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Abstract: The topic of superlubricity is attracting considerable interest around the world while humanity 

is facing an energy crisis. Since various liquid superlubricity systems can be commonly achieved on the 

macroscale in ambient conditions, it is considered an effective solution to reduce unnecessary energy and 

material losses. However, certain practical problems such as low load-bearing pressure, dependence on 

hydrogen ions, and relatively long running-in processes still limit its widespread application. Two- 

dimensional (2D) nano-additives with ultrathin longitudinal dimensions can lower the shear resistance 

between sliding solid surfaces, and thus further optimize the applied conditions. In this review, the latest 

studies on 2D nano-additives with a combination of various water-based lubricants in the state of 

superlubricity are reported, typically including black phosphorus (BP), graphene oxide (GO), and layered 

double hydroxide. During the sliding process, composite lubricants effectively improved the load capacity 

(up to 600 MPa), reduced wear, and accelerated the running-in period (within 1,000 s) of the liquid 

superlubricity system. Both macromechanical experiments and microscopic tests are conducted to 

precisely analyze various interactions at the interfaces of the nano-additives and solid surfaces. These 

interactions can be described as tribochemical reactions, physical protection, and adsorption enhancement, 

and improved wear resistance. This review provides better guidance for applying 2D nanomaterials in 

liquid superlubricity systems.  
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1  Introduction 

Friction is quite common in daily life, manufacturing, 

and various other fields. Significant losses (approximately 

5%–7% of the gross national product) in material 

and energy are owed to unnecessary friction [1–3]. 

Therefore, it has become an urgent challenge to develop 

good lubrication systems to increase energy efficiency 

to develop a modern industrial revolution. An ideal 

state of “superlubricity”, in which friction and wear 

are negligible, was proposed in 1990 by Hirano and 

Shinjo [4]. This study was conducted assuming the 

existence of two clean crystal surfaces on a microscale. 

After theoretical calculations, researchers found that 

the frictional force vanished between two completely 

clean solid surfaces in an incommensurate state. 

Owing to various factors in friction system and 

measurement limitations, it is almost impossible to 

achieve the ideal state of “zero friction” on a macroscale 

at present. As shown in Fig. 1, the superlubricity 

region is where the sliding coefficient of friction 

(COF) is less than 0.01 [5]. It is still a significant 

challenge to accurately measure COF values of less 

than 0.001 in macroscale. With developments in  
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Fig. 1  COF range in superlubricity region. 

measurement technology and methods in the past 

two decades, both theoretical foundations and 

experimental proof of superlubricity have been 

constantly produced across different scales [5, 6]. 

Currently, two different ways of achieving super-

lubricity have been widely reported based on lubricating 

materials, generally divided into solid and liquid 

superlubricity. Solid superlubricity achieved on the 

micro- or nano-scale, is considered as two sliding 

surfaces with ultralow interaction under specific 

conditions [7–14]. In 2018, Berman et al. [15] discussed 

various mechanisms for frictional energy dissipation 

during the sliding process, which included wear 

(shear and removal of material from sliding surfaces), 

molecular deformation (elastoplastic surface defor 

mation), thermal effects (thermally activated energy 

barriers), electronic effects (electrostatic transmission), 

bonding (chemical bonds), phonons (lattice vibrations), 

environment/chemistry (surface functionalization/ 

surrounding atmosphere), and structural effects 

(atoms locking on commensurate surfaces). They 

also highlighted related studies that introduced two- 

dimensional (2D) materials at the tribological interface 

to manipulate friction and wear for friction reduction 

to near zero across scales. However, it is quite 

difficult to achieve continuous solid superlubricity 

on the macroscopic scale and maintain stable 

ultralow COFs under ambient conditions owing to 

the strict requirements of the environment and the 

need for relatively perfect material with non-defective 

crystals [16, 17].  

In contrast, it was also reported that ultralow 

COFs can be obtained using various liquid lubricants, 

which is called “liquid superlubricity”. In the past 

few years, investigations into research topics, such 

as water-based ceramic lubrication [18–21], polymer 

molecular brush lubrication [22–25], and polyhydroxy 

aqueous solution [26–29], have been widely reported. 

Since liquid superlubricity can be achieved on the 

macroscale under an ambient environment, it is very 

likely to be utilized in practical production conditions. 

In our previous studies, a novel liquid superlubricity 

system of phosphoric acid solution between sliding 

solid surfaces of silicon nitride (Si3N4) and glass 

was investigated with an ultralow COF of 0.004, as 

shown in Fig. 2. After approximately 600 s of the 

running-in period, the COF remained quite stable 

in the range of 0.0030.004 for more than 3,000 s. It 

was hypothesized that phosphoric acid and water 

molecules formed a nanosized aqueous tribofilm 

with hydrogen-bonded network structure, which 

was induced by the shear and pressure effects [30]. 

Then, a phosphoric acid superlubricity system was 

applied under different sliding solid surfaces (e.g., 

ceramics, silicon oxide, sapphire, and ruby) and 

working conditions [31–33]. Afterwards, the liquid 

superlubricity system was further promoted to a 

mixture of polyhydroxy alcohol (e.g., propanol to 

propanetriol, 1,2-ethanediol to 1,5-pentanediol, and 

diethylene glycol to pentaethylene glycol) and an 

acid solution. It was found that the superlubricity 

state was closely related to the concentration of 

polyhydroxy alcohol and its number of hydroxyl 

groups contained [2629]. Moreover, it was recently 

reported that ionic liquids (ILs, e.g., the combination 

of cations of Li+, Na+, or K+, anions of PF6
, BF4

, or 

NTf2
, and water-soluble molecules of ethylene 

glycol) were utilized to improve the performance 

of superlubricity systems. It was observed that the 

 

Fig. 2  COF of H3PO4 aqueous solution (pH 1.5). Fx is friction 
force, Fz is applied load, and μ is COF. Reproduced with 
permission from Ref. [30], © American Chemical Society 2011.  
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monovalent metal cation with a small size was 

beneficial in improving the wear condition [34–36]. 

At present, various superlubricity systems achieved 

by different lubricants after a period of running-in 

show great potential for industrial applications. 

In 2019, Ge et al. [43] reviewed the advances in 

liquid superlubricity systems on the macroscale and 

outlined corresponding mechanisms for various liquid 

lubricants. It was summarized that only a few liquid 

lubricants exhibited superlubricity behavior. The 

mechanism of various superlubricity systems can be 

attributed to factors, such as silica layers and hydro-

dynamic lubrication for water, the tribochemical 

layer, and hydrogen-bond network for viscous lubricants, 

the hydration layer for polymer and salt solution, 

and the stern layer and hydrogen-bond network 

for acid-based lubricants. The reliability and stability 

of a lubricating system is strongly influenced by 

the presence of water and hydrogen ions [26, 43]. 

The statistical results in Table 1 indicate that there 

are still significant challenges in further improving 

the load-carrying capacity.  

Therefore, it is quite promising to combine the 

liquid superlubricity of water-based lubricants and 

solid superlubricity of 2D nanomaterials to optimize 

the superlubricity system, and reveal their mechanism, 

regulation, and potential applications in future. Until 

now, most related studies have focused on additives 

in oil-based lubricants and small amount in water- 

based lubricants, but few on superlubricity lubricants. 
 

Table 1  Liquid superlubricity systems with different sliding 
solid surfaces, lubricants, and final contact pressures (MPa) 
in superlubricity state. 

Solid surfaces Lubricants 
Contact 

pressure (MPa) 

Si3N4/sapphire Salt(aq) [37] 170 

Si3N4/Si3N4 LiPF6-based IL(aq) [36] 132 

Si3N4/Si3N4 Water [19] < 10 

Si3N4/SiO2 PEG + boric acid(aq) [38] 111 

Si3N4/SiO2 IL(aq) [35] 37 

Ruby/sapphire H3PO4(aq) [33] 95 
Poly tetrafluoro- 
ethylene/Poly- 

vinyl phosphonic 
acid 

Phosphate-buffered 
saline [39] 

63.5 

Si3N4/Al2O3 
Polyalkylene glycol 

(PAG)(aq) [40] 
60 

Steel/Steel 
Glycerol(aq) [41], 
1,3-diketone [42] 

40–15 

2  Nano-additives in liquid lubricants 

2.1  Superlubricity enabled by nanodiamonds in 

glycerol colloidal solution 

In 2015, Chen et al. [44] introduced nanoparticles 

into the liquid superlubricity lubricant and investigated 

the lubricant additive of nanodiamonds in glycerol 

colloidal solution between steel ball and disk, as 

shown in Fig. 3. Compared to the glycerol solution, 

less wear condition was obtained with only 0.01 wt% 

nanodiamond additives in colloidal solution. It 

was shown that the diameter of wear scar on the 

ball was reduced by 32.5%, and thus the contact 

pressure increased from about 23.96 to 52.55 MPa 

between the sliding surfaces during the superlubricity 

period. The ultralow COF was demonstrated as a 

result of both the hydrogen bond layer of the 

nanoparticle additives and the hydrodynamic effect 

of liquid lubricant. The rolling effect of the nano-

diamonds with a hydrophilic surface was suggested 

to cause the reduced wear volume. This study could 

provide guidance for optimizing the applied conditions 

of liquid superlubricity. 

2.2  2D nanomaterials as lubricant additives 

However, there have been fewer studies on 2D 

nanomaterials as additives to achieve superlubricity. 

Nowadays, various 2D nanomaterials as lubricant 

additives are commonly utilized in industrial 

production processes to reduce friction and wear, 

and thereby improving production efficiency, 

extending the component life, and increasing the 

energy transfer efficiency. These have been widely 
 

 

Fig. 3  Superlubricity is achieved between steel surfaces 
with nanodiamonds glycerol colloid solution. Reproduced 
with permission from Ref. [44], © Elsevier Ltd 2015. 
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investigated in tribological research in recent years 

owing to their unique physical structure and special 

chemical properties [45, 46]. Among them, carbon 

nanomaterials (e.g., graphene and its derivatives) 

and transition metal disulfides (e.g., molybdenum 

disulphide) are the most popular ones [47–49]. In 

addition, owing to their special structure and 

various chemical compositions, other 2D materials 

such as layered double hydroxide (LDH), metal or 

covalent organic framework materials, hexagonal 

boron nitride, and graphite-like carbon nitride also 

show superior tribological properties [50–54].  

In 2015, Chen et al. [55] dispersed 1 wt% ultrathin 

MoS2 nanosheets in liquid paraffin, and the results 

indicated that the highest load capacity was improved 

from less than 50 N to more than 2,000 N, as shown 

in Fig 4. Compared to three-dimensional (3D) 

nanoparticles, it was much easier for 2D nanosheets 

with ultrathin shape to enter the contact area of two 

sliding solid surfaces and then form a protective 

film to prevent seizure. In addition, ultrathin MoS2 

sheets of various lateral sizes were compared, and 

the larger sheets were found to show better lubrication 

performance [56]. In 2016, Zhao et al. [57] prepared 

layered graphene and MoS2 nano-additives, and 

applied them to a linear oscillator motor for tribological 

evaluation. The results showed MoS2 nanosheets 

adsorbed on smooth surfaces, and thus COF could 

be decreased to 0.04. However, the tribological 

properties of multilayer graphene are unstable 

owing to agglomeration and crystal defects. The 

tribological properties of graphene with different 

layers and layer spacing through exfoliation were 

further investigated. It was demonstrated that graphene 

additives with a higher degree of peeling would 

become ordered under friction testing, and the 

tribological properties were improved [58]. In addition, 

it was reported that the tribological properties can 

be improved by adding graphene oxide (GO)- 

containing composite materials, which were doped 

with nanoparticles of Ni [59], Cu [60], Au [61], LaF3 

[62], and TiO2 [63]; nanocomposites of hollow IF– 

MoS2 [64]; and multi-walled carbon nanotubes 

(MWCNT) [65]. The friction-reducing performance 

 

Fig. 4  Results of the load-climbing tribological tests and schematic of the lubrication mechanism of 2D nanosheets and 3D 
nanoparticles. Reproduced with permission from Ref. [55], © Springer Nature 2015. 
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and anti-wear properties of the lubrication system 

were significantly improved with these lubricant 

additives of graphene-rich composites. This can be 

attributed to their synergistic effect and the occurrence 

of tribochemical reactions between sliding solid 

surfaces under relatively high contact pressure. 

Among the wide variety of 2D materials and on-

going research conditions, certain representative 

2D materials with hydrophilic groups such as 

black phosphorus (BP), GO, and LDH can achieve 

good dispersion and exhibit excellent tribological 

performance. This review mainly focuses on these 

nanomaterials and discusses their tribological and 

superlubricity performance as additives in oil, water- 

based, and superlubricity lubricants. The latest research 

on superlubricity enabled with 2D nanomaterials 

has focused on the topics of tribochemical reaction, 

physical protection, improved wear resistance, and 

adsorption enhancement. The superlubricity behavior 

and mechanism of these 2D nanomaterials as 

additives in lubricants will be described in detail. 

3  BP as lubricant additive 

3.1  BP additive in oil-based lubricant 

In 2018, Wang et al. [66] prepared BP nanosheets 

as oil-based lubricant additives. In addition, the 

tribological properties of MoS2 and GO nanosheets 

were investigated for comparison as oil-based lubricant 

additives. These lubricant additives demonstrated 

similar lubrication performance at low loads, where 

the maximum Hertzian contact pressure varied 

from 978 to 1,870 MPa. However, the BP nanosheets 

dispersed in base oil (hexadecane) exhibited optimal 

extreme pressure resistance and bearing capacity, 

where the highest load with no seizure reached 

2,000 N. Compared to the three oil-based lubricant 

additives at ultralow concentration, BP also showed 

the best tribological properties at the lowest concentration 

of 0.1 ppm, while that of GO was 5 ppm and MoS2 

was 0.5 ppm. The lubrication mechanism of BP 

nanosheets as additives can be summarized as 

follows. It is easy for ultrathin BP nanosheets to enter 

the contact area when the asperities are approaching, 

and these nanosheets can prevent their direct contact 

as the load pressure is applied to the sliding solid 

surfaces. In addition, both the shearing force in 

lubricant and plastic deformation of the substrate 

are beneficial for improving wear resistance. 

3.2  Superlubricity enabled by BP in water: 

Tribochemical reaction 

In 2018, Wang et al. [67] utilized a new type of 2D 

material, BP, as a water-based lubricant additive 

that showed excellent performance. The preparation 

of BP–OH and the water-based dispersion effect 

are illustrated in Fig. 5(a), in which BP powder 

was prepared with red phosphorus and sodium 

hydroxide using a high-energy ball milling technique 

[67]. Subsequently, the surface of the final product 

(marked as BP–OH) was successfully hydroxylated 

so that it is uniformly dispersed in water, and 

applied between the Si3N4 ball and SiO2 plate for 

the friction test in a rotational mode. After a relatively 

long running-in process (approximately 3,600 s), 

the COF dramatically decreased and entered the 

region of superlubricity (between 0.0006 and 0.006), 

as shown in Fig. 5(b). 

With a long running-in process, the BP–OH 

nanosheets were exfoliated and adsorbed on the 

sliding solid surfaces. As illustrated in Fig. 5(c), a 

tribochemical reaction took place as water molecules 

rapidly adsorbed on the surface of the BP–OH 

nanosheets. Consequently, silica gel was formed 

between the ceramic surfaces. This could maintain 

a robust superlubricity behavior with a minimum 

COF of 0.0006 and support a significant load 

capacity. In this study, a relatively wide range of 

BP–OH concentration was tested, and different 

sliding speeds were explored for the friction test. 

As the concentration of BP–OH increased from 

1 wt% to 7 wt%, the minimum COF decreased from 

0.003 to 0.0006, and the running-in process decreased 

as well. A critical velocity of 38 mm/s was considered 

an important condition for achieving superlubricity. 

In a friction test, as the superlubricity state was 

achieved and the velocity was changed to 0.3 mm/s, 

the COF gradually increased to 0.4. However, as the 

sliding velocity increased back to the critical value 

(38 mm/s) or higher, no additional running-in process 

was needed to recover the state of superlubricity. 

Since a relatively long time was necessary for the 
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Fig. 5  (a) Preparation of BP–OH nanosheets. (b) COF of 7 wt% BP–OH aqueous solution. (c) Protective effect of BP–OH 
nanosheets between asperities during the friction period and schematic of dynamically retained water around the surface of 
BP–OH nanosheets. Reproduced with permission from Ref. [67], © American Chemical Society 2018. 

occurrence of the tribochemical reaction, it is still a 

significant challenge in exploring 2D nanomaterial 

additives to greatly shorten the running-in period 

before entering superlubricity and improve the 

stability of superlubricity systems. 

4  GO as lubricant additive 

4.1  GO additive in water 

In 2014, Kinoshita et al. [68] investigated the 

tribological properties of GO monolayer sheets (the 

lateral size ranged from 10 to 50 μm) as additives 

in water-based lubricants and their potential appli-

cations. Compared to the results of lubrication by 

purified water (COF ＞ 0.4) and water-based emulsion 

lubricant (COF ≈ 0.12), a low COF (approximately 

0.05) was obtained by GO dispersion. Moreover, 

no obvious surface wear was found even after 

60,000 cycles of friction testing. The scanning electron 

microscope（SEM）images and energy dispersive 

X-ray spectroscopy (EDX) results suggest that the 

GO sheets adsorb on the ball and flat plate during 

the sliding process and may behave as protective 

coatings on both solid surfaces. 

4.2  Superlubricity enabled by synergy of GO 

and ethaneidol: Physical protection 

In 2018, a robust macroscale superlubricity state (μ = 

0.0037) between sliding solid surfaces of Si3N4− 

SiO2 with synergistic effect of GO nanoflakes 

(GONFs) and ethanediol (EDO) in a rotatory mode 

was investigated by Ge et al. [70]. As shown in Fig. 6(a), 

a modified Hummers method was adopted to 

prepare GONFs with an oxygen content of 30%– 

40%. The atomic force microscopy (AFM) technique 

was utilized to confirm their lateral dimension of 

200–400 nm and a thickness of 0.8 nm, as shown in 

Fig. 6(b). GONFs have a good dispersion effect in 

water-based lubricants owing to the hydrophilic 

oxygen-containing groups on their surface. 

Subsequently, aqueous solutions of GONFs, EDO, 

and GONFs−EDO were prepared to explore the 

synergistic effects of GONFs and EDO. Their 

tribological performances were evaluated using a 

universal microtribotester in the rotation mode. As 

shown in Fig. 6(c), the COF of the GONFs 

decreased from 0.35 to 0.013; the COF of EDO 

gradually reduced initially and then increased to 

0.012 by the end of the test. The high COF for water 

can be attributed to the lack of formation of an  
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Fig. 6  (a) Preparation of GONFs−EDO aqueous solution; (b) AFM image of GONFs on mica; (c) COF and (d) wear conditions 
of water and aqueous solutions of GONFs, EDO, and GONFs−EDO. Reproduced with permission from Ref. [69], © American 
Chemical Society 2018. 

effective lubricating film. However, the COF of the 

GONFs−EDO aqueous solution gradually reduced to 

the superlubricity region after 600 s running-in 

period. Meanwhile, the wear condition also improved, 

and the wear volume of the surface lubricated by 

GONFs−EDO (5.1 × 104 μm3) was only 5% of that 

lubricated by EDO (1.3 × 106 μm3), as shown in Fig. 6(d). 

This study also applied various loads from 2 to 4 N, 

and superlubricity could be achieved as the contact 

pressure was no higher than 111 MPa. After the 

friction test, the topographies of the contact area 

lubricated by GONFs−EDO were analyzed using 

SEM and Raman spectroscopy, which demonstrated 

that GONFs were adsorbing on both sliding solid 

surfaces. The HRTEM images of the adsorbed GONFs 

after the friction test showed that the thickness 

(approximately 10 nm) was much larger than those 

of the original GONFs, but the inner layer structure 

(approximately 0.45 nm) remained stable. This 

indicated that GONFs in EDO solution might stack 

on sliding solid surfaces, and they provide better 

protection to prevent the direct contact of asperities. 

It was easy for the adsorbed GONF layers to slide 

between the approaching asperities. Thus, it was 

proposed that the low shear between GONF laminates 

resulted in friction reduction and ultralow wear 

conditions in the contact area during the running-in 

period. Relatively low shear stress existed between 

the hydrated GONF and EDO molecules and the 

superlubricity can be achieved in the boundary 

lubrication regime. Consequently, it was demonstrated 

that superlubricity might be achieved by the physical 

protection of GONFs and the synergistic effect of 

GONFs and EDO molecules. 

4.3  Combination of GO and ionic liquid:  

Improved wear resistance 

It is necessary to improve the load-bearing capacity 

of superlubricity to the level of actual working 

conditions to realize its widespread application 

potential. As for the friction test, it was relatively 

high for the initial contact pressure (even on the 

order of GPa) between sliding solid surfaces, but 

the load-bearing capacity in the superlubricity region 

was quite low. This was caused by the mechanical 

collisions during the running-in period. Recently, 

robust macroscale superlubricity was achieved with 

a combination of GO and ionic liquid, in which the 

corresponding extreme contact pressure reached 

600 MPa between Si3N4/sapphire solid surfaces in a 

rotatory mode [70]. A composite IL + GO aqueous 

solution was prepared by dispersing as-synthesized 

[Li(EG)]PF6 (Fig. 7(a)) in GO aqueous solution. 

Friction tests were then conducted with the 

lubrication of 30-μL IL aqueous solution and IL + 

0.03% GO aqueous solution under a load of 3 N 

and a relative sliding velocity of 100 mm/s. As shown 
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Fig. 7  (a) Illustration of [Li(EG)]PF6 synthesis; PF6
 anion structure and schematic model of [Li(EG)]PF6. (b) COFs of 30-μL 

IL(aq) and fresh and old IL + GO(aq). (c) COFs and contact pressures under various normal loads. Illustration for IL + GO(aq) 
lubrication under extreme pressure: (d) Protection from adsorption layer of GO nanosheets and (e) shearing effect between GO 
nanosheets. Reproduced with permission from Ref. [70], © American Chemical Society 2019. 

in Fig. 7(b), the COF of the IL aqueous solution 

varied from 0.04 to 0.1 and finally decreased to 0.033, 

while the COF of the IL + GO aqueous solution 

decreased dramatically from 0.05 to 0.002 within 

900 s, which was considered the running-in period. 

Later, for the 2 h friction test, the COF varied 

slightly from 0.002 to 0.005 and finally stabilized 

at approximately 0.005. Afterward, friction tests 

lubricated by IL + GO aqueous solution (30 μL) 

under different normal loads were conducted, as 

shown in Fig. 7(c). When the normal load was 

applied from 2 to 4 N, the corresponding contact 

pressure changed from 520 to 658 MPa, and the 

COF also increased. As the load increased from 2 to 

3.5 N (applied pressure from 520 to 603 MPa), the 

lubrication systems were all maintained in the 

superlubricity region (μ < 0.01), which implied a 

limit of contact pressure up to about 600 MPa to 

achieve superlubricity with the IL + GO aqueous 

solution. 

The lubrication mechanism including two parts 

(running-in period and superlubricity period) were 

proposed. During the initial running-in period, a 

tribochemical reaction took place such that a thin 

composite boundary layer containing phosphates 

was formed on a flat contact surface. This may cause 

an obvious decrease in contact pressure between 

the sliding solid surfaces. However, this was still 

unable to achieve superlubricity. As shown in Fig. 7(d), 

the asperities on the contact surfaces were adsorbed 

by GO nanosheets, which possessed ultralow shear 

stress between interlayers. This further reduced the 

friction to the superlubricity state, as shown in Fig. 

7(e). In summary, an extreme pressure state was 

achieved with the formation of the boundary layer 

during the running-in period and also the adsorption 

layer of GO nanosheets with the properties of extreme 

pressure and weak interlayer shear stress. The 

combination of GO nanosheets and IL effectively 

improved the load-bearing capacity of liquid 

superlubricity to a level of 600 MPa, which 

contributed to the achievement of superlubricity 

under relatively high contact pressures. 
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5  LDH as lubricant additive 

5.1  LDH additive in oil-based lubricant 

In 2017, Wang et al. [71] prepared three different 

nanosized Ni–Al LDHs by varying the hydrothermal 

reaction time during the microemulsification process. 

The layered structures and the 3D nanosize of the 

samples were confirmed by transmission electron 

microscopy (TEM) and AFM. As lubricant additives 

in base oil gas to liquids 8 (GTL8), their tribological 

properties under different loads were evaluated 

using a ball-on-disk tribometer. At a contact pressure 

of 2.16 GPa, the COF decreased by approximately 

10%, and the wear performance improved with the 

addition of nano-LDH. As shown in Fig. 8, the larger 

nanoplatelets (NiAl-24 h), rather than the small 

(NiAl-6 h), showed the best and stable tribological 

performance, mainly because of superior crystallinity, 

resulting in the formation of a tribofilm with more 

desirable mechanical properties during the sliding 

process. Thus, nano-LDHs with a simple preparation 

method and superior tribological properties as oil- 

based additives hold great potential for demanding 

industrial applications. 

5.2  LDH lubricant additive in water 

In 2016, Wang et al. [72] prepared NiAl–LDH 

nanoplatelets with few ordered layers using a 

microemulsion method and the schematic model 

in Fig. 9(a) showed the nanoplatelets stabilized via 

electrostatic interaction between polarized OH

 

groups of NiAl–LDH and –NH3+ head groups of 

oleylamine; –OH groups of assistant surfactant 

1-butanol reduced the hydrophobicity of nanoplatelets. 

A stable translucent solution was obtained after 

directly dispersing them in water. During the friction 

tests, a lubricating layer was gradually formed under 

high contact pressure (initially approximately 1.5 GPa) 

because of the small size and excellent dispersion 

of nano-additives. The tribological performances 

of various lubricants are shown in Fig. 9(b). The 

lubricant sample with 0.5 wt% NiAl–LDH nanoplatelets 

exhibited superior lubricating performance. Compared 

to pure water, the COF, wear scar diameter, depth, 

and width of wear track decreased by 83.1%, 43.2%, 

88.5%, and 59.5%, respectively. Owing to their layered 

structure with relatively weak interactions and high 

carrying capacity of laminates, the exfoliated nanosheets 

adsorb on the sliding solid surfaces during the 

friction process and prevent the direct collision of 

asperities 

5.3  Ultrathin LDH nanosheets in polyalkylene 

glycol aqueous solution: Adsorption enhance-

ment 

In the GONFs−EDO superlubricity system, neither 

GONFs nor EDO could achieve robust superlubricity. 

 

Fig. 8  Analysis of tribofilm formed on the wear track lubricated by (a) 1 wt% NiAl-24 h and (b) 1 wt% NiAl-6 h at 100 N. 
Cross-sectional TEM image, surface topography by AFM, and diffraction pattern of tribofilm. Reproduced with permission from 
Ref. [71], © American Chemical Society 2017. 
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Fig. 9  (a) Schematic model of NiAl–LDH/OAm. (b) COF and wear condition of five lubricant samples, which contain 
diamond nanoparticles, NiAl–LDH nanoplatelets, LDH microplatelets, water-based cutting fluid, and pure water. Reproduced 
with permission from Ref. [72], © American Chemical Society 2016. 

It was difficult to form a thick lubricating film with 

an aqueous EDO solution owing to the relatively 

small molecular weight and weak interaction of EDO 

molecules. Thus, increasing the molecular weight 

of water-soluble molecules is a good idea to improve 

the performance of superlubricity systems. In 2016, 

Wang et al. [40] achieved an ultralow COF (a minimum 

value of 0.0023) with a PAG aqueous solution in 

both the droplet state (40 μL) and full immersion 

state in a reciprocating mode, as shown in Fig. 10(a). 

As illustrated in Fig. 10(b), two key factors were 

suggested to achieve the state of superlubricity: A 

hydrated layer with low shearing strength and a 

suitable number of free water molecules. In the 

running-in process, decreasing the contact pressure 

was beneficial for the formation of elastohydrodynamic 

lubrication. The hydrated PAG chains and free 

water molecules provided ultralow shear strength 

when the two solid surfaces were sliding [73]. However, 

in this lubricating system, the running-in period is 

relatively long and is indispensable for achieving 

ultralow COFs. Moreover, the PAG aqueous solution  

 

Fig. 10  (a) Final COF of 40 μL and fully immersed PAG 
aqueous solutions (weight fraction from 10 wt% to 70 wt%). 
Superlubricity is achieved over a range of concentrations 
from 30 wt% to 60 wt%. (b) Schematic of the proposed 
lubrication model between two sliding surfaces. Reproduced 
with permission from Ref. [40], © WILEY-VCH Verlag 
GmbH & Co. KGaA Weinheim 2016. 
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decomposes and turns acidic after long storage, 

which may cause severe corrosion of contact surfaces 

and thereby limit its application. Since our studies 

showed that LDH was able to improve the lubrication 

properties and suppress acidification as a water- 

based lubricant additive, it is promising to disperse 

nanosized LDHs in PAG aqueous solution to 

investigate whether superlubricity behavior can be 

further boosted. 

In 2019, Wang et al. [74] synthesized two different 

nano-LDHs: ultrathin LDH nanosheets (ULDH–NS) 

and LDH nanoparticles (LDH–NP). As shown in 

Fig. 11(a), the ULDH–NS showed a lateral size of 

approximately 80 nm and a longitudinal size of 

approximately 1 nm (considered a single or double 

layer). The LDH–NP showed a lateral size of 

approximately 20 nm and a longitudinal size of 

approximately 10 nm. Then, 0.5 wt% LDH nano- 

additives were dispersed in HB-400 PAG aqueous 

solution for tribological experiments. As shown in 

Fig. 11(b), the PAG aqueous solution took about 

7,000 s to achieve superlubricity, in which the COF 

fluctuated during the running-in process with a 

wear scar of a diameter of approximately 400 μm, 

the contact pressure of 24.5 MPa, and surface 

roughness of Sa 3.5 nm. With 0.5 wt% ULDH–NS 

additives, the running-in process (approximately 

1,000 s) was significantly shortened. Meanwhile, a 

wear scar with a diameter of approximately 200 μm, 

the contact pressure of 92.7 MPa, and surface roughness 

of Sa 3.9 nm was obtained. However, with the addition 

of 0.5 wt% LDH–NP, the superlubricity state could 

not be achieved and the COF remained between 

0.04 and 0.05. It is understood that the ULDH–NS 

additives were easy to enter the contact interface 

during the friction process. However, a relatively 

large dimension of LDHNPs might disturb the 

ultralow shear between the hydration layers, while 

the ULDH–NS additives (approximately 1 nm thick) 

were too thin to influence the continuity of the 

lubricant [40]. Next, 0.5 wt% ULDH–NS was added 

to water, and the COF was recorded under the same 

condition to investigate the lubrication mechanism 

of ULDH–NS as additives. Compared to the report 

on the wear resistance of LDH–NPs in water [72], 

the lubrication process of the ULDH–NS aqueous  

 

Fig. 11  (a) AFM image and cross-sectional profile of 
ULDH–NS. (b) COF of 60 wt% PAG aqueous solution and 
those with two 0.5 wt% LDH additives: ULDH–NS and 
LDH–NP. (c) Schematic illustration of AFM friction test in 
water. (d) SEM image, (e) TEM image, and (f) HRTEM 
image of AFM tip with ULDH–NS. (g) Friction obtained 
between silicon tip vs. mica, and tip with LDH vs. mica. 
Reproduced with permission from Ref. [74], © American 
Chemical Society 2019. 

solution was relatively stable, but the friction- 

reducing performance was not as significant. It was 

found that the surface roughness was approximately 

68.5% lower than that lubricated by water, but the 

diameter was only 9% shorter. With an analysis of 

the solid contact surfaces, it was demonstrated that 

the physically adsorbed ULDH–NS enabled the sliding 

surfaces to be polished, and thus realizing quick 

progression to superlubricity. 

Then, an AFM microscale friction test, as 

illustrated in Fig. 11(c), was conducted in lateral 

force measurement mode to evaluate the interactions 

between asperity peaks and stacked ULDH–NS 

additives in water. With continuous scanning, it 

was found that the stacked ULDH–NS gradually 

exfoliated with the removal thickness of one 

laminate (0.6–0.7 nm) due to the relatively weak 

interaction between the laminates. The morphology 

of the tip is shown in Fig. 11(d) after several 
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scanning cycles using an AFM tip. The TEM image 

in Fig. 11(e) and energy dispersive spectrometer 

(EDS) analysis confirmed the adsorption of LDH 

nanosheets. The HRTEM image in Fig. 11(f) shows  

that the ULDH–NS stacking process was similar to 

the condition of macroscopic experiment. As shown 

in Fig. 11(g), the COF (approximately 0.0625) obtained 

by the tip with LDH nanosheets was quite close to 

the COF (approximately 0.0565) obtained by the 

fresh silicon tip, but the adhesive force (0.35 nN) 

was significantly improved, which may contribute 

to the adsorption of PAG molecules on the solid 

surfaces during sliding process. Generally, adhesion 

forces consist of various forces such as electrostatic, 

van der Waals, and capillary. In a liquid environment, 

the capillary force (Fc) plays a crucial role and can 

be evaluated using the formula Fc = 4πσRcosθ, 

where σ is the surface tension of water, R is the 

radius of the tip, and θ is the contact angle of 

water [75]. According to the formula, the force of 

adhesion was mainly determined by the wettability 

of the contact surface with the dropped liquid. Many 

hydroxyl groups and a small amount of ethylene 

glycol molecules on the surface of the LDH nanosheets 

enabled the solid surfaces to be extremely hydrophilic, 

and their adhesion force was improved. Thus, the 

favorable conditions of the PAG aqueous solution 

for shortening the running-in process were provided 

by this adsorption layer. This can prevent violent 

collisions to shorten the running-in time (within 

1,000 s) by 85% and improve the load-bearing 

capacity (approximately 92.7 MPa) with the enhanced 

adsorption of ULDH–NS. 

6  Discussion 

In earlier related studies [76–78], it was widely 

reported that a long time sliding process of mated 

ceramics (e.g., Si3N4–Al2O3) in water would lead to 

the occurrence of tribocorrosion, where an ultralow 

COF (< 0.03) could finally be obtained. After the 

friction test, a hydrated thin film of silicon oxides 

on sliding solid surfaces was detected. The restricted 

conditions for achieving ultralow friction were 

extremely low contact pressure (< 10 MPa), very 

smooth surface (< 10 nm), and high relative velocity 

(approximately 1.0 m/s). In the ceramic-water lub-

rication system, the rate of the tribochemical reaction 

is relatively slow, and the equivalent viscosity of 

the small amount of silica sol formed is too low to 

completely prevent direct collisions of asperities 

and to bear high contact pressure. However, the 

sliding process under strong acidic conditions can 

accelerate the violent occurrence of tribochemical 

reactions in the superlubricity system of phosphoric 

acid solution [30]. With BPOH additives uniformly 

dispersed in water, a similar composite of phosphoric 

acid is produced between sliding ceramic surfaces 

and the aqueous solution [67]. It was demonstrated 

that the tribochemical reaction occurring with BP– 

OH additives effectively reduced the surface roughness 

and contact pressure, formed repulsive electrostatic 

interactions, increased the equivalent viscosity of the 

lubricant to strengthen the hydrodynamic effect, 

and thus bore a high load in the state of superlubricity. 

During the sliding process, the adsorbed 2D 

nano-additives (e.g., GO nanosheets and LDHs) 

might gather on the solid surfaces to form a much 

thicker protective layer as compared to the original 

materials. It is considered that the wear condition 

is commonly observed in the contact region of 

approaching asperities during the running-in period. 

Thus, the direct contact of sliding solid surfaces 

can be physically prevented by the adsorbed layer, 

and the sliding interaction determined by the interface 

between laminates. This may lead to extremely low 

wear rates and an obvious reduction of friction in 

boundary lubrication [72, 79–81]. For example, the 

COF value of the sliding Si3N4−SiO2 interface in 

water usually exceeds 0.6, while the COF values of 

the interface between GO or LDH nanosheets are 

in the range of 0.02−0.1 in macroscale friction process 

[73, 82–84]. However, superlubricity cannot be 

achieved with the adsorbed 2D nano-additives 

alone. Present superlubricity systems are mostly 

achieved in an aqueous solution and a lubrication 

state, where only a small amount of nano-additives 

in water is commonly recognized as boundary 

lubrication. An appropriate amount of water-soluble 

molecules (such as ethaneidol, polyhydroxy alcohol, 

and PAGs) added to water could effectively increase 

the lubricant film thickness to reduce collision 
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probability between asperities while weakening 

the interactions between themselves to decrease 

shear strength of the lubricant fluid. In addition, 

the surface of superlubricity additives is usually 

covered with a large quantity of hydrophilic functional 

groups, and thus the sliding solid surfaces become 

extremely hydrophilic and their adhesive force 

increases significantly with the adsorption of many 

nanosheets on the contact surfaces. In these super-

lubricity systems, the increasing adhesive force 

contributes to the adsorption of water-soluble 

molecules on the sliding solid surfaces, so the violent 

collisions are effectively prevented during the 

friction process, which accelerates the achievement 

of superlubricity. As a result, the synergistic effects 

of physical protection and adsorption enhancement, 

caused by the combination of 2D nano-additives 

and water-soluble molecules, greatly contribute to 

the improvement of tribological properties in 

superlubricity systems. 

As for superlubricity achieved with ionic liquids, 

the wear resistance can be greatly improved, and 

accordingly, excellent extreme pressure is obtained. 

Notably, a tribochemical reaction occurs during 

the sliding process in which the anions in ionic 

liquids such as PF

6, BF


4, and NTf


2 react with water 

to produce phosphates [85], borides [86], and 

sulfides [87] on the worn surface, respectively [36, 

88]. Owing to the excellent extreme pressure and 

anti-wear properties of phosphates, the tribochemical 

layer formed by PF

6 exhibits the best lubricating 

performance [89]. On the other hand, the cations in 

ionic liquids such as Li+, Na+, and K+ possess quite 

different hydrated radii and hydration energies. 

Hence, the as-formed hydration layer and hydration 

repulsion, caused by the adsorbed cations on the 

negatively charged solid surfaces, may directly affect 

the tribological properties [90]. Since hydration of 

Li+ is much stronger than those of Na+ and K+, 

extremely low shearing resistance and hydration 

repulsion is provided with a hydration layer on 

sliding solid surfaces [75, 91]. Both the occurrence 

of tribochemical reaction with anions and the 

excellent ability to hydrate by cations in ionic 

liquids can further improve the wear resistance of 

liquid superlubricant, and thereby increasing the 

load-bearing capacity to a high level for industrial 

application. 

Recently, Liu et al. [92] investigated three graphene- 

derived nanoflakes of different hydrophilicity with 

the lubrication of glycerol solution. Initially, pristine 

graphene (PG), fluorinated graphene (FG), and GO 

nanoflakes were directly deposited on the substrate 

(SiO2). The aqueous solution of glycerol was dropped 

between two sliding solid surfaces for friction test. 

The results showed the hydrophobic PG nanoflakes 

exhibited the best lubrication performance and a 

robust superlubricity with COF of approximately 

0.004. Given the fact that GO nanoflakes showed 

the best while FG nanoflakes showed the worst 

hydrophilicity, hydrophilic properties had little 

effect on the lubrication performance in this lubrication 

system. As shown in Fig. 12, the excellent performance 

of PG was mainly attributed to a tribofilm composed 

of graphene nanoflakes formed in the contact zone, 

while the functional group of GO caused relatively 

large interaction force between nanoflakes. However, 

as for hydrophobic PG nanoflakes, it is still a great  

 

Fig. 12  Lubrication model of hydrophobic pristine graphene nanoflakes and the glycerol aqueous solution. Reproduced with 
permission from Ref. [92], © American Chemical Society 2020. 
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challenge to solve its dispersion problem as lubricant 

additives in the future. 

7  Summary 

This paper provided a review of the studies on the 

synergistic effect of 2D solid materials and water- 

based lubricants in the field of liquid superlubricity. 

Suitable 2D nanomaterials as lubricant additives 

can prevent severe wear on solid surfaces and 

improve the tribological properties. According to 

previous studies on liquid superlubricity, there are 

still many aspects (e.g., low load-bearing pressure, 

dependence on hydrogen ions, and relatively long 

running-in processes) that need to be further 

explored and improved.  

In this study, various 2D nanomaterials including 

BP, LDH, and GO were prepared, surface modified, 

and well dispersed in water-based lubricants for 

optimizing the applied conditions of superlubricity. 

Until now, liquid superlubricity has been increasingly 

controllable and adjustable. As shown in Table 2, 

the load-bearing capacity was effectively improved 

to 600 MPa and the running-in time was shortened 

to 1,000 s. 

This review focused on the latest reports on the 

combination of 2D solid materials and water-based 

lubricants. It provides the guidance for utilizing 

liquid superlubricity for potential applications. 

However, to meet the harsh conditions of practical 

operation in mechanical systems, corrosion is still 

a challenge, and the load capacity of water-based 

lubricant systems must be further improved in the 

future. In addition, it is also difficult to achieve 

superlubricity in oil-based lubricants due to their 
 

Table 2  Liquid superlubricity systems with different sliding 
solid surfaces, liquid lubricants, nano-additives, final contact 
pressure (MPa), and running-in period (s) in superlubricity 
state. 

Solid surfaces 
Lubricants + 

additives 

Contact 
pressure 
(MPa) 

Running-in 
period (s)

Si3N4/SiO2 Water + BP–OH 96 ~3,600 

Si3N4/SiO2 
Ethanediol + 

GONFs 
111 ~600 

Si3N4/sapphire IL(aq) + GO 600 < 900 

Si3N4/Al2O3 
PAG(aq) + 

ULDHNS 
93 < 1,000 

relatively strong intermolecular interaction and 

shear forces. Thus, more lubricant systems containing 

new liquid lubricants and nano-additives with 

superlubricity properties also remain to be investigated. 
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