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Abstract: Superlubricity, the state of ultralow friction between two sliding surfaces, has become a frontier 

subject in tribology. Here, a state-of-the-art review of the phenomena and mechanisms of liquid superlubricity 

are presented based on our ten-year research, to unlock the secrets behind liquid superlubricity, a major 

approach to achieve superlubricity. An overview of the discovery of liquid superlubricity materials is presented 

from five different categories, including water and acid-based solutions, hydrated materials, ionic liquids (ILs), 

two-dimensional (2D) materials as lubricant additives, and oil-based lubricants, to show the hydrodynamic and 

hydration contributions to liquid superlubricity. The review also discusses four methods to further expand 

superlubricity by solving the challenge of lubricants that have a high load-carrying capacity with a low shear 

resistance, including enhancing the hydration contribution by strengthening the hydration strength of 

lubricants, designing friction surfaces with higher negative surface charge densities, simultaneously combining 

hydration and hydrodynamic contribution, and using 2D materials (e.g., graphene and black phosphorus) 

to separate the contact of asperities. Furthermore, uniform mechanisms of liquid superlubricity have been 

summarized for different liquid lubricants at the boundary, mixed, and hydrodynamic lubrication regimes. To 

the best of our knowledge, almost all the immense progresses of the exciting topic, superlubricity, since the 

first theoretical prediction in the early 1990s, focus on uniform superlubricity mechanisms. This review aims to 

guide the research direction of liquid superlubricity in the future and to further expand liquid superlubricity, 

whether in a theoretical research or engineering applications, ultimately enabling a sustainable state of ultra-low 

friction and ultra-low wear as well as transformative improvements in the efficiency of mechanical systems and 

human bodies.  
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1 Introduction 

Friction and wear are accompanied by many aspects 

of production and life, from the micro- to the macro- 

scale. Humans have been committed to reducing 

friction for thousands of years, saving energy and 

resources, protecting the environment, and improving 

service life [1–3]. According to incomplete statistics, 

nearly one-third of the world’s disposable energy is 

wasted during the friction process [3, 4]. Approximately 

80% of mechanical components and parts fail owing 

to friction and wear. Over 50% of mechanical equipment 

malignant accidents are related to lubrication failure 

during friction [5]. The annual economic losses of 

highly industrialized countries resulting from friction 

and wear are as high as 2% of the GDP value [4]. The 

global GDP was approximately 85 trillion dollars in 

2020; and thus, the economic loss caused by friction 

is estimated to reach 2 trillion dollars. Therefore, 

research on lubrication to reduce friction and wear is 

necessary and has significant social, environmental, 

and economic benefits [6–8]. A significant theoretical 
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breakthrough is the concept of superlubricity, originally 

proposed based on the Frenkel–Kontorova model  

by Hirano and Shinjo et al. [9–12] in the 1990s. It was 

used to describe a theoretical sliding state in which 

friction or resistance to sliding almost vanishes. By a 

widely accepted convention, superlubricity is used to 

describe the lubrication state, where the coefficient of 

friction (COF) is in the order of magnitude of 0.001 or 

lower. In the last three decades, significant progress 

has been made in solid and liquid superlubricity. 

Recently, superlubricity has become a research hotspot 

in fundamental science and engineering communities 

[13]. For solid lubrication materials, graphite, 

diamond-like carbon (DLC) films, multiwall carbon 

nanotubes, and two-dimensional (2D) materials such 

as molybdenum disulfide (MoS2), graphene, and boron 

nitride have been found to exhibit superlubricity 

because of the weak interlayer interaction under 

specific conditions (such as temperature, humidity, and 

contact pressure) [14–22]. Liquid superlubricity can be 

divided into two types: water-based superlubricity 

and oil-based superlubricity. In this review, liquid 

superlubricity is discussed and summarized from 

fundamental phenomena and mechanisms to industrial 

applications. 

To date, liquid superlubrication systems can be 

divided into five categories, as shown in Table 1. The 

first is water-and acid-based aqueous solutions. An 

ultra-low COF of 0.002 was obtained for water when 

two Si3N4 surfaces rubbed against each other at sliding 

speeds above 65 mm/s and contact pressures lower 

than 1 MPa using a pin-on-disk tribometer [23]. 

Subsequently, the superlubricity of water between 

SiC–SiC and Al2O3–Al2O3 was achieved with a 

minimum COF of 0.006–0.007 after a sliding distance 

longer than 1,000 m [24], and the running-in period 

was mainly influenced by the initial roughness of the 

ceramic surfaces [25]. In 2011, a novel superlubricity 

phenomenon of phosphoric acid (H3PO4) was observed 

between glass–Si3N4, sapphire–sapphire, and Si3N4– 

sapphire tribopairs after a running-in period of 

approximately 600 s using a universal micro-tribometer 

[26–28]. Next, an ultra-low COF of 0.004−0.006 for 

mixtures of acids and glycerol or polyhydroxy alcohols 

was obtained between the Si3N4–glass and Si3N4– 

sapphire interfaces [29–31]. For water and acid-based 

solutions, a lubrication film was formed to support 

the normal load and had a low shear resistance. That 

is, the hydrodynamic effect plays a key role in the 

superlubricity, and a hydrogen bond network helps 

to increase the viscosity of lubricants [27, 31]. 

To explore novel mechanisms to realize superlubricity, 

a few studies have been performed using a surface 

force apparatus or surface force balance (SFA or SFB), 

and the hydration effect was proposed to explain the 

extremely weak shear resistance of the hydrated 

materials between two mica surfaces [32]. Hydrated 

ions, phosphatidylcholine (PC) liposomes or bilayers, 

polymer brushes, and amphiphilic surfactants have all 

been confirmed to be superlubricating, and ultra-low 

Table 1 Five different categories of liquid superlubrication systems. 

Lubricant materials 
1

COF  Pressure2 (MPa) Methods3 

Water and acid-based solutions [23, 26, 31] 0.002−0.009 5 Tribometer, SFA 

Hydrated ions [33, 53, 54] 10−4−0.01   10–250 SFA, tribometer 

Phospholipids [37, 87, 88] 10−5−0.002 40 SFA 

Polymer brushes [35, 46, 89] 10−4−0.01   15 SFA, tribometer 

Surfactants [36, 90, 91] 10−4−0.01   10 SFA, AFM 

Hydrated materials 

Hydrogels [49, 50, 92–95] 0.001−0.01   1 Tribometer 

Ionic liquids [45, 51, 52, 96, 97] 0.001−0.006 130 AFM, tribometer 

2D materials as lubricant additives [64, 65] 0.0006−0.006 650 Tribometer 

Oil-based lubrication [79, 83, 84, 86, 98–100] 0.001−0.008 100 Tribometer 
1 COF  is the average coefficient of friction. 
2 Pressure represents the average contact pressure during superlubricity. 
3 SFA represents surface force apparatus, the same as surface force balance (SFB); AFM represents atomic force microscope. 
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COF of 10−5−10−3 was obtained at maximum contact 

pressures of 1−30 MPa. This was attributed to a 

hydration layer [33–40]. The fluid hydration layer 

cannot only sustain a large normal load without 

being squeezed out but also retain the shear fluidity 

characteristic of the bulk liquid even under compression 

[32]. Based on recent studies, binary saturated and 

monounsaturated PC mixtures showed good boundary 

lubrication and rapid self-healing up to contact 

pressures of 5 MPa [41]. Sphingomyelin has also been 

found to be an excellent boundary lubricant in synovial 

joints, which is in parallel with PC [42]. Phytoglycogen 

nanoparticles exhibited striking boundary lubrication 

performance with a COF of 10−3 and excellent water 

retention because of the abundance of close-packed 

hydroxyl groups forming hydrogen bonds with water 

and then forming hydrated layers [43]. In particular, 

ionic liquids (ILs) exhibit efficient lubrication properties 

because of the irregular shapes of the ions and strong 

coulombic interactions between the ions and charged- 

confining surfaces at the microscale [44]. The 

superlubricity of ILs at the silica–graphite interface 

can be externally controlled by applying an electrical 

potential to the graphite surface using an atomic force 

microscope (AFM) because the IL is solely composed 

of cations and anions [45]. The combination of ILs 

and polymer brushes has been found to exhibit 

excellent lubrication characteristics. Concentrated 

polymer brushes immersed in two highly viscous 

ILs exhibited an ultra-low COF (< 0.001) between 

hydrophobized silica surfaces because of the small 

adhesive interaction between the two brush surfaces 

and hydrodynamic lubrication [46]. 

However, most experiments were conducted using 

SFA and AFM with atomically smooth surfaces (such 

as mica and graphite) under low contact pressures, 

and obtaining macroscale superlubricity of hydrated 

materials and ILs remains unresolved for a long time. 

Recently, breakthroughs have been made on macroscale 

superlubricity. The brush-like co-polyelectrolyte 

(PLL-g-PEG) adsorbed on oxide surfaces (FeOx–SiOx) 

and ceramic surfaces (Si3N4, SiC) showed low COF  

(< 0.01) with the speed increasing from 0.1 to 2.5 m/s 

using a pin-on-disk tribometer because a lubrication 

film with a thickness of above 10 nm was formed after 

a long running-in period; and thus the superlubricity 

was attributed to the hydrodynamic lubrication because 

the film thickness was larger than the composite 

surface roughness [47, 48]. Zwitterionic hydrogels 

had remarkable lubrication capabilities and showed a 

low COF of 0.002−0.006 under a normal load between 

0.5 and 4 N. This was attributed to a hydrated layer 

on the hydrogel surfaces [49, 50]. Ultra-low COFs of 

0.002–0.005 and 0.002–0.008 were achieved by hydrated 

ions and ILs between Si3N4–sapphire and Si3N4–Si3N4 

interfaces, respectively, using a ball-on-disk tribotester 

under contact pressures of above 100 MPa [51–54]. 

The superlubricity of carbon quantum dots modified 

by ILs was achieved between silicon chips and steel 

or Al2O3 balls at an applied load of 20 mN using a 

rotating ball-on-disk tribotester [55]. 

However, a higher load-carrying capacity of liquid 

lubricants is necessary, especially in engineering 

applications. Based on previous studies, the final 

average contact pressures after achieving superlubricity 

are typically less than 300 MPa, and most of them  

are less than 10 MPa, even though the initial contact 

pressures are much higher (even up to 1 GPa), which 

results from mechanical wear and tribochemical 

reactions during the running-in period. According to 

the Hamrock–Dowson theory based on hydrodynamic 

lubrication, liquid superlubricity is influenced by the 

contact pressure between friction surfaces and the 

pressure–viscosity coefficient of the lubricant [56]. 

When the pressure–viscosity coefficient is less than  

5 GPa−1, liquid superlubricity can still be obtained 

at pressures above 500 MPa [57, 58]. Theoretically, 

it is possible for aqueous lubricants with low 

pressure–viscosity coefficients to achieve water-based 

superlubricity under high contact pressures. Recently, 

a novel comb-type polymer and aqueous PEG–salt 

mixtures achieved an ultra-low COF of approximately 

0.005 under high contact pressures of above 350−  

500 MPa. This was attributed to the synergistic 

effect of hydration contribution and hydrodynamic 

lubrication [59, 60].  

In addition, 2D materials have been used as 

high-performance liquid-phase lubricant additives 

[22, 61–63]. Superlubricity was achieved using a 

combination of graphene oxide (GO) nanosheets and 

an IL ([Li(EG)]PF6) between Si3N4–sapphire interfaces 

under an extreme pressure of 600 MPa, which mainly 
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resulted from the high load-carrying capacity of the 

GO nanosheets and the low shear resistance between 

the GO nanosheet interlayers [64]. As a newcomer  

to 2D materials, black phosphorus (BP) nanosheets 

achieved an ultra-low COF of 0.0006−0.006 between 

Si3N4–SiO2 interfaces under high contact pressures of 

up to 100 MPa after modification by NaOH (BP–OH), 

which resulted from the lamellar slip of BP–OH 

nanosheets and the low shear resistance of the water 

layer retained by BP–OH nanosheets [65–67]. In 

summary, to achieve liquid superlubricity, lubricants 

must exhibit two characteristics. The lubricant should 

have a low viscosity, which can shear easily while 

providing sufficient load support [68]. These findings 

laid the foundation for the analysis of the underlying 

superlubricity mechanisms in aqueous conditions. 

In addition to the experimental studies, water-based 

superlubricity has also been studied at the atomic 

scale using molecular dynamics (MD) simulations. 

Leng et al. [69, 70] performed MD simulations to 

investigate the hydration structure of water and the 

shear dynamics of hydration water confined between 

mica surfaces (which are inert, atomically smooth, 

and easily prepared by cleavage in an ambient 

atmosphere [71]) at a pressure of 0.1 MPa and a 

temperature of 298 K. They found that the surface- 

bound hydration layers under nanoconfinement 

(with a distance of 0.9–2.4 nm) could remain fluid, 

as observed in SFA experiments, resulting in highly 

efficient superlubrication, which could be explained 

by the fast rotational and translational dynamics  

of water molecules in the hydration layers under 

confinement [69, 70]. Based on MD simulations, a 

repulsive hydration force and thus a high load-bearing 

capacity in aqueous KCl electrolyte solution was 

obtained within a distance of 2 nm between mica 

surfaces, which was attributed to the very hard 

hydration shells of K+ cations under confinement [72, 73]. 

Through MD simulations in highly concentrated and 

confined aqueous NaCl solutions, the electric double- 

layer structure was sensitive to the distribution of 

surface charges, and a slight charge inversion appeared, 

which depended on the bulk concentration and 

surface charge density [74]. The charge inversion 

phenomenon at high concentrations was also observed 

in zeta-potential experiments, which was conducive to 

superlubricity [54]. However, most of the above 

simulation studies were performed around mica 

surfaces in aqueous solutions, which can only 

describe the interfacial and molecular interactions at 

high concentrations; however, it cannot reasonably 

simulate the interactions at low concentrations because 

of the confined simulation systems (which are usually 

in the nanoscale conditions). The mica surface loses 

K+ ions at the interface when immersed in aqueous 

solutions and becomes negatively charged, which 

influences the initial concentration of the aqueous 

solutions [75]. The higher the concentration of the 

initial solution, the smaller the impact of the loss of 

K+ ions on the concentration. For graphite, graphene, 

or titanium carbide surfaces, such a problem does not 

occur [76–78]. Therefore, a solution to the accuracy 

problem of concentration during MD simulations 

on mica surfaces at low concentrations may be worth 

considering in subsequent simulation studies. 

Compared with numerous studies on water-based 

superlubricity, oil-based superlubricity can satisfy 

industrial applications and result in direct economic 

benefits. For oil-based lubrication, the pressures 

between friction pairs are mainly supported by the 

hydrodynamic lubrication film because of the higher 

viscosity and higher viscosity–pressure coefficient 

of oils. However, some breakthroughs to achieve 

oil-based superlubricity have also been made in recent 

years. Zhang et al. [79] and Li et al. [80, 81] found that 

the superlubricity of diketone lubricants can be obtained 

between steel surfaces because of the chemical 

adsorption layers formed on the rubbing surfaces 

through a tribochemical reaction occurring between 

the benzoylacetone and rubbing steel surfaces. Some 

studies also found the superlubricity of castor oils 

between Nitinol 60 alloy and steel surfaces, and the 

superlubricity of poly-α-olefin (PAO) oil between 

Si3N4–DLC films, as well as the superlubricity of 

glycerol between DLC or graphene-coated surfaces 

[82–84]. In addition, modified 2D materials (such as 

graphene) as novel lubricating additives in oils 

(such as PAO and polyalkylene glycol) can also 

achieve ultra-low friction, which is attributed to the 

tribochemical layer formed on the friction pairs and 

the hydrodynamic effect [85, 86]. More patience is 

needed to obtain oil-based superlubricity without 
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hydrodynamic contributions in the future. 

The main purpose here is to summarize and review 

our research on liquid superlubricity in the past decade, 

and then to discuss the superlubricity mechanism 

based on our studies. Furthermore, considering the 

significant efforts made in liquid superlubricity from 

fundamental science and engineering applications 

in the last three decades, this review article aims to 

cover the developments and unlock the mechanisms 

of liquid superlubricity. Here, the initial discovery  

of liquid superlubricity is introduced, especially the 

acid-based superlubricity discovered in our laboratory, 

and then discuss methods and materials to further 

expand superlubricity from the well-known hydration 

superlubrication to novel 2D materials as new lubricant 

additives. In particular, the superlubricity phenomenon 

is summarized and uniform superlubricity mechanisms 

suitable for most water-based superlubricity systems 

are proposed. Finally, suggestions and an outlook for 

future research on liquid superlubricity are offered. 

2 Initial discovery of liquid superlubricity 

Since the discovery of superlubricity by water 

lubricating two ceramic surfaces in the 1990s, little 

progress has been made in the field of macroscale 

liquid superlubricity, and few superlubricating materials 

(including polysaccharide and polymer brushes) have 

been found [47–48, 101]. Thus, the development of 

liquid superlubricity seems slow in the following 20 

years [102]. Energy is dissipated by disordered liquid 

molecules during shear because of entanglement and 

collision, resulting in high shear resistance. Meanwhile, 

disordered liquid molecules cannot form stable 

repulsion to sustain the normal load on friction surfaces 

[102–104]. Therefore, obtaining liquid superlubricity 

under high contact pressures (~100 MPa) and normal 

environmental conditions (room temperature, 

atmospheric pressure, and air atmosphere) remains  

a significant challenge unless the aforementioned 

problems can be solved. A significant breakthrough 

in the field of macroscale liquid superlubricity was 

made in the early 2010s (approximately 20 years after 

the first realization of ceramic–water–ceramic super-

lubrication) using phosphoric acid aqueous solution 

as well as mixtures of acids and glycerol as lubricants 

inspired by yogurt [26, 29, 103, 105]. An ultra-low 

COF of 0.003−0.006 was obtained between Si3N4– 

glass, Si3N4–SiO2, Si3N4–sapphire, and ruby–sapphire 

interfaces under lubrication of an H3PO4 solution  

(pH = 0−1.5), mixed solutions (pH = 0−1.5) of inorganic  

or organic acids (H3BO3, H2SO4, HCl, C3H6O3, H2C2O4, 

C6H8O7, and H3NO3S), and glycerin at a normal load 

of 0.5−10 N, corresponding to a final contact pressure 

of 50−230 MPa, as shown in Fig. 1(a) [26–29, 31, 106, 

107]. In addition, water-based superlubricity was 

achieved with similar lubricants, such as mixtures of 

acids and polyhydroxy alcohols (including polyethylene 

glycol), after a running-in period of approximately 

500 s [30, 108]. 

Since the discovery of acid-based superlubricity, the 

superlubricity mechanism has been explored. It has 

been shown through experiments before 2015 that 

two factors dominated the superlubricity (including 

friction, in situ Raman spectrum, and sum-frequency 

generation vibrational spectroscopy) as well as 

conjectures, such as H+ ions in the lubricants and a 

network of hydrogen bond formed by water and  

acid molecules [106, 109–111]. However, tribological 

experiments and calculation showed that acid-based 

superlubricity was influenced by the contact pressure, 

sliding speed, and pressure–viscosity coefficient of 

lubricants, and the superlubricity of the H3PO4 

solution failed when the sliding speed was less than 

12−40 mm/s and the normal load was above 7−10 N 

[27, 28, 56, 112]. Therefore, it is reasonable to speculate 

that the hydrodynamic effect might play a significant 

role in the achievement of acid-based superlubricity. 

With the aid of an experimental setup for film 

thickness measurements based on the relative optical 

interference intensity, the in situ film thickness of 

lubricants during friction can be measured accurately 

with a high resolution in film thickness of 0.5 nm [27, 

113]. As shown in the interference images at different 

times (Fig. 1(a)), a bright tail appeared at the outlet 

region of the contact area at 100 s, which resulted 

from the negative pressure at the outlet induced by the 

hydrodynamic effect. The COF and film thickness of 

the H3PO4 solution vs. sliding speed were measured 

simultaneously, as shown in Fig. 1(b). The COF 

decreased from approximately 0.3 to 0.003, and the 

film thickness (h) increased from 5–8 to 17 nm (and the 
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length of the bright tail was increased significantly) 

as the sliding speed increased from 6 to 100 mm/s. 

The equivalent surface roughness of the friction pairs 

( ) was approximately 5 nm. According to the criteria 

(the thickness-roughness ratio  /h ) to judge 

lubrication regimes [114] and the Stribeck curve 

(describing the relationship between COF and sliding 

speed), it can be inferred that acid-based solutions 

were in the mixed and elastohydrodynamic lubrication 

regimes during superlubricity. That is, hydrodynamic 

lubrication contributes significantly to acid-based 

superlubricity, which provides a complete under-

standing of acid-based superlubricity. It should be 

noted that the viscosity of the H3PO4 solution 

increased from 2−3 to 25 mPa·s as the concentration 

of H3PO4 molecules increased from 20% to 80% 

during the friction process from the running-in period 

to the superlubricity state. During superlubricity, the 

viscosity increased by 10 times. This was attributed 

to the evaporation of water and the formation of a 

hydrogen bond network, which led to an increase in 

the film thickness and an increase in the hydrodynamic 

lubrication [27]. In addition, the H+ ions played two 

roles during the running-in period, such as reducing 

the surface roughness to form relatively smooth 

friction surfaces and assisting in the formation of    

an easy-to-shear silica layer through a tribochemical 

reaction [31, 115, 116], which also led to the increasing 

contribution of hydrodynamic lubrication. In summary, 

the acid-based superlubricity achieved by a series  

of acids and a combination of different acids and 

alcohols was mainly attributed to the contribution of 

the hydrodynamic effect, and the running-in period 

was essential for the achievement of superlubricity. 

Superlubricity with the lubrication of H3PO4 solution 

can also be obtained in a vacuum with a vacuum 

degree lower than 10−2 Pa, which was attributed to 

the phosphoric acid-water network and water 

molecules locked in the lubrication film even in a 

vacuum because of the interaction of the strong 

hydrogen bond [117]. 

The acid-based superlubricity can also be explained 

from the perspective of the Stribeck curve, as shown 

in Fig. 2. Three lubrication regimes can be identified 

according to the relationship between COF and the 

Sommerfeld number (ηv/p, where η represents the 

viscosity, v represents the velocity, and p represents 

the contact pressure), such as boundary lubrication 

(BL), mixed lubrication (ML), and hydrodynamic or 

elastohydrodynamic lubrication (EHL). In the BL   

 

Fig. 1 Results of friction and film thickness of the H3PO4 solution (pH = 1.5) and a mixed aqueous solution of H2SO4 and glycerin 
(pH = 1.5) under a load of 1.5 N. (a) COF vs. time for a H2SO4 and glycerin (20%) mixture. The images below showed the contact area
(sliding speed = 0.076 m/s) at (1) 10 s, (2) 100 s, (3) 170 s, and (4) 300 s, respectively. (b) Film thickness and COF as a function of 
sliding speed for the H3PO4 solution. The interference images below showed the contact area at different speeds. Reproduced with
permission from Ref. [27], © the Author(s) 2014; Ref. [31], © Elseiver Ltd. 2016. 
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Fig. 2 Classical Stribeck curve with the lubrication regime 
identified (the black curve) and the methods to reduce friction 
(the red and blue curves). The red curve represents a reduction in 
the viscosity of lubricants, resulting in a decrease in COF in the 
EHL regime and an increase in COF in the BL regime, whereas 
the blue curve represents methods to reduce COF in the BL regime, 
such as the surface coating technique and surface grafting 
modification. Superlubrication (the green dot curve) is becoming 
the goal for researchers in the field of mechanics, physics, chemistry, 
material, and engineering. 

regime, solid surfaces contact each other directly, and 

the load is mainly supported by the surface asperities; 

thus, high friction exists. However, the COF can be 

reduced by surface coating and surface grafting 

modification (the blue curve) [35, 47, 82, 118–121]. In 

the EHL regime, the fluid lubrication film completely 

separates two solid surfaces, and the load is mainly 

supported by the hydrodynamic pressure, where 

the friction is significantly influenced by the effective 

viscosity of the liquid confined in the contact area. 

Therefore, an effective method to reduce the COF in 

the EHL regime is to reduce the viscosity of lubricants; 

however, the decrease in viscosity will increase the 

COF at the BL and ML regimes (the red curve). In the 

ML regime, some surface asperities are in contact, 

and the load is supported by both surface asperities 

and lubrication film. The lowest COF is in the 

transition position between ML and EHL, where the 

thinnest fluid film lubrication is formed, which was 

also demonstrated through calculations based on 

elastohydrodynamic lubrication [56, 92]. It has been 

confirmed that acid-based superlubrication occurs 

in the ML and EHL regimes, which is in accordance 

with the prediction of the Stribeck curve. To the best 

of our knowledge, both high and low Sommerfeld 

number regimes should be considered to achieve 

super-low friction under a wide range of conditions 

(the green dot curve). Reducing the viscosity of  

lubricants is necessary to reduce the COF in the high 

Sommerfeld number regime (EHL regime); thus, 

aqueous lubricants will be better than oils because 

of the low viscosity of aqueous solutions [56, 99]. In 

addition, there are still some difficulties in obtaining 

superlubricity in the low Sommerfeld number regime 

(BL regime). In the BL regime, the friction force is 

mainly derived from the interactions between surface 

asperities. Therefore, the avoidance of direct contact 

between surface asperities is the key to obtaining 

superlubricity, which leads us to solve the question of 

how to share the normal pressures. This is challenging 

because the high load-carrying capacity and low shear 

resistance of lubricants are usually mutually exclusive; 

however, they are both necessary to achieve super-

lubricity. Significantly, the hydration effect and 2D 

materials with low interfacial shear strength have been 

proposed to exhibit super-low friction, which provides 

a novel method to extend liquid superlubricity. 

3 Hydration contribution to liquid super-

lubricity 

With the aid of SFA or SFB setups and atomically smooth 

mica surfaces, normal and friction forces are measured 

in aqueous solutions, and hydration repulsion and 

hydration lubrication effects have been observed to 

show extremely low friction [32, 34, 35, 122–125].  

The water molecules and hydration layers (charges 

surrounded by water molecules) retain the shear 

fluidity characteristic of the bulk liquid between two 

mica surfaces confined to thin films of a few molecular 

layers, which is attributed to the rapid exchange of 

water molecules within the hydration shells and 

bulk solution during shear under strong compression 

[32, 124, 126]. The persistent fluidity of hydration 

layers nanoconfined between mica surfaces with a 

film thickness of 0.9–2.4 nm was also found through 

molecular dynamics simulations, resulting from the 

fast rotational and translational dynamics of water 

molecules under this extreme confinement [69, 70, 

72]. Many hydrated materials (such as hydrated ions, 

charged and zwitterionic polymer brushes, surfactants, 

phosphatidylcholine liposomes or bilayers, and other 

biological macromolecules) have been found to exhibit 

striking lubrication properties because the hydration  
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layers can sustain large pressures without being 

squeezed out while retaining fluid response to 

shear with extremely low friction [125, 127, 128]. A 

sliding COF as low as 10−5−10−3 was obtained between 

hydrophilic mica surfaces or even hydrophobic surfaces 

under mean contact pressures of up to 10−30 MPa  

[37, 129]. Inspired by hydration lubrication, it can  

be proposed that the hydration repulsive force can 

prevent the direct contact of the surface roughness 

peaks and bear the normal pressures. That is, a novel 

method of introducing the hydration effect into the 

macroscale lubrication was considered to obtain 

liquid superlubricity in a wider range of conditions 

(such as higher pressure, lower velocity, and rougher 

surfaces). Therefore, to obtain macroscale superlubricity 

under a boundary lubrication regime with a higher 

contact pressure above 100 MPa, tribological experiments 

were performed on hydrated ions using a ball-on- 

disk tribometer, as shown in Fig. 3. It can be seen 

that an ultra-low COF of 0.005 was obtained between 

Si3N4 and sapphire surfaces with the lubrication of 

three alkali metal salt solutions (Li+, Na+, and K+) under 

high contact pressures above 250 MPa. This result 

agrees with the expectations of the Hofmeister series, 

where the lubrication is improved by enhancing the 

ionic hydration strength [53, 130]. An acid (such as 

H3PO4, HCl, and H2SO4) running-in period of 300 s 

was the basis of the superlubricity by hydrated 

ions (Fig. 3(c)), and it has also been found that the 

running-in period is necessary for most liquid 

superlubrication systems (such as ceramic–water– 

ceramic, ceramic–acid–ceramic, and steel–oil–steel 

systems) [31, 79, 131]. In addition, the hydrodynamic 

effect still plays a role in achieving the superlubricity 

of hydrated ions, because the COF increased to > 0.01 

as the sliding speed decreased (Fig. 3(d)), meaning 

superlubricity under the boundary lubrication regime 

cannot be realized when the hydrodynamic effect 

weakens. 

It has been demonstrated that a smooth worn 

region is formed during the running-in process, with 

a decrease in surface roughness and contact pressure, 

 

Fig. 3 Superlubricity of hydrated ions between Si3N4–sapphire interfaces under a normal load of 3 N: (a) COF of H3PO4 solution, KCl 
solution, and water with or without acid running-in. (b) Comparison of COF under lubrication of five different chloride salt solutions. 
(c) COF of KCl solution after running-in with H2SO4 and HCl solutions. (d) COF of KCl solution and water with or without acid
running-in as a function of sliding speed. Reproduced with permission from Ref. [53], © American Chemical Society 2018. 
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thereby contributing to hydrodynamic lubrication  

[31, 132]. In addition, a tribo-induced silica layer was 

generated through a tribochemical reaction during the 

acid running-in period, and its amorphous structure 

and film thickness were resolved using transmission 

electron microscopy (TEM, Fig. 4(a)) and X-ray 

photoelectron spectroscopy (XPS) depth profile 

technique, which was consistent with previous findings 

[31, 132]. The silica layer was softer and had a lower 

elastic modulus of approximately 75 GPa (1/4 of 

Si3N4’s elastic modulus), which resulted in less shear 

resistance during boundary lubrication, and the COF 

of Si3N4 with a silica layer was reduced by 55% to 

130% compared to that without a silica layer [115]. 

Furthermore, the formation of a silica layer increased 

the density of hydroxyl groups (–OH) on the Si3N4 

surface, thereby increasing the surface negative potential 

(the surface negative charge density increased by over 

50%) and hydrophilicity (the contact angle decreased 

from 77°–85° to 61°–67°), which was confirmed by 

ζ-potential (Fig. 4(b)) and contact angle measurements. 

Therefore, more hydrated cations can be adsorbed on 

negatively-charged ceramic surfaces, which enhances 

hydration lubrication to achieve superlubricity. 

Figure 4(c) shows that superlubricity can only be 

obtained when the pH of the KCl solution is above 5, 

and the COF increases to above 0.01 with a decrease 

in pH below 5. Because the isoelectric points (IEPs) of 

Si3N4 and sapphire were both located at pH = 4.3 ± 0.3, 

it can be concluded that the superlubricity of hydrated 

ions can be achieved only when the friction surfaces are 

both negatively charged, which further proves that the 

hydration effect plays a key role in the achievement 

of superlubricity [53, 115]. In summary, not only the 

surface roughness and contact pressure decreased 

(contributing to the hydrodynamic lubrication), a 

tribo-induced silica layer was also generated during the 

running-in period. Two main roles of the silica layer 

have been reported to achieve superlubricity. First, 

the silica layer exhibits excellent friction-reducing 

properties under boundary lubrication at both the 

macroscale and microscale levels. Second, the silica 

layer has a larger negative surface charge density and 

better hydrophilicity, resulting in increased adsorption 

of hydrated cations on ceramic surfaces (contributing 

to hydration lubrication). 

4 Further expansion of superlubricity 

In essence, a high load-carrying capacity and a  

low shear resistance are necessary to achieve liquid 

superlubricity. The challenge is that it is usually 

incompatible and mutually exclusive for lubricants to 

exhibit both high load-carrying capacity and low 

shear resistance [68]. Therefore, the determination of 

methods to overcome this challenge is the main focus 

to obtain superlubricity in previous studies; thus, 

water and aqueous solutions with low viscosity are 

usually used as lubricants. In addition, previous studies 

on superlubricity show that smooth surfaces (with a 

surface roughness lower than 10 nm) were typically 

formed during superlubricity because of the early 

running-in period [27, 53, 132]. To the best of our 

knowledge, further expansion of liquid superlubricity, 

whether in theory or engineering applications, is 

worth exploring [68, 111]. Two key questions are 

proposed to extend the liquid superlubricity (including 

phenomena and mechanisms). 

 

Fig. 4 A tribo-induced silica layer contributes to hydration lubrication: (a) TEM image showing the cross-section of the worn region on 
the Si3N4 ball after running-in with H3PO4 solution. (b) Comparison of ζ-potential for three different plates in neutral KCl solutions 
(pH = 5.3 ± 0.2). (c) COF of KCl solution as well as the ζ-potential of sapphire and Si3N4 as a function of pH value for a KCl solution 
of 50 mM. Reproduced with permission from Ref. [115], © American Chemical Society 2019. 
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1) How to obtain liquid superlubricity under a wider 

range of conditions (such as higher contact pressure, 

lower sliding velocity, and shorter running-in time) 

is important, which will have a significant impact on 

engineering applications based on liquid lubrication. 

2) The hydrodynamic effect plays a key role in 

superlubricity in the hydrodynamic lubrication regime. 

In the boundary and mixed lubrication regimes, 

exploring novel methods to separate the friction 

surfaces or surface asperities apart from the hydration 

effect is valuable, which might contribute to obtaining 

novel superlubricity systems. 

Recently, studies have been conducted to answer the 

first question. Figure 3(d) indicates that an ultra-low 

COF could only be obtained when the velocity was 

higher than 220 mm/s for water and KCl solution 

between Si3N4 and sapphire surfaces. After running-in 

in an acid solution, the lowest velocity to achieve 

superlubricity decreased to approximately 60 mm/s 

for the KCl solution. With the finding that a stronger 

hydration strength leads to better lubrication and less 

friction, that is the lubrication property of the salt 

solution is in agreement with the expectation analogous 

to the Hofmeister series [53, 124, 133], multivalent ions 

can be expected with a higher hydration strength to 

exhibit better lubrication characteristics. Recently, 

friction measurements of multivalent salt solutions 

were conducted between Si3N4 and sapphire surfaces 

[54], as shown in Fig. 5. All five different trivalent 

cations (Al3+, Ce3+, Cr3+, La3+, and Sc3+) at high con-

centrations (1 M) exhibited superlubricity with a 

COF of 0.002−0.004 under contact pressures above 

250 MPa. Three divalent alkaline-earth metal cations 

(Mg2+, Ca2+, and Sr2+) at a high concentration (1 M) also 

achieved an ultra-low COF of 0.005−0.006. However, 

at a lower concentration (50 mM), both trivalent and 

divalent ions showed higher COFs under the same load 

and velocity, because adhesion rather than hydration 

repulsion existed between two negatively-charged 

surfaces in salt solutions at concentrations lower   

 

Fig. 5 Superlubricity of multivalent ions. (a) COF of 1 M trivalent chloride solutions after running-in with H3PO4 solution (pH = 1.5). 
(b) COF of monovalent (KCl, 50 mM and 1 M), divalent (MgCl2, 1 M), and trivalent (AlCl3, CeCl3, CrCl3, LaCl3, and ScCl3, 1 M) 
chloride solutions as a function of velocity. (c) Relationship between the lowest velocity to achieve superlubricity and the average
contact pressure in this study and previous studies. EHL and BL denote elastohydrodynamic lubrication and boundary lubrication, 
respectively. (d) ζ-potentials of Si3N4 and sapphire as a function of concentration in KCl, MgCl2, and LaCl3 solutions. (e) Schematic of 
the lubrication model to reveal the mechanism of the superlubricity enabled by hydrated multivalent ions. Reproduced with permission
from Ref. [54], © American Chemical Society 2019. 
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than the critical hydration concentration. That is, the 

hydration layers will be easier to squeeze out under 

confinement at lower concentrations [134, 135]. 

Because the higher the hydration strength, the better 

the lubrication performance is, it can be speculated 

that multivalent ions with higher hydration strength 

can realize ultra-low friction at lower velocities, which 

was confirmed by the velocity-dependent COF   

(Fig. 5(b)). The lowest velocity to achieve superlubricity 

for 1 M KCl, MgCl2, and MCl3 (M represents Al, Ce, 

and Cr) was 45, 30, and 3 mm/s, respectively. Trivalent 

ions, including Al3+, Ce3+, and Cr3+, showed the best 

lubrication performance over a wide range of velocities 

(3−500 mm/s), and monovalent K+ ions showed the 

worst lubrication performance in the low-velocity  

(< 110 mm/s) regime. According to Fig. 5(c), compared 

with previous studies, hydrated multivalent ions  

can achieve superlubricity at a relatively low velocity 

(3 mm/s) under a high contact pressure (250 MPa), 

resulting from the synergistic effect of hydration 

lubrication and hydrodynamic lubrication (Fig. 5(e)). 

On the one hand, hydrated ions are adsorbed strongly 

on negatively-charged ceramic surfaces; thus, the 

hydration lubrication contributes to the superlubricity, 

as demonstrated by SFA [32, 33] and ζ-potential 

measurements (Fig. 3(d)). On the other hand, the 

hydrodynamic effect also plays a role in the 

achievement of superlubricity owing to the existence 

of the lubrication film between solid surfaces, which 

is verified by the velocity-dependent friction (Fig. 5(b)) 

and film thickness calculation (the average film 

thickness was approximately 1–6 nm at a velocity 

of 50−500 mm/s under a normal load of 3 N) [54]. In 

summary, the macroscale liquid superlubricity was 

extended to a wider range of velocities from below 3 

to above 500 mm/s under high contact pressures by 

enhancing the hydration strength of multivalent ions. 

Subsequently, the achievement of superlubricity with 

shorter running-in time at high contact pressure was 

investigated based on our previous findings (including 

macroscale hydration superlubricity [53, 54, 115, 136] 

and acid-based superlubricity [26–31, 103, 106–109]). 

A running-in period ( 300 s) is a necessary 

prerequisite to achieving macroscale hydration 

superlubricity and acid-based superlubricity. Generally, 

a long running-in period leads to serious wear on 

friction surfaces. To reduce wear and improve the 

service life of the equipment, the running-in time 

should be reduced. Recently, this limitation was 

overcome through the active design of aqueous mixtures 

of hydrated ions and polyethylene glycol (PEG) 

solutions; thus, the hydration and hydrodynamic con-

tributions were combined [60]. As shown in Fig. 6(a), 

the COF of the PEG300–KCl mixture decreased from 

0.15 to 0.004 with a running-in time of less than 

1 min. The Si3N4 ball had the lowest wear rate after 

lubrication with the PEG300–KCl mixture, compared 

with the other three control lubricants, because of  

the lowest running-in time. The superlubricity of 

PEG–salt mixtures can be achieved at different mass 

fractions and concentrations of PEG and salts under 

a wide range of normal loads (1–9 N) and velocities 

(0.05–0.5 m/s). An ultra-low COF of 0.003−0.004, along 

with a short running-in time of less than 1 min, was 

obtained with the lubrication of aqueous mixtures of 

PEG300 and monovalent and multivalent chloride salt 

solutions (Fig. 6(b)). The mixed solutions of KCl and 

PEG with different molar masses of 200−1,000 g/mol 

also exhibited ultra-low friction, and the running-in 

time increased slightly from 40 to 150 s with an increase 

in the PEG molar mass from 200 to 1,000 g/mol owing 

to the increased viscosity of the mixtures (Fig. 6(c)). 

Therefore, rapid superlubricity was achieved using 

the PEG–salt mixture under high contact pressures 

of 500−600 MPa, and the Si3N4 ball had significantly 

low wear, and the sapphire disk had almost no wear 

because of the short running-in period, which was 

much shorter than that in previous findings, as 

shown in Fig. 6(d) [82, 86, 117, 137]. In the PEG–salt 

solution, hydrated cations can adsorb strongly on 

the negatively-charged ceramic surfaces, thereby 

favoring hydration lubrication, and PEG molecules 

retain random coils filling the bulk of the interfacial 

film, significantly increasing the viscosity of the 

mixed lubricants; thus contributing to hydrodynamic 

lubrication [60, 138]. In summary, superlubricity can 

be obtained at a low velocity of 3 mm/s with a rapid 

running-in under high contact pressures (> 250 MPa), 

by simultaneously enhancing the hydration strength 

and combining the contribution of hydration and 

hydrodynamic lubrication [60]. 

Because of these facts, hydrodynamic lubrication can 

be improved by increasing the viscosity of lubricants 

to a certain extent, and hydration lubrication can be 



1148 Friction 10(8): 1137–1165 (2022) 

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

 

enhanced by increasing the hydration strength of 

cations. Furthermore, hydration lubrication can be 

achieved by adsorbing hydrated ions on charged solid 

surfaces without being squeezed out of the contact 

area under confinement. Therefore, in addition to 

enhancing the ionic hydration strength (which is the 

intrinsic property of ions), hydration lubrication can 

also be improved by increasing the surface charge 

density of friction surfaces because more counterions 

will be adsorbed on the charged surfaces. To further 

examine whether lubrication can be improved by 

enhancing the surface charge density, which can be 

assessed by the IEP, a new material was synthesized 

by grafting carboxylate anions (RCOO−) into an 

epoxy resin matrix for tribological experiments [139]. 

Compared with the pristine epoxy resin (IEP = 6), 

modified epoxy resins with lower IEP of 3.8 and 3 

exhibited better lubrication properties at low velocities 

of 1.2–94.2 mm/s (Figs. 7(a) and 7(b)). The modified 

epoxy resin with a lower IEP of 3 showed better 

lubrication properties than that with a higher IEP of 

3.8. Figure 7(c) shows the COF of the modified epoxy 

resin (IEP = 3.8) rubbing past the sapphire surface 

under lubrication with water and NaCl solution and 

in dry friction. The COF increased with an increase in 

velocity in dry friction owing to the much more severe 

collision and wear of the asperities. In contrast, the 

COF increased with a decrease in velocity under the 

lubrication of water, indicating that the hydrodynamic 

lubrication weakened at lower velocities. As expected, 

the modified epoxy resin exhibited the lowest COF 

under lubrication with NaCl solution over the entire 

range of velocities, showing that ultra-low friction 

mainly resulted from hydration lubrication rather 

than hydrodynamic lubrication, especially at low 

velocities. In addition, the pH of the lubricants had a 

significant effect on the zeta potential of the epoxy 

resin, and all the epoxy resins had a higher negative 

surface potential at higher pH because more carboxyl 

and hydroxyl groups of the modified epoxy resin  

 

Fig. 6 Superlubricity obtained with mixtures of hydrated ions and PEG solutions between Si3N4 and sapphire surfaces: (a) COF of the 
PEG–KCl mixture as a function of time and the wear rate of Si3N4 balls after 30 min friction tests with the lubrication of four different 
lubricants; (b) COF and viscosities for mixed solutions of PEG300 and five different salts (LiCl, NaCl, KCl, MgCl2, and AlCl3);
(c) COF and viscosities for mixed solutions of KCl and PEG with different average molar mass; and (d) relationship between 
the running-in time and the average contact pressure in this study and previous studies. Reproduced with permission from Ref. [60],
© Elsevier Inc. 2020. 
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were ionized. Hence, it can be speculated that a lower 

COF of epoxy resin can be obtained under lubrication 

with an alkaline aqueous solution, which was proven 

by friction experiments, as shown in Fig. 7(d). Both 

the pristine and modified epoxy resins exhibited 

lower COF under lubrication with NaCl solution at a 

pH of 10 (alkaline) compared with that of 6.5 (neutral), 

because more hydrated cations were adsorbed on 

solid surfaces with higher negative surface charge 

density, which was also consistent with previous 

findings (Fig. 4(c)). In summary, a new method was 

developed to significantly reduce friction by enhancing 

hydration lubrication by improving the negative surface 

charge, that is, a negatively-charged material was 

designed by grafting negatively-charged carboxylate 

radicals into the epoxy resin matrix [139]. This result 

is consistent with the previous finding that the Si3N4 

surface coated by a tribo-induced silica layer with   

a large negative charge potential had a prominent 

function of friction reduction [115]. 

Regarding the design of friction surfaces with high 

negative surface charge density to expand superlubricity, 

the effect of cation bridging on water-based lubrication 

as well as specific ion effects on polymers was 

discussed. In general, the grafted polyelectrolyte 

chains can be cross-linked by multivalent counterions, 

resulting in the collapse of polyelectrolyte brushes 

upon the addition of multivalent counterions, triggered 

by a significant reduction in osmotic pressure in the 

brushes [140]. Through SFA experiments, Yu et al. 

[141, 142] found that multivalent cations (Y3+, Ca2+, and 

Ba2+), even at minute concentrations, could diminish 

the lubricity of polyelectrolyte brushes in aqueous 

solutions, resulting from the interchain interactions 

and structural properties of brush layers influenced by 

multivalent counterions, that is, electrostatic bridging 

and brush collapse caused by multivalent ions. Unlike 

polyelectrolyte brushes, zwitterionic bottlebrush 

polymers exhibited an ultra-low COF of 0.001 in the 

presence of multivalent cations (Y3+ and Ca2+). 

Adibnia et al. [143] found that this superlubricating 

ability persisted until surface wear occurred at high 

normal pressures (below 1 MPa), and the surface 

wear was triggered by multivalent cations bridging the 

 

Fig. 7 Ultra-low friction obtained by modified epoxy resins: (a) ζ-potential of pristine and modified epoxy resins; (b) COF of pristine 
and modified epoxy resins vs. the velocity under lubrication of 0.9% NaCl solution; (c) COF of modified epoxy resins (IEP = 3.8) under 
dry friction and lubrication of water and 0.9% NaCl solution; and (d) pH effect of NaCl solution on the COF of pristine and modified
epoxy resins. Reproduced with permission from Ref. [139], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinhei 2020. 
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polymer chains and dehydrating the zwitterionic 

moieties. However, compared with polymer brushes, 

the negatively-charged friction surfaces designed by 

our group (a charged bulk material, modified epoxy 

resin with a compressive strength of approximately 

38 MPa and tensile strength of approximately 8 MPa) 

have much higher stiffness and strength; that is, no 

collapse behavior can be predicted for these designed 

negatively-charged surfaces in the presence of 

monovalent and multivalent counterions [139]. That 

is, an effective method was provided to solve the 

problem of cation bridging, which may lead to the 

failure of superlubricity in aqueous solutions with 

polymer brushes and counterions, that is, designing 

solid surfaces with high negative surface charge 

densities. 

The first question proposed in Section 4 has been 

solved, and the second question will be answered. In 

the boundary and mixed lubrication regimes, both 

hydrodynamic lubrication and asperity contact are 

present, and friction increases owing to the surface 

roughness and asperity contact. Therefore, separation  

of the solid surfaces by lubricant molecules is a 

potential method to reduce friction. In addition to 

hydration layers composed of hydrated materials 

(including hydrated ions, polymer brushes, amphiphilic 

surfactants, and phosphatidylcholine liposomes or 

bilayers) [53, 54, 91, 144–147], 2D materials have 

reignited excitement in the tribology community owing 

to their excellent tribological properties, especially 

their capacity to separate two solid surfaces along 

with low shear resistance [22, 61, 63, 148]. Some 2D 

materials, such as graphene and black phosphorus 

improve lubrication and wear protection performance 

as additives in water-based lubricants, as shown in 

Fig. 8. The friction and wear rate were both reduced 

by depositing graphene family nanoflakes onto SiO2 

substrates [82]. An ultra-low COF of 0.004–0.015 was 

obtained between the Si3N4 ball and SiO2 substrates 

with graphene coatings, including pristine grapheme 

(PG), fluorinated grapheme (FG), and GO nanoflakes 

under lubrication of aqueous glycerol solutions at a 

velocity of 0.1–0.2 m/s (Fig. 8(a)). A tribofilm composed 

of graphene nanoflakes on friction surfaces played  

a key role in achieving ultra-low friction (Fig. 8(b)). 

In addition, superlubricity can be achieved under 

lubrication of mixtures of GO nanosheets and 

polyhydroxy alcohol solutions, as well as mixtures of 

GO nanosheets and ILs, even under a high contact 

pressure of 600 MPa (Fig. 8(c)) [64, 149]. The adsorption 

layer of GO nanosheets on friction surfaces was con-

ducive to the transformation of the shear interface from 

the Si3N4–sapphire interface into the GO–GO interface, 

and the excellent anti-wear property, extremely low 

shear stress, and high load-carrying capacity con-

tributed to the achievement of superlubricity under 

extreme pressures [64, 76, 150–152]. 

BP, as a rising star in 2D materials, has been used 

as a water-based and oil-based lubricant additive 

because of its outstanding resistance to extreme 

pressures and high load-bearing capacity [153, 154]. 

BP modified by NaOH (BP–OH) is a high-performance 

water-based lubricant additive and showed an ultra-low 

COF of approximately 0.001 (Fig. 8(d)), resulting from 

the low shear resistance of the water molecules retained 

by the BP–OH nanosheets [65–67]. Subsequently, black 

phosphorus quantum dots (BPQDs) were prepared 

using the liquid-based high-energy ball milling method, 

and the BPQDs were stably dispersed in ethylene 

glycol [155]. An ultra-low COF of 0.002 was obtained 

with the lubrication of an aqueous BPQD–EG 

suspension between the Si3N4–sapphire interface  

(Fig. 8(e)). The rolling effect of the BPQDs and the low 

shear resistance between the BPQD interlamination, 

as well as the oxidative products (PxOy) of the BPQDs 

contributed to the achievement of superlubricity along 

with the improvement of wear protection performance 

(Fig. 8(e)). Recently, superlubricity under ultra-high 

contact pressure (> 1 GPa) was realized by lubrication 

with partially oxidized BP nanosheets at the Si3N4– 

sapphire interface, which was attributed to the 

abundant P=O and P–OH bonds formed on the 

oxidized BP nanosheets [156]. In addition, BP as an 

oil-based nanoadditive in oleic acid showed macroscale 

superlubricity at the steel–steel contact [157]. Therefore, 

2D materials are an effective lubricant additive 

(which can also be used as anti-friction and anti-wear 

coatings on solid surfaces under liquid lubrication), 

which can generate a tribofilm on friction surfaces 

or form an adsorption layer; thus transferring the 

shear plane from the solid–solid interface to a 2D 

material–2D material interface with a low shear 

resistance. Meanwhile, 2D materials show excellent 

load-carrying capacities and can be present between 
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the contact area even under extremely high pressures. 

For solid lubrication, more 2D materials and hetero-

structures have offered potential opportunities to 

achieve superlubricity under specific conditions, 

including carbon nanotubes, molybdenum disulfide 

(MoS2), graphene, graphite, and DLC, because of their 

weak interlayer interaction [17, 18, 21, 152, 158–162]. 

However, only a few 2D materials exhibit liquid 

superlubricity owing to limitations such as stable 

dispersion and interactions with oxygen and water 

[163]. The extension of liquid superlubricity with 2D 

materials as additives and coatings is an important 

direction for future research on tribology. In addition, 

it should be noted that for graphene or BP, super-

lubricity will fail at low speeds (Fig. 8(a)), which shows 

that the hydrodynamic effect should not be neglected 

 

 

Fig. 8 Superlubricity obtained by 2D materials as additives and coatings in aqueous solutions. (a) COF vs. velocity under lubrication 
of glycerol between Si3N4 and SiO2 surfaces with different graphene coatings. (b) High-resolution transmission electron microscopy 
image of the tribofilm on the Si3N4 ball. Reproduced with permission from Ref. [82], © American Chemical Society 2020. (c) COF 
and corresponding contact pressures between Si3N4 and sapphire surfaces under the lubrication of mixtures of an in situ formed IL 
([Li(EG)]PF6) and GO aqueous solutions. Reproduced with permission from Ref. [64], © Elsevier Ltd. 2019. (d) COF vs. time under the 
lubrication of black phosphorus modified by NaOH (BP–OH) solutions between Si3N4 and SiO2 surfaces. Reproduced with permission 
from Ref. [65], © American Chemical Society 2018. (e) COF vs. time under lubrication of black phosphorus quantum dots mixed with 
ethylene glycol solution between Si3N4 and sapphire surfaces. Reproduced with permission from Ref. [155], © American Chemical
Society 2020. 
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but plays an important role in the realization of liquid 

superlubricity with 2D materials. 

5 Mechanisms of liquid superlubricity 

Several materials have been found to obtain liquid 

superlubricity over the past 30 years, and much 

attention has been paid to exploring and analyzing 

the mechanisms behind lubrication systems. Although 

superlubricity mechanisms appear to be complicated, 

they should be further discussed. The key significance 

of this review is to unlock the mechanism behind 

liquid superlubricity, and pave the way for studies on 

new green lubricants and engineering applications of 

superlubricity. Generally, there are three lubrication 

regimes as defined from the Stribeck curve: boundary 

lubrication, mixed lubrication, and hydrodynamic 

lubrication (Figs. 2, 9(a), and 9(b)) [114, 164]. In the 

hydrodynamic lubrication regime, the load is supported 

mainly by the hydrodynamic pressure owing to 

negligible asperity contact, and the hydrodynamic 

pressure is generated by forming a converging wedge 

of fluid and forming a lifting pressure (Fig. 9(b)). 

According to the Sommerfeld number, ηv/p, a 

reduction in the viscosity of the lubricant is the   

most effective method to reduce the friction in the 

hydrodynamic lubrication regime (Fig. 2); thus, 

low-viscosity fluids, especially water-based lubricants, 

have shown ultra-low COF below 0.01 at a specific 

range of pressure and velocity. However, in the 

boundary and mixed lubrication regimes, the asperity 

contact is present, and the load is supported by both 

surface asperities and the lubricants; thus, high friction 

is expected (Figs. 2 and 3(d)), which explains why the 

hydrodynamic effect cannot be neglected. To reduce 

the friction caused by surface asperities sliding past 

each other, it is necessary to determine methods of 

separating the asperities by low-viscosity fluids. That 

is, the major challenge is to explore lubricants with 

low viscosities or shear resistances along with high 

load-carrying capacities that cannot be squeezed out 

under pressure. Therefore, most studies on liquid 

superlubricity have focused on the determination of 

methods to overcome this limitation, typically using 

water and water-based solutions [68]. 

Here, the effect of separating surface asperities   

in contact at the boundary and mixed lubrication 

regimes is called the separating effect. The hydration 

effect is an effective method of separating the two 

surfaces and assists to obtain superlubricity. Using  

 

Fig. 9 Superlubricity mechanisms at (a) boundary and mixed lubrication, as well as (b) hydrodynamic lubrication regimes. Effects of
separating two surfaces or asperities in contact at boundary and mixed lubrication regimes (called separating effect here), including
hydration effects such as (c) hydrated ions [54] and (d) polyelectrolyte brushes [144], and 2D materials as additives such as (e) BP
nanosheets modified by NaOH [65] and (f) GO nanosheets [64]. Reproduced with permission from Ref. [54], © American Chemical
Society 2019; Ref. [145], © American Chemical Society 2013; Ref. [65], © American Chemical Society 2018; and Ref. [64], © Elsevier
Ltd. 2019. 
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SFA or SFB, a hydration force is observed between 

atomically smooth mica surfaces in aqueous hydration 

solutions, which leads to hydration lubrication with 

ultra-low friction because of the hydration layers  

[32, 124, 125]. Hydration layers can support high 

pressures and overcome van der Waals attraction 

without being squeezed out, and show a fluid response 

to shear because of the ready exchange of water 

molecules within the hydration layers, as shown in 

Figs. 9(c) and 9(d) [54, 145]. In addition to hydrated 

materials with excellent hydration lubrication 

properties, 2D materials as lubricant additives and 

coatings exhibit outstanding anti-friction and anti-wear 

characteristics because of their high specific surface 

area, in-plane strength, weak layer–layer interaction, 

and surface chemical stability, as shown in Figs. 9(e) 

and 9(f) [63–65]. Based on the above discussion,   

the mechanism of liquid superlubricity at different 

lubrication regimes was proposed, as shown in Fig. 9, 

which has been proven to be able to explain most 

liquid superlubricity phenomena. 

According to Fig. 9, the mechanism of liquid 

superlubricity can be clearly described based on the 

lubrication regime and Stribeck curve, which depends 

on several parameters, including the contact pressure, 

sliding velocity, surface roughness, viscosity of lubricants, 

and pressure–viscosity coefficient of lubricants. The 

hydrodynamic effect plays a key role in the EHL 

regime, where the thickness of the fluid film increases 

with increasing velocity or viscosity until the contact 

surfaces can be completely separated. Fundamentally, 

the aim of studying superlubricity is to solve the 

question of how to obtain superlubricity in the BL and 

ML regimes. Previous studies have demonstrated 

that interfaces lubricated by low-viscosity fluids can 

exhibit a lower-than-expected COF under certain 

conditions involving a high load-carrying capacity, a 

thin liquid film with low viscous friction, and smooth 

surfaces. However, the major challenge is that the 

first two are usually mutually exclusive (that is, how 

to support a large normal load and simultaneously 

have a low shear resistance for lubricants). Thus, 

most previous studies on liquid superlubricity have 

focused on finding methods to overcome this challenge, 

especially using water-based lubricants. For hydrated 

materials, hydration layers can simultaneously support 

large contact pressures without being squeezed out and 

exhibit a fluid response to shear; thus, superlubricity 

based on hydration contribution can be achieved   

at micro- and macro-scale conditions. For ILs, the 

irregular shapes of the ions inhibit solidification and 

locking, leading to low shear stress, whereas strong 

Coulombic interactions between the ions and the 

confined charged surfaces provide load support; thus, 

superlubricity can be obtained with ILs between 

atomically smooth mica and graphite surfaces [68]. 

For 2D materials as lubricating additives, sufficient 

load support and low shear resistance both assist in 

achieving water-based superlubricity under macroscale 

conditions. In summary, the next step to superlubricity 

is to continue finding an interface that is strong in  

the normal direction and weak in the shear direction. 

Baykara et al. [68] also proposed this concept three 

years ago. 

To better analyze previous superlubricity phenomena 

using the mechanism proposed above (Fig. 9), the 

timeline of major milestones in research on liquid 

superlubricity was summarized, as shown in Fig. 10. 

According to the contact area and contact pressure, 

liquid superlubricity can be divided into microscale 

(typically AFM and SFA experiments) and macroscale 

(typically ball-on-disk and pin-on-disk tribometer 

experiments) superlubricity. Under microscale con-

ditions, several fluids exhibit superlubricity, including 

hydrated materials [32, 34–37], alkane fluids [165–167], 

and ILs [45, 97]. Under macroscale conditions, more 

materials with superlubricity performance have been 

studied, including water [23, 93, 94, 131], hydrated 

materials [47, 53, 54, 60, 168], acid-based solutions [26, 

103], polymers [169–173], ILs [51, 52], alkane fluids 

[174], and 2D materials [65, 149], which were mainly 

attributed to hydrodynamic lubrication (  in Fig. 10). 

Hydration lubrication (  in Fig. 10) significantly 

contributes to the superlubricity obtained by hydrated 

materials in both microscale and macroscale conditions. 

Furthermore, numerical simulations considering the 

surface force effect (that is hydration force, double- 

layer force, and van der Waals force) revealed that 

surface repulsive forces can reduce friction, particularly 

at mixed lubrication and regime, and a reduction in 

surface roughness can improve the contribution of 

short-range surface forces and facilitate the achievement 
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of superlubricity at low speeds [136]. Recently, a 

study by our gruop was conducted and found that 

for smoother surfaces or more charged materials, the 

surface forces can bear most of the normal load at  

the boundary and mixed lubrication regimes (where 

the hydrodynamic effect is weak); thus, the contact  

of surface asperities can be separated and the 

superlubricity can be realized more easily. For a surface 

with a roughness of 2 nm and surface potential of 

−20 mV, the contribution of surface forces to bearing 

the load can be up to 80% (Fig. 11(a)). Generally, the 

contribution of surface forces increases with a decrease 

in surface roughness and an increase in surface 

charge density (Fig. 11). Therefore, strongly charged 

friction surfaces with low surface roughness may be 

the basic requirement for future investigations of 

water-based superlubricity. Moreover, the tribo-induced 

films or adsorption layers (  in Fig. 10) play an 

important role in the achievement of most macroscale 

superlubricity at ceramic interfaces along with a 

tribochemical reaction, which typically has a low 

shear resistance and can be removed and replenished 

 

Fig. 10 Timeline of major milestones in research on liquid superlubricity (excluding oil-based superlubricity). Liquid superlubricity 
can be divided into microscale and macroscale superlubricity according to the contact area and contact pressure. Different symbols 
represent different mechanisms to achieve superlubricity; , , and  represent hydration effect, hydrodynamic effect, and tribo-induced
film or adsorption layer, respectively. 

 

Fig. 11 Ratio of normal load undertaken by surface force at a wide range of sliding speeds obtained using a numerical model where a 
KCl solution of 0.1 M is taken as the lubricant. Results demonstrate the influence of (a) different root mean square surface roughnesses
with a fixed surface potential of −20 mV and (b) different surface potentials with fixed root mean square roughness of 6 nm. The surface 
potential is related to surface charge density according to the Grahame equation. 
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during friction [60, 116]. It is usually difficult to 

characterize the tribofilms in situ because they are 

generated and function at the interfaces; thus, they are 

evaluated through observations of ultra-low friction 

and post-test surface analyses (such as XPS, TEM, 

and ζ-potential analyses) and simulation methods in 

previous studies [31, 82, 115, 116]. In addition to these 

superlubricity mechanisms, which can be used to 

explain most superlubricity phenomena (Fig. 9), 

other similar mechanisms have been observed in 

alkane fluids and ILs. 

Alkane fluids (such as dodecane, squalene, 

cyclohexane, and isooctane) exhibit superlubricity 

under both microscale and macroscale conditions 

[165–167, 174, 175]. A repulsive van der Waals force 

was observed in cyclohexane between a gold sphere 

and a smooth Teflon surface templated on mica, 

leading to an ultra-low COF of 0.0003 under small 

loads below 30 nN, which indicates that the alkane 

fluid retained a low viscosity even for several molecular 

layers [165, 166, 175]. In addition, significant differences 

in friction behavior were observed in confined 

molecular alkane films between two mica surfaces, 

and an ultra-low COF of 0.001 was observed for a 

single molecular layer of dodecane trapped between 

crystallographically misaligned dry surfaces, which 

was attributed to the sliding of incommensurate 

solid-like alkane layers [167]. However, superlubricity 

of isooctane was observed in humid air and dry 

nitrogen atmosphere between SiC–SiC interfaces at a 

high load of 200 N, which might result from the 

hydrodynamic effect and mild wear mechanisms along 

with the formation of hydroxylated silica gel [174]. 

Isooctane has a low viscosity of 0.5 mPa·s at 25 °C, 

which is of the same order of magnitude as that of 

water; thus, the superlubricity of isooctane between 

SiC–SiC surfaces is similar to the superlubricity of 

water between ceramic surfaces. As for ILs, super-

lubricity can also be achieved under both microscale 

and macroscale conditions [45, 51, 52, 96, 97]. An ultra- 

low COF of approximately 0.007 was observed for 

two bilayers of the ionic liquids ([C10C1Pyrr][NTf2]) 

between negatively-charged mica surfaces because 

the shear occurred along the ionic planes with low 

shear stress rather than at the alkyl planes for the 

ionic liquid film with sufficient thickness to contain 

two or more bilayers [97]. Moreover, the friction    

of the IL ([HMIm] FAP) was shown to be tunable 

with positive and negative electric potentials and ion 

structures at the silica–graphite interface, and the 

ultra-low COF of approximately 0.001 was obtained 

at a positive surface potential of 1.5 V [45]. In 

macroscale conditions, the superlubricity of ILs was 

attributed to the tribo-induced film (composed of ILs, 

silica, ammonia-containing compounds, and sulfides), 

a molecular adsorption layer of ILs, and a fluid layer 

contributing to hydrodynamic lubrication [51, 52].  

It is worth noting that the common feature of 

superlubricity by alkane fluids and ionic liquids is that 

the shear plane is transferred from the solid–solid 

interface into the fluid–fluid interface with a low 

shear resistance, and remains stable under confinement, 

which is in good agreement with the origins of 

hydration lubrication. In summary, most liquid 

superlubricity phenomena can be explained by the 

superlubricity mechanism proposed in Fig. 9, that is, 

both hydrodynamic and separating effects (including 

hydration effect and tribo-induced boundary films) 

play key roles in the achievement of superlubricity  

at the boundary and mixed lubrication regimes. 

Therefore, the fundamental method to reduce friction 

is to separate two solid surfaces using low-viscosity 

fluids with low shear resistances and high load- 

carrying capacities. 

Compared with water-based superlubricity, oil-based 

superlubricity is challenging in that the repulsion 

force under a nonaqueous liquid is primarily derived 

from the hydrodynamic effect, whereas surface forces 

(including hydration force and electric double layer 

force) can generate a repulsive force for aqueous 

solutions. The total COF can be described by the 

equation     f c c c1 /( ) /w w w w , where f  is the 

COF of the EHL, c  is the COF of the asperity 

contact region, w is the normal load, and cw  is the 

normal load supported by asperity contact [176]. Based 

on a rough prediction, the liquid superlubricity is 

closely related to the contact pressure and pressure– 

viscosity coefficient. The higher the contact pressure, 

the lower the pressure–viscosity coefficient to achieve 

liquid superlubricity, which makes it difficult to 

obtain ultra-low COF under high contact pressures 

because of the high pressure–viscosity coefficient for 
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oil-based lubricants. Therefore, extending the oil-based 

superlubricity region to a wide range of velocities 

and pressures remains a big challenge. According to 

the thin-film lubrication (TFL) proposed by Luo et al. 

[102, 177, 178], a new lubrication state describing the 

transition stage from EHL to BL, TFL with much 

lower COF (than EHL) can be obtained over a wider 

velocity range because lubricants have a strong 

interfacial interaction with friction surfaces and a 

strong intermolecular interaction. Despite many 

difficulties, some experimental achievements of oil- 

based superlubricity have been achieved in the recent 

past. Thin oil films may lead to superlubricity in 

the TFL regime under certain conditions. Macroscale 

superlubricity could be obtained using 1,3-diketone 

oil with an ultralow COF of 0.005 between steel 

surfaces under ambient atmosphere [179], which was 

the first reported oil-based superlubricity obtained 

through experiments. The superlubricity mechanism 

of 1,3-diketone oil was mainly attributed to the 

tribochemical reaction between 1,3-diketone and iron 

(making the contact surfaces smoother), and 1,3-diketone 

with a rod-like molecular structure similar to that  

of liquid crystals (supplying strong intermolecular 

interactions to form the molecular alignment and 

reduce shear stress) [79–81, 100]. It is worth noting 

that the contact pressure during the superlubricity of 

diketone oil was lower than 20 MPa (< 2 N), and the 

superlubricity failed at a relatively low sliding speed 

(< 500 mm/s), which indicated that the hydrodynamic 

contribution still played an important role in the 

superlubricity [79, 98]. In addition, superlubricity has 

been achieved with silicone oil, PAO oil, and castor 

oil through hydrodynamic contributions between 

ceramic or nitinol alloy surfaces [56, 83, 84, 86]. In the 

case of potential industrial applications, the stability 

and applicability of oil-based superlubricity require 

further investigation. In addition, more details on 

oil-based superlubricity can be learned from Ref. [180]. 

6 Conclusions and outlooks 

This review aims to introduce and summarize liquid 

superlubricity phenomena and unlock the secrets 

behind these phenomena. To the best of our knowledge, 

the present study demonstrated the immense progress 

of this exciting topic since the first theoretical prediction 

of superlubricity by Hirano and Shinjo et al. [11] in 

the early 1990s, which provided conclusions on the 

uniform superlubricity mechanisms at boundary, 

mixed, and hydrodynamic lubrication regimes (Fig. 9). 

Systematic analysis of the superlubricity mechanisms 

provided future research perspectives, encouraging 

researchers to explore green superlubricating materials 

and find answers to unresolved problems. Presently, 

the following problems have not been resolved and 

are worth studying. 

1) How to further improve the contact pressure 

during superlubricity, that is, how can the load- 

carrying capacity of lubricants be further enhanced? 

For biological applications such as artificial joints, 

hydration lubrication provides a good solution to 

reduce friction because the contact pressures between 

cartilage surfaces are 10–20 MPa [181, 182]. For 

engineering applications such as bearings and gears, 

higher contact pressures, even above 1 GPa, are 

required [6, 183]. To date, the maximum average 

contact pressure to achieve liquid superlubricity is 

approximately 500–600 MPa, which is based on 

mixtures of GO nanosheets and ILs, mixtures of 

hydrated ions and polyethylene glycol solutions, and 

mixtures of hydrated ions and poly(vinyl alcohol) 

solutions [60, 64, 137]. The achievement of superlubricity 

under extremely high pressures of above 1 GPa is 

still far-fetched. 

2) How can liquid superlubricity be obtained without 

a running-in period under high contact pressures 

(typically up to 100 MPa)? Thus far, a long running-in 

stage exists in almost all superlubricity systems, which 

causes serious wear of friction materials. Although 

the running-in time decreased to less than 1 min by 

combining hydration and hydrodynamic contributions, 

the wear of solid surfaces was still present [60]. There 

is no need to consider wear problems if one day the 

superlubricity can be obtained directly without a 

running-in period; thus, the service life of materials 

and equipment will be significantly improved. 

3) Oil-based superlubricity is a potential direction 

for superlubricity with future technological impli-

cations because lubricating oils and greases are   

still the most widely used lubricants in practical 

mechanical systems. However, owing to their high 
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viscosity (at least two orders of magnitude higher 

than that of water), the minimum COF of conven-

tional oil-based lubricants is typically approximately 

0.01–0.05. According to the calculation based on 

the Hamrock–Dowson theory for EHL regimes, the 

realization of liquid superlubricity depends on the 

pressure–viscosity coefficient and contact pressure 

[56, 58]. Under high pressures, superlubricity can 

only be achieved when the lubricating oil has a low 

pressure–viscosity coefficient; however, the challenge 

is that a high load-carrying capacity and a low 

pressure–viscosity coefficient are usually mutually 

exclusive. To date, significant progress has been made 

in oil-based superlubricity, and some lubricating oils 

have exhibited excellent lubrication performance under 

contact pressures below 100 MPa. A macroscopic 

ultra-low COF of 0.005 can be obtained using 

1,3-diketone on steel surfaces under an ambient 

atmosphere in the TFL regime, which was attributed 

to the tribochemical reaction between 1,3-diketone 

and iron, a strong adsorbed layer formed on steel 

surfaces via chemical bonds, and molecular alignment 

of 1,3-diketone formed owing to strong intermolecular 

interactions with low shear stress [79–81, 98, 100]. In 

addition, other lubricating oils, including silicone oil, 

PAO oil, castor oil, and oleic acid exhibit superlubricity 

characteristics between Si3N4–DLC, Si3N4–glass, stell– 

DLC, nitinol 60 alloy–steel, steel–steel interfaces, 

mainly resulting from the hydrodynamic effect and 

tribo-induced boundary films [83, 84, 86, 99, 184]. 

Therefore, oil-based superlubricity can also be explained 

using the mechanisms proposed in Fig. 9; that is, 

based on the hydrodynamic and separating effects 

such as tribo-induced boundary films, water-based 

lubricants are more suitable for corrosion-resistant 

ceramic and polymer surfaces; however, oil-based 

lubricants can be used for steel surfaces and are 

expected to be employed in most existing application 

environments and operating conditions. Furthermore, 

modified graphene is a novel lubricating additive with 

high dispersion stability in oil; thus, it is expected to 

obtain oil-based superlubricity with 2D materials as 

additives in the near future [85, 185]. 

4) Liquid superlubricity has recently been focused 

on identifying systems those exhibit the following 

key features: smooth surfaces (< 10 nm), liquids with 

low viscosity and low pressure–viscosity coefficient 

(like water), high load-carrying capacity, and low 

shear resistance. For smooth surfaces, mica, graphite, 

ceramics, and steels after the running-in period   

are all commonly used friction surfaces. However, 

conventional engineering components are likely to be 

rough (approximately 1 μm), which is much higher 

than the surface roughness used in experimental 

studies [186]. For liquids with low viscosity and low 

pressure–viscosity coefficient, conventional engineering 

components are usually lubricated with oil, which is 

much more viscous than aqueous lubricants. Moreover, 

lubricating additives are almost always needed in the 

oil to perform specific functions (such as oxidation 

resistance, rust prevention, and heat dissipation) in 

the lubricant; thus, more attention should be paid to 

liquid superlubricity considering lubricating additives. 

Presently, novel ideas should be applied to resolve 

the load support–low shear conflict in idealized  

cases to more widely relevant application conditions. 

Except for hydration lubrication and 2D materials, 

new superlubricity mechanisms should be studied, 

especially tribochemical reactions between lubricants 

and friction surfaces. The exploration of novel liquid 

superlubricity mechanisms should never stop; that is, 

identifying and extending superlubricity mechanisms 

under a wider range of conditions (including high 

pressures and low velocity) is a significant direction 

for future research, which may have an important 

impact on engineering applications. 

5) How can the superlubricity technique be applied 

to technological applications? The final foothold of 

all technologies is application; otherwise, it can only 

be unrealistic goals [187]. In the case of potential 

biological and industrial applications, the stability 

and applicability of liquid superlubricity require 

further investigation. It is expected that macroscale 

superlubricity in an ambient atmosphere and in a 

vacuum over a wide range of operating conditions. 

Water-based superlubricity is expected to be effective 

in biological fields such as artificial joints and  

water lubrication systems, such as ceramic bearings. 

Oil-based superlubricity has important practical 

applications in common systems, such as automobile 

engines. It is firmly believed that the fundamental 

theoretical and experimental studies, as well as the 
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research, focused on extending the application ranges 

of technological developments will coexist and promote 

each other for a long time, enabling a sustainable 

state of ultra-low friction and ultra-low wear and 

transformative improvements in the efficiency of 

mechanical systems [68, 188]. 
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