge only by
detecting the friction force.

Aimed at solving the above problems, Zheng Quanshui’s research team [57] first ob-
served the super-lubrication phenomenon on a micron scale through the ingenious graphite
island self-retraction experiment in 2012. The phenomenon of self-retraction movement of
the graphite island means that when the micron-scale highly oriented pyrolytic graphite
(HOPGQ) island is sheared and dislocated, and when the external lateral force disappears,
the sheared part will automatically retract to the original position on the graphite island,
as shown in Figure 7. Through this experiment, they found that the friction obviously
has the basic characteristics of superlubricity, that is, the friction is very small in the in-
commensurability orientation (the angle corresponding to the shadow in Figure 8j), and
the friction is very large in some specific orientations (the direction of the blue arrow in
Figure 8a—j) that are separated by about 60°, and the upper limit of the shear strength in
the incommensurability orientation is only 0.04 MPa; however, the shear strength in com-
mensurability is four orders of magnitude larger than that in incommensurability, which
is about 140 MPa, so it can be concluded that this is a superlubricity phenomenon [57].
Moreover, the superlubricity phenomenon occurs in an atmospheric environment, and the
maximum contact area reaches 10 um x 10 um [57], which is seven orders of magnitude
larger than the results reported by other researchers. M. Hirano, the founder of superlu-
bricity, and M. Urbakh, a famous nano-tribologist, think that this work is “a big step for
the phenomenon of superlubricity to surpass the nanometer scale”. Yang Jiarui and Zheng
Quanshui invented a set of laser knife-edge detection equipment [58-61] (Figure 9). Using
this equipment and highly oriented graphite, we found the phenomenon of superlubricity
at a high speed (up to 25 m/s).

Released

=

Figure 7. Schematic diagram of graphite island self-retraction [57].

Shearing

(3) DLC film lubrication

Another kind of superlubricity material is DLC (diamond-like carbon) film [59], which
was first discovered by the Erdemir of Argonne Laboratory in the U.S. [60]. They obtained
hydrogen-containing DLC films via plasma-enhanced chemical vapor deposition, which
can achieve an ultra-low friction coefficient of 0.001. The research shows that whether the
DLC film can achieve superlubricity is closely related to the hydrogen content in the film.
As shown in Figure 10, the higher the hydrogen content in the gas atmosphere, the lower the
friction coefficient of the DLC film. If the DLC film does not contain hydrogen, the friction
coefficient is still high even under the protection of high vacuum or inert gas [61]. In recent
years, some scholars have measured the friction coefficient of DLC films in a hydrogen
atmosphere, and found that as long as there is enough hydrogen near the contact area, no
matter how low the hydrogen content in DLC films is, it can always achieve a very low
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friction coefficient [62]. These experimental results show that hydrogen atoms play a key
role in the superlubricity process of DLC films. They think that hydrogen atoms combine
with carbon atoms to form positively charged sliding surfaces, which have weak van der
Waals forces and strong electrostatic repulsion, resulting in a low friction coefficient [63].

™\ Self-locking
— direction

(Blue line)Self-locking direction

(Shadow)Superlubricity direction

Figure 8. Super-lubrication phenomena beyond the nanometer scale: (a—i) represent different rotation
directions of the graphite sheet, the direction indicated by blue arrow in the figure represents the locking
direction, the arrow is always on the same side of graphite sheet, and the square shown by dotted line
in the figure represents the graphite platform; (j) the locking directions shown in (a—i) obviously show
60 symmetry, and the scale mark of 0° in this figure is the same as the arrow direction in (a) [57].
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Figure 9. (a) Structure of the graphite mesa and the scheme of the manipulation process; (b) shearing

and retraction under an optical microscope; and (c) experimental setup used for optical knife-edge
method [58].

T r——T—r———

]
| | Py —=— 100% CH4
0.06 gy 1 —=—75%CH4 +25% H2 |
| : -— 50%CH4 + 50% H2 | 1
| T I it 40%CH4 +60% H2
0.05 [ i el g 25% CH4 + 75%H2
; i
& o004 .
o
Q
o
§ o003 >
3
e : : : :
002 W f S R _
\. ’ : .
0.01 ]

\ 3 A
S ) )

A, SAIBUM O v
: ' ”nm"& ?4&"":\%’1“-“' R “!:'g‘*‘:.:‘s'r
0 2000 4000 6000 8000 110*

Time (s)

Figure 10. Friction coefficient of DLC films with different hydrogen contents in the deposition
process [61].
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DLC superlubricity often needs to be realized in inert gas. Many researchers have
made different attempts to overcome this shortcoming. Freyman et al. [64] developed a
sulfur-doped hydrogenated DLC film, which can maintain an ultra-low friction coefficient
of 0.004 in an environment with50% relative humidity because the S-C bond has a higher
binding energy. Zhang et al. [65-67] realized the ultra-low friction (friction coefficient is
0.008) of solid lubricating film in an air environment. The a-C:H and a-C: H:Si films pre-
pared by the research group of Tsinghua University Luo Jianbin can achieve a superlubricity
state of about 0.001 in the air environment [68]. A novel superlubricity pair was developed
by Zhang et al. [69]. They polished the quartz surface with a new environmentally friendly
polishing solution, and simultaneously prepared multilayer graphene-deposited quartz
spheres, quartz polishing plates, and microspheres with PECVD, which could achieve a
superlubricity state with a friction coefficient of 0.006 under room temperature atmospheric
conditions (Figure 11), and they concluded that the oscillation and slippage of exfoliated
quartz sheets and multilayer graphene-deposited microspheres realized macroscopic su-
perlubricity. Chen et al. [70], members of a research group at Tsinghua University Luo
Jianbin, prepared silicon-doped and toughened diamond-like carbon films by using ion
beam controlled growth technology, and developed a new robust macroscopic superlubric-
ity system, which achieved an ultra-low friction state with a friction coefficient of 0.006 in
an atmospheric humidity environment (Figure 12). It is considered that the nano-silica-like
lubricating layer constructed in situ on the surface of the friction pair can effectively shield
the tribochemical corrosion of environmental water molecules on the metal surface, and, at
the same time, the ordered shearing behavior of adsorbed water molecules induced by the
silica-gel lubricating layer in the confined space ensures the superlubricity state.
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Figure 11. Superlubricity formed by quartz flake with multilayer graphene microspheres [69].

It is worth noting that the superlubricity theory is based on the incommensurability
of two crystal planes, so the superlubricity is dependent on the slip direction, that is, it
can only be realized in a specific slip direction. In 2017, Tsinghua University Luo Jianbin’s
research group realized the robust superlubricity of multi-point contact between two-
dimensional materials, which was independent of the sliding direction, and solved the
problem of the sliding direction dependence of traditional structure superlubricity [71].
The research group used the AFM tip to slide graphite directly, and obtained a friction
coefficient of 0.0003 under a contact pressure of 2.52 Gpa [72]. Later, they developed a
thermal-assisted mechanical peeling and transfer method, which wrapped different types
of two-dimensional materials on the AFM tip so that the tip could directly detect the
interlayer coupling, and they achieved a friction coefficient of 1074~107>, all of which had
nothing to do with the sliding direction [73]. There is still a lot of work being carried out in
this field, which will deepen and expand the research on superlubricity [74,75].
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Figure 12. Superlubricity formed by the moisture-shielding effect of silicon-doped diamond-like
carbon film [70].

2.2.3. Solid-Liquid Combined Superlubricity

The emergence of oil-based liquid superlubricity has greatly expanded superlubricity
application, liquid superlubricity in acid (alkali) pumps, water-based lubrication pairs,
light-load oil-based friction pairs, etc., but to achieve large-scale application, there are two
major defects that need to be overcome. One is that the load-bearing capacity needs to
be improved, and hopefully reach the Gpa order of magnitude, and the second is that
the use of the conditions needs to be expanded. Two-dimensional materials that are good
solid superlubricity materials can also be added to liquids to form solid-liquid coupled
superlubricity systems, the main feature in this case being their low shear strength, which
makes interlayer sliding more likely to occur. The adsorption of the laminar additives
on the surface of the friction pair plays a key role in achieving ultra-low coefficients of
friction and ultra-high load-carrying capacity. The most significant advantage of combined
solid-liquid superlubricity over single solid/liquid superlubricity is that it avoids strict
environmental restrictions while maintaining high load-carrying capacity, which makes it
more suitable for practical applications.

In 2018, Wang et al. [76] used sodium hydroxide-modified black phosphorus (BP-
OH) added to water as a water-based lubrication additive to achieve superlubricity at the
SizNy/sapphire interface. They proved that the exfoliated BP-OH nanosheets formed on the
sliding surface prevented the direct contact of rough peaks, and the existence of BP-OH was
beneficial to capture water molecules and form a water layer with low shear resistance, thus
achieving strong superlubricity under a wide range of contact pressures (1 Gpa). Graphene
oxide nanoflakes (GONFs) can interact with ethane diol (EDO) via hydrogen bonding to
form a hydrated GONFs-EDO network, and similar results are obtained at the Si3Ny/SiO;
interface [77]. Subsequently, in 2019, Ge et al. were able to achieve superlubricity at the
SizNy4/sapphire interface by incorporating graphene oxide (GO) nanosheets in ionic liquid
(Li(EG)PF) at a pressure of 600 MPa [78]. Material surface characterization results showed
that graphene oxide nanosheets were absorbed at the wear surface and could withstand
high loads while preventing possible adverse reactions. The extremely low shear stress
on the interlayer of graphene oxide nanosheets also plays a crucial role in maintaining
superlubricity. The processes involved may also occur in aqueous solutions of poly alkyl
glycol (PAG) with ultrathin layered double hydroxide nanosheets (ULDH-NSs) [79]. In this
case, the absorption of ULDH-NSs on solid surfaces can smooth, polish, and protect the
contact due to the relatively low interlayer interactions of ULDH-NSs, and, in addition, the
presence of ULDH-NSs facilitates the absorption of PAG.

2.2.4. High-Temperature Superlubricity

Many components in turbines, transportation manufacturing, and aerospace operate
at high temperatures. There is an urgent need for lubrication solutions at high temperatures
in industrial applications, but high-temperature superlubricity can be very challenging
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as many traditional mineral and synthetic oil-based lubricants begin to degrade under
high-temperature conditions.

Hexagonal boron nitride is widely used in many fields because of its high thermal
conductivity and excellent chemical properties. Studies have found that it also has good
lubricity at high temperatures. Zeng deposited h-BN coatings on the surface of high-
speed tool steel by radio frequency magnetron sputtering, and investigated the tribological
properties of the h-BN coatings in the range of 500~800 °C with a ZrO, ball friction pair,
and found that the CoFs of the h-BN coatings were much lower than those without coat-
ings under the same conditions [80]. The h-BN coating on the surface of steel exhibits
high-temperature superlubricity at 800 °C, and the mechanism is due to the formation of
v-Fe;O3/h-BN composite material using friction chemistry. Meanwhile, he also studied the
high-temperature superlubricity of the h-BN coating on a textured InconelX750 alloy [81].
Chen et al. prepared SiC/h-BN composites and studied the tribological properties of the
composites from room temperature to 900 °C, which showed excellent lubrication prop-
erties with a coefficient of 0.30 above 800 °C [82]. Zhao et al. prepared MoOj3-containing
composites on Q235 steel and found that a friction chemical film of CuMoO,4 was formed
during friction, and this transfer film helped to improve the friction reduction performance
at a high temperature [83]. Yuan et al. deposited an h-BN coating on a titanium alloy, and
the coefficient of friction was reduced from 0.72 to 0.35 [84].

As an ideal sealing material, graphite has self-lubricating properties, high thermal
conductivity, excellent chemical stability, and corrosion resistance. Zhang et al. [85] investi-
gated the tribological properties of phenolic resin graphite and a WC-Ni alloy friction pair
at different temperatures, and found that the PRG material can achieve ultra-low friction
coefficients ranging from 0.01 to 0.015 at 200, 300,and 400 °C, and that the formed graphite
friction films interact with each other to form stable friction behaviors and achieve ultra-low
friction. It is worth noting that at high temperatures, the oxidation resistance of graphite in
atmospheric conditions is relatively poor, and oxidized abrasive particles will change the
friction and wear characteristics of graphite. Huai et al. [86] developed a graphite-based
solid lubricant filled with SiO2 and investigated the tribological properties of SisNy4 balls at
700, 800, and 900 °C. The high-temperature coefficient of friction in atmospheric conditions
was about 0.05, and lubrication performance was relatively excellent. Kumar et al. [87]
investigated the tribological properties of turbo graphite against a 100Cr6 steel ball in
a high-temperature environment, where low coefficients of friction of two-dimensional
structural graphite were achieved due to the passivation of the dangling bonds by high
absorbed oxygen.

DLC is a common material in the field of tribology, and many researchers have also
studied its lubrication ability at high temperatures. Due to poor thermal stability, the
ultra-low friction behavior of DLC films is increasingly difficult to achieve under high-
temperature conditions, and the change in the friction factor is more complicated with
an increase in temperature. Zeng et al. [88] investigated the effect of temperature on the
tribological properties of DLC films in the temperature range from ambient to 600 °C, and
the lowest stable coefficient of friction (0.008) was observed at 600 °C. They speculated that
the ultra-low friction mechanism is a synergistic effect of the shielding effect of hydrogen at
the contact surface and the repulsive electrostatic force between the self-generated y-Fe,O3
and SiO, composite oxides at the contact surface. Niakan et al. [89] prepared DLC-MoS,
composite films using the PECVD technique and found that the graphitization rate of the
films was slowed down after annealing in air at up to 200 °C with high thermal stability.
Alpas et al. [90] prepared W-DLC films and found that the friction factor of the doped
W-DLC films was found to be as low as 0.07 and 0.08 at 400 °C and 500 °C, respectively.

Gao et al. [91] achieved high-temperature superlubricity on a nickel high-temperature
alloy substrate using antimony trioxide (Sb,O3) and magnesium silicate hydroxide coated
with carbon (MSH/C). The inner Sb,O3 adhesion layer and the top MSH/C layer have
a synergistic effect to protect the substrate from sliding in direct exposure to air and
also from oxidation. The experimental results show that the friction coefficient of the
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coating decreases gradually with an increase in the test temperature, and finally reaches
the superlubricity state at 300 °C. The mechanism is that the Sb,O3-MSH/C layer avoids
direct metal-to-metal contact, thereby preventing the in situ welding of the friction pair
and the associated friction spikes. At the same time, the amorphous carbon film generated
by friction chemistry and the release of -OH and Si-O active groups also played a role
in the realization of high-temperature superlubricity. Wang et al. [92] found that MSH-
Sby,O3- MoS, composite coatings exhibited considerable superlubricity in room temperature
experiments and that the friction coefficient of the composite coatings decreased rapidly and
eventually reached superlubricity (coefficients <0.01) when the test temperature reached
200 °C and above. The temperature dependence of friction above the water evaporation
point was revealed by DSC-TG curve analysis, where an increase in temperature accelerates
the destruction of structural water, and its subsequent combination with surface elements
directly reduces friction.

At present, in the research field of high-temperature superlubricity, there are many
new superlubricity systems being developed, but high-temperature lubrication technology
with a coefficient of friction lower than 0.01 is still in its infancy.

3. Mechanism of Superlubricity
3.1. Conditions for the Generation of Superlubricity

Superlubricity denotes a state of interfacial sliding in which friction is extremely low
or even disappears. Given that recognizing the source of friction is the basis for suppressing
friction or even eliminating friction to achieve superlubricity, it is necessary to briefly
discuss the source of friction before introducing the conditions for the generation of super-
lubricity. Intuitive life experience tells us that the relative sliding friction resistance between
rough contact surfaces is large, which is mainly caused by the meshing, deformation, and
shearing of rough peaks in the process of relative motion, that is, the classical micro-convex
deformation theory of friction origin. In fact, for atomically smooth surfaces with less
roughness, or even near-zero physical roughness, frictional resistance still exists and may
even be greater when relative sliding occurs. This suggests that there may be other, more
intrinsic causes of friction than friction due to the meshing deformation of the physical
roughness peaks. Inter-surface adhesion can also significantly affect the frictional behavior
of relative sliding, and typically relative sliding between objects with greater adhesion
produces greater friction. Accordingly, British scholars proposed the theory of adhesive
friction and pointed out that the real cause of friction is the existence of molecular or atomic
forces on the friction surfaces. As mentioned above, reducing the physical roughness be-
tween the contact surfaces, and realizing weaker interactions between the contact surfaces,
such as constructing van der Waals interfaces and blunting surface dangling bonds, may
represent effective ways to obtain low friction. Existing methods of realizing superlubricity
are closely related to the above-asserted pathways for inhibiting friction generation. Mean-
while, since friction is essentially a process in which mechanical energy is dissipated and
converted into other forms of energy, the energy dissipation pathway of friction may be an
important cause of friction generation. Based on this, recent scholars have proposed the
phonon theory, the potential undulation theory, and the molecular entanglement theory of
friction generation from different perspectives, from which effective strategies for realizing
superlubricity by controlling friction dissipation have been derived.

Based on current understanding, it is concluded that the following three conditions are
required to realize ideal superlubricity [3]: (1) the two surfaces in contact must be crystal
planes, even without a step with a single atomic thickness, and the internal stiffness needs
to be high enough; (2) the interaction between surface atoms and out-of-plane atoms should
be a van der Waals interaction, not a chemical bond; (3) the surfaces are absolutely clean,
and there can be no attachments even of an atomic or molecular size. The application of the
technology requires a large contact area, and the above three conditions will become very
demanding. It can be seen that the road to the application of superlubricity technology
in the future will not be smooth and will face many challenges. First of all, it is a great
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challenge to achieve a large-area contact surface that meets conditions (1) and (2). For
example, it is recognized that monocrystalline silicon, one of the materials that can be
processed into the flattest surface of industrial grade, cannot avoid atomic steps. Another
kind of material is one with an amorphous surface, such as a diamond-like surface, but this
kind of surface has a lot of unsaturated atoms (that is, surface dangling bonds). Even if
the physical surface is not a single crystal, the chemical bond at the grain boundary cannot
meet the requirement of condition (2).

The rapid development of two-dimensional crystalline materials such as graphene in
recent years points to a direction for the preparation of large-size superlubricity materials.
The common feature of two-dimensional crystalline materials is that the intrafacial atoms
interact with each other through very strong chemical bonds, with very high intrafacial
tensile stiffness and strength. Meanwhile, the interlayer atoms are extremely weak phys-
ical interactions, that is, van der Waals forces. Therefore, 2D crystalline materials fully
satisfy the first two conditions required for superlubricity and are excellent candidates for
superlubricity materials. In addition to graphene, other 2D crystalline materials such as
molybdenum disulfide (MoS,), hexagonal boron nitride (h-BN), niobium diene (NbSey),
etc., also have similar properties. However, research on the superlubricity behavior of these
materials mainly remains in the theoretical stage. Wang et al. studied the friction behav-
ior of a fluorinated graphene/MoS, heterojunction at the atomic level by first principles.
Because the lattice parameters of the two two-dimensional crystal materials are different,
it is easier to form non-commensurate contact than with the same material, thus forming
superlubricity. A similar phenomenon also occurs in the graphene /h-BN system.

To experimentally study the superlubricity behavior of 2D crystalline materials, the
first issue that needs to be resolved is the preparation of macroscale 2D crystalline materials,
which is one of the current research hotspots in the industry. At the California Institute
of Technology, Boyd and others grew graphene at room temperature [93]. In 2014, at
South Korea’s Samsung Research Institute, Lee et al. [94] prepared wrinkle-free single-
crystal graphene with dendrites up to 5cm in size on a germanium substrate. The research
also showed that the prepared graphene could be transferred to a silicon dioxide/silicon
substrate completely and be wrinkle-free. The research results provide strong support
and inspiration for preparing macro-scale super-lubricated surfaces with graphene as the
surface layer. Another challenge is to achieve absolutely clean contact between large-scale
single-crystal surfaces. Adsorption on the surfaces of two-dimensional crystals cannot be
avoided, even in an ultra-clean room. Therefore, a relatively realistic scheme is contact first,
and then removal of the adsorbate in the contact area from the contact area using some
method. At present, there are two reported methods to remove the adsorbents in the contact
area. One is the nano-eraser method proposed by Zheng’s team at Tsinghua University [95],
in which a small piece of graphite is contacted with graphene, and the adsorbents in front
of the movement route are scraped off during the rapid sliding of graphite, which also has
a certain removal function for the adsorbents in the contact area. The second method is
to wipe two pieces of non-commensurable crystal materials back and forth [96]. With the
increase in wiping times, the friction between them decreases rapidly, which shows that
the back and forth friction can remove the adsorbents in the interface area, but the research
results show that this method cannot meet the “zero” friction standard of superlubricity.

3.2. Unique Properties of Superlubricity

For the rigid sliding system, under low load conditions, the interface sliding can
easily avoid the high-energy dissipation of the “stick-slip” sliding mode to achieve con-
tinuous sliding, this very low friction state customarily called “superlubricity”. Many
scholars at home and abroad have made important contributions to the development of
this direction. Luo’s group discovered several water-based liquid very-low-friction sys-
tems [97,98], and Liu and Zhang’s group discovered an amorphous, fullerene-carbon film,
solid, very-low-friction system [99]. Direct experimental determination of the dissociation
energy of graphene in self-retraction motion was independently achieved by E. Koren’s
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group [100] and Quanshui Zheng’s group [101]. Wei Fei and Zhang Yingying [102,103]
fixed a several-centimeters-long double-walled carbon nanotube at both ends and hung it
in the middle, and then blew it with wind. It was found that a carbon nanotube arc with a
“stealth” section was blown out. The carbon nanotubes returned to linear form after the
wind was removed, and the blank in the middle disappeared. They hypothesized that
this was the discovery of centimeter-scale superlubricity. D. Dietzel and A. Schirmeisen
et al. [104] investigated the dependence of friction on the contact area between nano-scale
antimony metal particles and HOPG [0001] surfaces in an ultra-high-vacuum environment.
Their experimental results indirectly proved that the friction under superlubricity mainly
originates from the contact zone boundary. E. Meyer and M. Urbakh’s work on single-
molecule friction shows that molecular chemical groups at the surface edges constitute
another important source of friction during superlubricity [105]. The simulation results of
W. K. Kim et al. [106] found that whether or not the superlubricity state can be maintained
depends on the relative ratio of the in-plane interaction strengths and the interfacial shear
strengths of the slipping surfaces, and the superlubricity state disappears when the in-plane
is softer and the interfacial interaction strengths are stronger. M. Urbakh et al. [107] and A.
Fasolino et al. [108] have shown through theoretical studies that nano-scale superlubric-
ity is suppressed at high speeds and high temperatures. Since 2012, through the efforts
of several national and international groups, more experimental results and theoretical
knowledge are now available to understand the nature of superlubricity and its difference
toultra-low friction. The unique properties of superlubricity are as follows [3]: (1) The
friction between crystal planes with only physical interaction, such as graphene, which is
incommensurate and “absolutely” clean contact tends to zero with the decrease in sliding
speed. We call this phenomenon “zero” friction. (2) The “zero” friction has nothing to do
with the contact area, it can realize the “zero” friction without scale limitation, and “zero”
friction can be maintained within a certain range of positive pressure. (3) “Zero” friction
brings forward two unique and particularly important characteristics, where the first is zero
wear, and the second is zero start-stop friction. (4) For superlubricity with a limited scale,
the friction mainly occurs at the edge of the contact zone, which comes from the removal
of surface adsorbents (such as water, hydrocarbons, and micro-nano particles) during the
sliding process, the dangling bonds of the edge atoms, and the vibration dissipation of the
molecular groups dragged by them.

The above behavior of superlubricity is not only different from the usual friction
behavior, but also from the behavior of ultra-low friction. In contrast to superlubricity,
ultra-low friction, in which the coefficient of friction is extremely small, still has a certain
value and cannot tend to zero in physical nature. In addition, ultra-low friction does not
have characteristics (2) and (3).

3.3. The Superlubricity Mechanism
3.3.1. Liquid Superlubricity Mechanism

Combined with acid-alcohol system superlubricity, acid and glycerol system super-
lubricity, alkali solution superlubricity, etc., three major mechanisms can be summarized
to achieve liquid superlubricity, the electric double layer effect [109,110], hydrodynamic
effect [111-113], and hydration effect [114-116], as shown in Figure 13, which are also
recognized in the world. Sometimes one mechanism can realize superlubricity, and some-
times the joint action of two to three mechanisms is needed [117-120]. Under the support
of these three mechanisms, the liquid superlubricity pressure capacity can be increased
from about 10 MPa in the past to 300 Mpa. The system is expanded from water-based
to solution (acid, alkali, salt), alcohol-based, oil-based, and many other systems, and the
friction pair materials are expanded from mica and ceramics to sapphire, metal, DLC film,
and so on [121-124].
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Figure 13. A sketch of the main liquid superlubricity mechanisms [4].

3.3.2. Solid Superlubricity Mechanism

Solid superlubricity mainly comes from the synergistic effect generated by the relative
sliding of weakly interacting surfaces in incommensurability contact, and the interfacial
atomic synergism can effectively reduce the sliding barrier. It should be pointed out that
incommensurability interfaces do not necessarily produce superlubricity with ultra-low
friction, and the magnitude of friction is closely related to the degree of incommensurability
of the structure, the rigidity of the structure, and the interactions. Although the stacking
of incommensurability interfaces can effectively reduce the sliding energy barrier, it also
naturally causes the contact between surfaces to be in an unstable state with high potential
energy. This unstable structure is prone to structural distortion and deformation under
the effect of thermal activation and pollutant adsorption, etc., returning to the local metric
contact state, and leading to the destabilization or even loss of superlubricity behavior.

3.3.3. Solid-Liquid Superlubricity Mechanism

The mechanism of action of the solid-liquid combined superlubricity system mainly
includes two aspects: the solid phase and the liquid phase. The micro-nano structure
on the solid surface is the core of solid-liquid combined superlubricity. By constructing
micrometer or nano-scale structures on the solid surface, the actual contact area of the solid
surface can be effectively reduced, and the friction between the solid and the liquid can be
reduced. At the same time, this micro-nano structure also increases the contact angle of the
liquid on the solid surface, making it easier for the liquid to form a slip layer, which further
reduces the coefficient of friction. A slip layer is an extremely thin lubricating layer formed
by a liquid on a solid surface. When a liquid forms a complete slip layer on a solid surface,
the liquid molecules slide across the solid surface, resulting in an ultra-low-friction effect.
The formation of the slip layer depends on the nature of the liquid and the micro-nano
structure of the solid surface. On the one hand, the lower the viscosity of the liquid, the
easier the formation of the slip layer; on the other hand, the more complete the micro-nano
structure of the solid surface, the better the stability of the slip layer [125-127].

3.3.4. High-Temperature Superlubricity Mechanism

Most of the high-temperature superlubricity is achieved by composite coatings, in
which the mechanisms are very different [128-132]. The low-friction properties of most
of these materials at high temperatures are due to the formation of their corresponding
oxides. But some materials are different, such as diamond-like carbon films for which
superlubricity at high temperatures is mainly due to graphitization. There is usually an
intermediate layer between the substrate and the lubricating film. When friction occurs
and the lubricating film breaks down, the intermediate layer undergoes a friction chemical
reaction at high temperatures to form a composite oxide film [133-135]. The composite
oxides have repulsive electrostatic forces between them, which play a role in the realization
of high-temperature superlubricity.
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4. Superlubricity Material

The concept of superlubricity was proposed by Motohisa Hirano in 1990, but was not
confirmed experimentally until 2004. Since then, international research on superlubricity
has become increasingly prevalent [136-138]. Two-dimensional materials such as graphene,
molybdenum disulfide (MoS,), and hexagonal boron nitride (h-BN) have become the main
materials in the field of superlubricity research due to the unique tribological properties they
exhibit at the atomic- and molecular-level scales. Materials that have been demonstrated to
exhibit superlubricity under laboratory conditions include graphene, graphite flakes, cubic
boron nitride, hydrogen-containing amorphous carbon, molybdenum disulfide, molecular
brushes, and ionic liquids [139-143].

In the field of superlubricity, the lubrication mechanism of materials is complex, and its
influencing factors are also complex and diverse [144-154]. Under atmospheric conditions,
the friction coefficient of graphite/graphite or graphite/steel is about 0.1~0.15, with an
obvious friction reduction effect, while in vacuum, the friction coefficient between graphite
rises to 0.5~0.8. Similarly, the friction coefficient of MoS, cleavage plane and the surface of
steel in the atmosphere is only about 0.1, and in vacuum it rises to 0.2, which can be seen as
one of the influencing factors of the environment in which the material is located. Graphite
produces CO, when it comes into contact with oxygen at 325 °C, so it is generally operated
at temperatures that do not exceed 400 °C. Graphite is placed in fluorine gas and heated to
prepare fluorinated graphite. Under a temperature of 27~345 °C, the friction coefficient
of fluorinated graphite is smaller than graphite, and its life is longer than graphite. MoS,
will oxidize rapidly in 420~430 °C, and when the temperature is more than 800°C, MoS;
may decompose, and the friction coefficient of molybdenum metal is very large so the
lubrication performance is greatly reduced. So, the analysis demonstrated that temperature
is also an important factor affecting superlubricity [155-162]. There are also super-lubricant
materials that need to be in special gases to have good superlubricity, such as MoS,, which
has good lubricity in dry nitrogen, but poor lubricity in dry oxygen and humid air. DLC
films have a much lower coefficient of friction in a hydrogen atmosphere, and if there is
no hydrogen in the DLC film, the coefficient of friction is still very high, even when it is
protected by a high vacuum or inert gas. There are also, for example, polymer molecular
brushes, which can only obtain superlubricity in the surface force apparatus (low speed and
low load), and it is difficult to achieve superlubricity in macroscopic (high speed and high
load) conditions. This shows that different experimental conditions can also have an effect
on the results of achieving superlubricity [163-168]. Researchers from Lanzhou Institute of
Chemistry, Chinese Academy of Sciences, also put forward the theory of “pressure-induced
superlubricity”, which refers to a feasible method to realize superlubricity by increasing
pressure induction. The principle is that the wrinkle of a sliding potential energy surface
bounces back with the change in normal pressure, and a flat potential energy surface with
zero potential energy fluctuation in theory is generated under the critical pressure state,
which reduces the sliding energy dissipation to zero in theory. Obviously, the abnormal
behavior that its friction decreases with an increase in load reflects that nano-friction is
abnormal regarding the macro-friction law and deviates from the intuitive experience of
life, which has significant basic research and potential application value.

4.1. Materials for Liquid Superlubricity

The main types of liquid lubrication materials are as follows [169-172]: (1) water-
lubricated ceramics—friction chemical reaction on ceramic surfaces when water is used as
a lubricant; (2) acid-based liquids—the presence of hydrogen ions and hydrogen bonds is
important for superlubricity to occur; (3) ionic liquids—ILs are representative lubricants
and lubricant additives that significantly reduce friction and wear, and retard corrosion and
mechanical failure; (4) polymer molecular brushes—osmotic pressure is generated between
molecular brushes to withstand loads; (5) oil-based liquids—the viscosity of the lubricant
has an effect on the coefficient of friction; (6) organism’s mucus—this includes human
joints, plant mucus, etc.; (7) black phosphorus (BP)—BP is an emerging superlubricity
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material. BP nanosheets can be used as an oil-based lubrication additive for solid-liquid
combined superlubricity.

4.2. Materials for Solid Superlubricity

The main types of solid lubrication materials are as follows [173-178]: (1) two-
dimensional materials—two-dimensional materials with a uniform structure and easy
shear provide conditions for the realization of superlubricity, such as molybdenum disul-
fide and boron nitride; (2) graphite/graphene—both are common solid lubricants, and the
incommensurability between the two graphite layers creates conditions for superlubricity
to be realized; (3) DLC—the superlubricity of DLC films can be maintained under quite
harsh conditions, so it is also the main material used to achieve high-temperature superlu-
bricity, while, at the same time, DLC films are more suitable for macro-scale applications;
(4) CNx—the actual carbon nitride content of 12% to 13% of nitrogen in an amorphous
structure gives a carbon hardness value of about 30GPa, whichisa CNx coating; (5) h-BN:
h-BN—this has a layered crystal structure and excellent properties, and as a solid lubricant,
it has a low friction coefficient, and can also be combined with other materials to form
a composite material to achieve high-temperature superlubricity; (6) MXenes—MXenes
are another relatively new 2D-layered material besides black phosphorus, and in addition
to having excellent mechanical strength and flexural rigidity, MXenes have a laminated
structure and a low shear strength, resulting in self-lubricating properties, and Ti3C; is one
of the most common materials in the MXenes family; (7) high-entropy alloy (HEA)—HEAs
consist of at least five elements and have excellent mechanical and tribological properties,
making them suitable for antifriction protective films.

5. The Future of Superlubricity Applications

Currently, there are still many constraints for solid-state superlubricity to move to-
wards practical application, such as demanding environmental conditions (vacuum, inert
gases, etc.), super-clean and perfect crystal surfaces that are difficult to realize at the macro-
scopic scale, and the inability to withstand high loads, and so on [179-183]. In contrast,
liquid superlubricity is expected to realize engineering applications earlier than solid super-
lubricity due to relatively low environmental requirements and high load-bearing capacity.
In the future, superlubricity will be widely used in aviation, aerospace, transportation,
marine vessels, new energy, space agencies, microelectromechanical systems, and other
fields [184-188]. At present, the application of superlubricity materials in practice is still
focused on the realization of a low friction effect. Regarding ultra-low friction or even
zero friction, there is still a long way to go. Here, we present some potentially important
applications of superlubricity [189-196].

5.1. Superlubricity in Biomedicine

Tracheal intubation has been widely used in various clinical environments, such
as cardiopulmonary resuscitation, respiratory diseases, and anesthesiology. With the
help of tracheal intubation, clinicians can control the patient’s airway and provide the
best conditions for airway patency, oxygen supply, airway suction, and the avoidance
of aspiration. However, tracheal intubation is an invasive operation, and the intubation
process may cause irritation and damage to the mucosa and tissues of the throat and trachea,
and then trigger a series of cardiovascular stress reactions. Although many suggestions and
measures have been taken, tracheal intubation may still lead to many complications due to
friction. Polymers have been widely used in biomedical engineering, which can greatly
improve the tribological properties of objects. Applying this technology to endotracheal
tubes can effectively solve the friction problem of endotracheal tubes. A layer of water-
soluble biopolymer is combined on the surface of the catheter through a special process,
and a lubricating film is quickly formed when it meets water. It has been proved that the
superlubricity endotracheal tube can effectively reduce the mechanical stimulation of the
trachea to anatomical structures such as the throat, glottis, and trachea, reduce the incidence
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of airway injury, shorten the intubation time, and maintain hemodynamic stability during
intubation, which is a safe and effective endotracheal intubation tool. By considering this,
we can propose the use of superlubricityin biomedical fields, such as for artificial joints and
surgical instruments.

5.2. Superlubricity RF MEMS Switches

The RF MEMS switch is the basic core electronic component used to control the
on—off state of the circuit. It has the characteristics of a small size, low cost, low energy
consumption, low loss, high linearity, and high isolation, and can be widely used in ad-
vanced electronic equipment fields such as mobile communication terminals, automated
testing, phased array radar, satellite communication, industrial /consumer electrical au-
tomation equipment, etc. However, due to the limitations of reliability, operating power,
and response time, traditional RF MEMS switches have been unable to achieve large-scale
application in related fields. A new electrostatic sliding RF MEMS switch based on struc-
tured superlubricity technology developed by Zheng et al. is different to the traditional
vertical driving structure. It uses the superlubricity interface to realize signal switching.
Because the sliding interface has near-zero friction, no wear, nearly a 100% contact area,
and is ultra-lightweight, the new switch will have the characteristics of a long life, high
power, and fast response, and will completely break through the main technical bottlenecks
of traditional MEMS switches. If the real “ideal switch” is realized, it has the potential to
become the biggest breakthrough technological innovation in the electronics industry since
the advent of transistors, and to promote the electrification revolution of everything.

5.3. Structured Superlubricity-Based Superpower Storage

With the deepening of digital transformation in all industries, big data, Al IoT, cloud
computing, and the meta-universe have brought about the explosive growth of data and
information, and data are no longer just a record of the physical world, but have become a
new production source. The ensuing problem is that the increasing amount of massive data
requires a large amount of underlying storage space. Storage is at the lowest level of the
data development needs, and the data storage capacity demand and market are huge. HDD,
as the current mainstream storage method for the data center and cloud storage, is facing
technical challenges such as storage density and read/write speed bottleneck. In addition,
its flying height has reached its limit, it is very sensitive to vibration, and heat can easily
cause lubricating oil volatilization, and large energy consumption and heat dissipation in
data centers. In order to solve the above problems, scholars have long proposed the concept
of a contact hard disk (i.e., the magnetic head slides on the surface of the platters);however,
due to wear and tear problems, contact hard disk technology has always existed only in
people’s fantasies. In this regard, Zheng Quanshui proposed a super storage device based
on structure superlubricity. In view of the fact that the structure superlubricity technology
can realize the state of almost zero friction and zero wear when two solid surfaces are in
direct contact and relative sliding, it is expected to build the coveted contact hard disk.
When the flying height of the magnetic head is reduced to zero, the signal-to-noise ratio is
greatly improved, and the storage density and reading and writing speed of the hard disk
are increased by 2~3 orders of magnitude. In addition, the contact reading and writing
mode also makes the hard disk more resistant to vibration and collision, and it has a higher
reliability and longer life. At present, Zheng et al. have completed mechanical principle
verification of the ultra-storage device and realized abrasion-free contact sliding verification
for up to 100 km in the atmospheric environment by using the structural superlubricity on
the hard disk.

5.4. Structured Superlubricity-Based Super Microgenerator

Micro-distributed devices are devices that are small in size (nanometer to millimeter
scale), large in number, and distributed to work independently in various application
markets. With the rapid development of nanofabrication and micromachining technologies,
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micro-distributed devices have a great potential to be used in the next generation of
electronics, such as the Internet of Things and micro-robots, to change human life. The
number of these miniature devices will be so large and widely distributed that centralizing
external power to these devices will be very difficult. So, distributed power self-supply
(each device collects its own energy) will be especially important for these micro-devices.
The super microgenerator, a device capable of converting weak, low-frequency mechanical
or thermal energy from the surrounding physical or biological environment into electrical
energy, is characterized by its small structural size and wide range of application. Zheng
et al. released the research results of the world’s first structural superlubricity super
microgenerator in 2021, which is characterized by its small size, simple structure, extremely
high energy density, and long lifetime, and it is expected to completely solve the problem
of sustained, wireless, and needless replacement of energy supply for the tens of billions of
distributed micro- and nano-devices needed for the Internet of Everything.

6. Conclusions and Outlook

Superlubricity, as a brand new branch in the field of tribology, has a wide range of
potential applications. In-depth research by scholars from various countries has made great
progress, solid superlubricity and liquid superlubricity materials have been widely tapped,
and many emerging materials have also joined the study of superlubricity, such as black
phosphorus, the Mxenes family, etc.; many classical superlubricity materials have also been
explored and new systems have been developed; and high-temperature superlubricity
and solid-liquid combined superlubricity have also achieved very significant research
results [197-201]. In this article, we introduce the origin and concept of superlubricity to
give readers a clear understanding of the importance of superlubricity; categorize and
overview the domestic and international research progress of superlubricity; and explore
the generation mechanism of various types of superlubricity in the hope of discovering
universally applicable mechanisms from a wide range of superlubricity designs. The
summary lists classical and novel superlubricity materials, discusses some of the factors
affecting the realization of superlubricity, such as temperature, inert gas participation,
liquid material addition, etc., and also gives an overview of the future applications of super-
lubricity that may be widely realized. The current research has found more superlubricity
materials and friction sub-materials. There are also many composites and coatings, etc.,
which were added to achieve an extremely low friction state, but there seems to be no
clear understanding of the mechanism of superlubricity generation among them. Further
expanding the superlubricity to achieve the correct scale, load-bearing capacity, duration,
and reducing the influence of the superlubricity of the factors and the break-in time repre-
sent current challenges. From the expansion of the range of materials to the continuous
changes in experimental conditions, we are exploring a more systematic mechanism for
realizing superlubricity, attempting to reduce the various constraints on the realization of
superlubricity, and aiming to tap into more materials capable of realizing superlubricity.
Through these studies, we aspire to find simpler systems to realize a durable and stable
superlubricity state, so that superlubricity can enter practical applications widely. With the
continuous integration of artificial intelligence, machine learning, and simulation, future
superlubricity research activities may be able to utilize advanced computational tools
and methods to predict and design more reliable and systematic superlubricity systems,
discover more new superlubricity materials and surfaces, and thus maximize superlubricity
applications, reduce energy loss due to friction and wear, save resources, and bring hope
for global sustainability.
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