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Abstract: In this paper, we review recent research developments regarding the tribological performances of 

a series of inorganic nano-additives in lubricating fluids. First, we examine several basic types of inorganic 

nanomaterials, including metallic nanoparticles, metal oxides, carbon nanomaterials, and “other” nanomaterials. 

More specifically, the metallic nanoparticles we examine include silver, copper, nickel, molybdenum, and 

tungsten nanoparticles; the metal oxides include CuO, ZnO, Fe3O4, TiO2, ZrO2, Al2O3, and several double-metal 

oxides; the carbon nanomaterials include fullerene, carbon quantum dots, carbon nanotubes, graphene, graphene 

oxides, graphite, and diamond; and the “other” nanomaterials include metal sulfides, rare-earth compounds, 

layered double hydroxides, clay minerals, hexagonal boron nitride, black phosphorus, and nanocomposites. 

Second, we summarize the lubrication mechanisms of these nano-additives and identify the factors affecting 

their tribological performance. Finally, we briefly discuss the challenges faced by inorganic nanoparticles in 

lubrication applications and discuss future research directions. This review offers new perspectives to improve 

our understanding of inorganic nano-additives in tribology, as well as several new approaches to expand their 

practical applications. 
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1  Introduction 

Friction and wear can result in energy wastage, material 

losses, and shorter service lives of the moving parts 

within mechanical systems. It has been demonstrated 

that ~23% of total fuel energy losses is directly 

attributable to the tribological contact [1]. Because of 

its capacity to save energy and protect mechanical 

components, lubrication has been proven as an 

efficient means of decreasing friction and wear across 

many industrial applications. Commercial lubricants 

(e.g., those used in automotive and high-performance 

aerospace engines) involve complicated preparation 

procedures, because they contain base oils and various 

additives. To satisfy the sustainability requirements (i.e., 

maximized fuel efficiency and minimized pollution), 

the development of efficient lubricant additives has 

received considerable attention from both industry 

and academia.  

The evolution of nanotechnology has led to the 

development of nanomaterials. As a novel class of 

materials, nanomaterials have found broad applicability 

across numerous technological fields. Studies have been 

conducted on a wide variety of nanomaterials and com-

pounds thereof (especially inorganic nanomaterials), 

to investigate their potential as lubricant additives. 

Recent advances in lubrication research have revealed 

that many inorganic nano-additives provide excellent 

lubrication performance. In recent years, pure metal 

nanoparticles [2] and their combinations [3], metal 

oxides [4–6], sulfides [7–9], layered silicates [10], and 

carbon nanomaterials [11, 12] have increasingly been  
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used in tribological applications. The increased 

tendency toward utilizing nanoparticles as lubricant 

additives is attributed to their excellent properties. 

With their small sizes (2–100 nm), nanoparticles can 

easily penetrate into the friction area and fill the 

microroughness. This helps prevent the surfaces of 

the friction pair from directly contacting each other. 

Owing to their high surface energies, nanoparticles 

can easily precipitate or generate protective films on 

the friction surface [13]; they can also have a mending 

or self-repairing effect on worn surfaces. 

Different additives exhibit different characteristics 

and enhance the tribological performance of lubricants 

in various ways. The improvements that nano-additives 

realize in the tribological performances of lubricants 

can be interpreted via the rolling–slip effect, the 

generation of a third body between the rubbing details, 

the formation of a tribo-film in the friction zone, and 

variations in the lubricants’ rheological performances 

[14]. They can also be used for polishing friction 

surfaces and smoothing abrasive wear [15]. Therefore, 

we provide a comprehensive review of different 

varieties of inorganic lubricant additives and their  

anti-friction mechanisms. A summary of the inorganic 

nanomaterials used as lubricant additives in base 

fluids is presented in Fig. 1. 

2 Metallic nanoparticles 

Metallic nanoparticles (e.g., Ag, Cu, Ni, Mo, and W) 

offer several unique advantages [16]: (1) They can form 

softer and more compliant nanoparticle-containing 

layers through being physically pressed and/or smeared 

into the contact area; this layer facilitates deformation 

and faster running-in with greater conformal contact, 

thereby realizing reduced asperity contact pressure and 

shear resistance under lower friction; furthermore, 

they offer a cushion that absorbs a portion of the 

asperity collision force, thereby reducing noise.     

(2) They can participate in tribo-film formation in two 

ways: via tribochemical reactions or by acting as a 

metal cation supply. 

2.1 Silver nanoparticles 

Silver nanoparticles have attracted considerable interest 

owing to their environmental friendliness, chemical  

 
Fig. 1  Summary of inorganic nanomaterials as lubricant additives in base fluids. 
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stability, low shear strength, reliable embeddability, 

ductility, and considerable potential for improving 

friction reduction, and anti-wear characteristics 

[16–19]. Therefore, many scholars have attempted  

to use silver nanoparticles as lubricant additives, to 

improve the lubrication performance of base fluids, 

particularly oil-based lubricants. Kumara et al. [16] 

synthesized and characterized two types of oil-soluble 

silver nanoparticles and evaluated their potential   

as lubricant additives. It was found that using Ag 

nanoparticles in base oils could reduce friction by 35% 

and result in 85% less wear in boundary lubrication 

applications. A nano-lubricant containing silver nano-

particles suspended in polyethylene glycol (PEG) was 

synthesized and investigated by Ghaednia et al. [18]. 

As revealed by a series of frictional, wear, and 

rheological analyses, as well as Stribeck curve analysis, 

adding a small quantity of Ag nanoparticles helped 

to reduce both friction and wear. More specifically, 

when participating in a mixed lubrication regime, 

silver nanoparticles can realize a 35% decrease in the 

coefficient of friction (COF) and wear scar diameter 

(WSD). Moreover, reducing the real area of contact 

has been recognized as a key lubrication mechanism 

for nanoparticle additives.  

Previous studies have highlighted Ag nanoparticles 

as promising candidates for lubricant additives. 

However, when applied for lubrication, Ag nano-

particles exhibit abundant surface activity and 

inadequate compatibility with base fluids; this leads 

to oxidation, coacervation, and precipitation in the 

base fluids, which subsequently impairs the lubrica-

tion performance of the Ag nanoparticles. Other 

disadvantages of Ag include its high cost and tendency 

to form surface compounds such as sulfides, which can 

degrade its tribological performance. To overcome these 

challenges in the application of silver nanoparticles 

to lubrication, surface modification can be employed 

to convert silver nanoparticles into organic miscible 

nanoparticles, to enhance the oil’s solubility; the 

feasibility of this approach has been demonstrated 

in previous studies [17]. 

2.2 Copper nanoparticles 

Copper has been widely applied both as a solid 

lubricating material and in the fabrication of polymer- 

based self-lubricating fillers, owing to its high ductility, 

low hardness, and ideal shear strength. Nanostructured 

copper materials preserve most of the excellent pro-

perties of copper and are also endowed with unique 

properties through the nano-size effect. Copper 

nanoparticles exhibit a significantly decreased melting 

point, and their chemical reactivity is increased 

significantly by the small-size effect of nanomaterials. 

When used as additives for lubrication, copper nano-

particles tend to melt on the contact interface after 

stimulation from the heat generated during frictional 

and tribochemical reaction processes; consequently, a 

micro-solid solution is formed between the contact 

surfaces, helping to reduce friction and resist wear. 

With a tribometer featuring a pin-on-disk and four- 

ball configuration, Guzman et al. [20] examined   

the impact of copper nanoparticle additives on the 

tribological properties of mineral and synthetic ester- 

based oils; they found that copper nanoparticles could 

improve the tribological properties of the mineral  

oil, although their effectiveness in synthetic polar oil 

was limited. Moreover, Cu nanoparticles exhibit good 

adaptability to the composition and hardness of 

diamond-like carbon (DLC) coatings. Zhang et al. [21] 

prepared Cu nanoparticles modified with diisooctyl 

dithiophosphoric acid (NPCuDDP); these were used 

as nano-additives in DLC/poly-alpha olefin (PAO) 

solid–liquid lubricating systems. They applied four 

types of DLC coatings with the hardnesses of 7–22 GPa, 

to investigate the tribological mechanism of NPCuDDP 

and its adaptability to the composition and hardness 

of DLC coatings. The results indicated that NPCuDDP 

could reduce the COF of DLC coatings and PAO 

systems by 19%–22%, regardless of their composition 

and hardness; furthermore, they reduced the wear 

rate of all DLC coatings by 2–3 orders of magnitude. 

The superior friction reduction and anti-wear per-

formances were attributed to the tribo-film formed on 

the friction surface, in turn attributable to the high 

activity of soft metal nanoparticles in NPCuDDP, as 

shown in Fig. 2. 

However, the hydrophobicity of the diisooctyl 

dithiophosphoric acid (DDP) surface-capping layer 

makes it impracticable to use NPCuDDP in water-based 

lubricants. To address this, several researchers   

have sought to identify surface-capping agents that  
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Fig. 2 Schematic diagram of friction mechanism of NPCuDDP 
in four DLC/PAO solid–liquid lubricating systems. Reproduced 
with permission from Ref. [21], © Elsevier 2019. 

can effectively enhance the antioxidant capacity and 

dispersion stability of Cu nanoparticles in water-based 

lubricants. For example, Liu et al. [22] developed a 

water-in-oil reverse microemulsion method in which 

hydrophobic Cu nanoparticles were incorporated into 

silica spheres to prepare water-dispersible Cu@SiO2 

nanoparticles. They also investigated the tribological 

properties of the prepared Cu@SiO2 nanoparticles 

when applied as a lubricant additive in distilled water. 

The results indicated that the prepared Cu@SiO2 

nanoparticles offered sound antioxidant capacities 

and dispersion stability in distilled water and could 

considerably enhance the water’s tribological properties. 

2.3 Nickel nanoparticles 

Beyond the traditional applications of soft metals, 

nickel nanoparticles have emerged as a novel type of 

additive for lubrication [23–26]. Using high-energy 

ion-beam evaporation technology and oleylamine, 

Zhao et al. [24] prepared surface-modified nickel 

nanoparticles to investigate the modification, friction- 

reduction, and anti-wear mechanisms as well as   

the tribological behaviors of lubricating oils with 

oleylamine-modified nickel nanoparticles. The results 

demonstrate that oleylamine-modified nickel nano-

particles are superior lubricant additives. Chen et al. 

[25] used dodecanethiol as a surface modification 

agent to synthesize Cu–Ni bimetallic nanoparticles; 

they investigated and discussed the lubrication 

mechanism and tribological properties of surface- 

capped Cu–Ni bimetallic nanoparticles in liquid 

paraffin. The Cu–Ni nanoparticles prepared with    

a sufficiently high concentration of dodecanethiol 

exhibited virtually no signs of aggregation and offered 

sound dispersibility in a variety of apolar solvents. It 

was also found that adding these nanoparticles could 

enhance the bearing capacity as well as the friction 

reduction and anti-wear performance of liquid paraffin. 

Using the pyrolysis of nickel formate, Zadoshenko  

et al. [26] prepared nickel nanoparticles with sizes 

varying from 12 to 34 nm; these were added as 

lubricant additives to a low-temperature grease 

(CIATIM-201). Studies of the tribo-technical properties 

suggest that CIATIM-201 offers superiors anti-wear 

and extreme-pressure properties than pure grease when 

supplemented with nickel additives at concentrations 

of 0.05–0.2 wt% (Fig. 3). 

 

Fig. 3 (a–c) Optical microscopies of the friction surface in CIATIM-201 and (d–f) in CIATIM-201 + 0.2 wt% nickel: 
(a, d) two-dimensional surface images; (b, e) three-dimensional surface images; (c, f) roughness. Reproduced with permission from 
Ref. [26], © Taylor & Francis 2020. 
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2.4 Molybdenum and tungsten  

Numerous studies have focused on the friction-reduction 

and anti-wear performances of soft metallic nano- 

additives. However, it is unclear whether hard metallic 

nanoparticles make suitable lubricant additives. Zhang 

et al. [27] studied the extreme-pressure, friction- 

reduction, and anti-wear properties of two hard 

metallic nanoparticles (W and Mo) when added as 

lubricant additives to multialkylated cyclopentane 

(MAC) oil under vacuum, and they examined the 

tribological mechanisms of soft, medium-hard, and 

hard metallic nanoparticles as lubricant additives, as 

shown in Fig. 4. According to their results, the oil 

exhibited transient high friction under vacuum; this 

produced serious adhesive wear in the steel friction 

pairs, which could be efficiently eliminated with the 

W and Mo nano-additives. Specifically, both W and Mo 

nanoparticles optimally decreased the WSD and COF 

at a concentration of 0.5 wt%. Moreover, because Mo 

nanoparticles can significantly impede the decom-

position of the base oil and thereby extend its service 

life, Zhang et al. [27] considered them to be top-priority 

additives for MAC oil under vacuum conditions. 

The lubrication mechanisms of metal nanoparticles 

include the followings [28]: (a) Tribo-films or adsorption 

films are generated, which alter the characteristics of 

the interface and segregate the two contact surfaces, 

 
Fig. 4 Schematic of tribological mechanisms of metallic nano-
particle additives. Reproduced with permission from Ref. [27], 
© ASME 2017. 

thereby improving tribological performance; (b) the 

friction and wear are reduced through the rolling 

effect of nanoparticles between two sliding surfaces; 

(c) nanoparticles are compacted on the wear track  

by pressure and heat generated through the friction 

process; and (d) the nanoparticles can enter worn 

areas and repair worn surfaces through the small-size 

effect. 

Nevertheless, metal nanoparticles with high chemical 

and surface activity levels are prone to agglomeration 

in practical applications and struggle to maintain 

long-term dispersion stability, which limits their 

applicability as lubricant additives. Hence, it is essential 

to enhance the chemical and dispersion stabilities  

of nanoparticles in lubricating oils. The surface 

modification method was most effective when  

metal nanoparticles were prepared to address the 

aforementioned problems; in this process, the surface 

energy was decreased to stabilize the metal nano-

particles and enhance their oil solubility [16, 24, 25]. 

3 Metal oxide nanoparticles 

Metal oxides are generally used individually or in 

combination as lubricant additives in base fluids, to 

reduce friction and wear. They exhibit lubrication 

mechanisms similar to those of metallic nanoparticles, 

including tribo-film or adsorption film formation, the 

rolling effect, and the repair or sintering effect. This 

section reviews two types of metal oxides: single and 

double. 

3.1 Single metal oxides 

A number of metal oxides (e.g., CuO, ZnO, Fe3O4, 

TiO2, Co3O4, and Al2O3) have been commonly used as 

lubricant additives [13, 29–32]. Several studies have 

investigated the use of TiO2 nanoparticles as lubricant 

additives [33, 34]. For example, a palm oil bio-lubricant 

containing TiO2 nano-additive was found to achieve 

its lowest COF and WSD when the concentration of 

the added nano-additive was 0.1 wt%. Magnetic Fe3O4 

nanoparticles (with an average particle diameter of 

11.7 nm and solid weight fraction varying as 0–10 wt%) 

were dispersed in alpha-olefin hydrocarbon synthetic 

lubricating oil [35]. The nanoparticles’ COF reduction  

(45%) and WSD reduction (30%) performances were 
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maximized at a concentration of 4 wt%. The rolling 

effect was attributed to the reduced COF, and the 

reduced WSD was attributed to the spacer role played 

by magnetic nanoparticles among the asperities. Ali 

et al. [13] investigated the tribological behaviors of 

Al2O3 and TiO2 nanoparticles as lubricant additives in 

piston-ring assemblies. The results identified 45% and 

50% frictional power reductions for the Al2O3 and 

TiO2 nano-lubricants, respectively; this was attributed 

to the rolling friction effect and the tribo-films formed 

on the worn surfaces. Notably, the Al2O3 nano- 

lubricant better enhanced the scuffing resistance 

and anti-wear performance because of the formation 

of self-laminating protective films, and the TiO2 nano- 

lubricant was more efficient in reducing the COF 

because of its rolling effect. Hernández et al. [31] 

investigated the anti-wear behavior of CuO, ZnO, 

and ZrO2 nanoparticle suspensions in PAO6 under 

mixed lubrication conditions, using a block-on-ring 

tribometer. The results demonstrated that all nano-

particle suspensions offered improved friction-reduction 

and anti-wear performances compared to the base  

oil. Moreover, as opposed to CuO, ZrO2 and ZnO 

suspensions offered tribological performances that 

improved as a function of nanoparticle content. It was 

concluded that the tribo-sintering of nanoparticles on 

the worn surface prevented metal-to-metal contact 

and produced load-bearing areas. Bhaumik et al.  

[36] examined the tribological performance of ZnO 

nanofriction-modifier-based castor oil between steel 

surfaces for various concentrations. The results 

showed that neat castor oil supplemented with     

0.1 wt% ZnO achieved the lowest wear rate, and a 

larger concentration of ZnO produced a higher one. 

The diffusion of zinc oxide nanofriction modifiers and 

the adsorption of castor oil in the surface grooves 

produced a tribo-film. This prevented intermetallic 

contact, thereby reducing the COF and surface 

roughness. However, ZnO nanofriction modifiers 

induce deterioration of the mating surfaces at high 

concentrations, as shown in Fig. 5. 

3.2 Double metal oxides 

With a higher thermal stability and lower Mohs 

hardness than individual oxides, double metal oxides 

have been applied to protect contacting surfaces at 

elevated temperatures. Typically, they are prepared 

either directly or by tribo-chemical reactions during 

friction [37]. Because of their high ductility and shear 

susceptibility at elevated temperatures, double metal 

oxides have been extensively studied as a possible 

solid lubricant material or lubricant additive [38, 39]. 

Ye et al. [40] prepared nickel oxythiomolybdate 

(NiMoO2S2) nanoparticles with an average size of  

13 nm and assessed the tribological properties of 

these nanoparticles as a lubricant additive at high 

temperatures, using a four-ball-wear and a pin-on-disc 

tester. In their results, the NiMoO2S2 nanoparticles 

demonstrated excellent anti-friction capabilities when 

used as an additive in liquid lubricants at room 

temperature of 20 °C or in solid lubricants at high 

temperatures. A series of studies on the application 

of perrhenate as additives for lubrication at high 

temperatures or across an extensive range of tem-

peratures were conducted by Wang et al. [41–44]. The  

prepared silver perrhenate powders were added to 

 
Fig. 5 Schematic diagram of (a) the lubrication mechanism, (b) the neat castor oil containing graphite between the sliding bodies,
(c) neat castor oil containing the optimal concentration of nano friction modifiers between the sliding bodies, and (d) neat castor oil 
containing higher concentration of nano friction modifiers (FMs) leading to blockage of oil and agglomeration of friction modifiers.
Reproduced with permission from Ref. [36], © Elsevier 2018. 
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PAO base oil containing polyoxyethylene octylphenyl 

ether [42]. The results indicated that when silver 

perrhenate was added, the oil exhibited superior 

friction-reduction and anti-wear characteristics to 

the base oil. An optimal performance was achieved at 

a concentration of 0.5 wt%. This excellent lubrication 

performance was attributed to the barrier function 

performed by the silver perrhenate layer, which 

incorporated native superalloy oxides generated on 

the worn surface and thereby prevented direct contact 

between the friction surfaces at high temperatures. 

4 Carbon nanomaterials 

Recently, carbon nanomaterials (of 0–3 dimensions) 

have been applied as lubricant additives in base fluids 

to improve tribological performance. Different forms 

of carbon nanomaterials operate by different lubrication 

mechanisms. Therefore, this section introduces carbon 

nanomaterials in four sections: zero-, one-, two-, and 

three-dimensional. 

4.1 Zero-dimensional carbon nanomaterials  

4.1.1 Fullerene 

Ku et al. [45] assessed the anti-wear and extreme 

pressure properties of fullerenes with different 

viscosities, using a disk-on-disk mode. Adding 

fullerene nanoparticles primarily reduced friction by 

minimizing the contact between the metal surfaces. 

Furthermore, fullerene achieved a superior performance 

when it was added to oils with lower viscosities. Kalin 

et al. [46] examined the effectiveness of fullerene 

nanoparticles added to 20W50 base oil, comparing 

their effectiveness against those of other carbon 

nanomaterials. A planetary ball milling method was 

used to disperse the nanoparticles in oil. Because  

no precipitation was observed after 30 days, the 

stability of fullerene nanoparticles in oil was deemed 

acceptable. Fullerene was also shown to produce a 

lower thermal conductivity increase than all other 

carbon nanomaterials. 

4.1.2 Carbon quantum dots (CQDs) 

As an emerging class of carbon-based nanoparticles, 

CQDs and their derivatives have extremely small 

sizes and distinctive properties, and numerous studies 

have explored their lubrication characteristics. Because 

of their oxygen-containing groups and easy preparation 

procedures, CQDs exhibit ideal friction-reduction 

and anti-wear properties when used as a lubricant 

additive [47]. Because their surfaces are filled with 

hydroxyl and carboxyl groups, CQDs are often used 

as functional components for constructing new 

nanostructured materials, in which their graphitic 

structures and small sizes realize excellent lubrication 

properties [48]. Ma et al. [49] fabricated ionic-liquid- 

modified CQDs as lubricant additives and managed 

to achieve superlubricity. Xiao et al. [50] fabricated 

water-soluble CQDs and added them as lubricant 

additives to deionized water. They experimentally 

observed the tribological behaviors of the CQDs in 

deionized water for both Si3N4/Si3N4 and Si3N4/steel 

contacts. The results showed that adding CQDs 

could reduce the COF in both types of friction pairs. 

The maximal COF reduction was 14% and 30% for 

the Si3N4/Si3N4 and Si3N4/steel contacts, respectively. 

Wang et al. [51] investigated the tribological per-

formance of ionic liquid (IL)-capped CDs when  

used as lubricant additives for PEG, by altering the 

additive concentration, the duration, and test load. 

These additives were found to exhibit excellent friction- 

reduction and anti-wear properties. More specifically, 

a PEG base stock supplemented with 0.3 wt% of 

additive under a test load of 392 N could decrease the 

COF and WSD of the lower balls by 70% and 33%, 

respectively. Ye et al. [47, 52] studied multifunctional 

CQDs (referred to as CQDs-N) as lubricant additives 

in a polar base fluid of biobased castor oil. They also 

produced liquid-like CQDs-N with oleylamine capped 

on the surface (referred to as O-CQDs-N), by using  

a chemical grafting route. Both the CQDs-N and 

O-CQDs-N exhibited excellent dispersion stability in 

castor oil and PAO, improving both the anti-wear 

and anti-oxidant performances of these substances. 

They also generated 3D images and height profiles 

(represented as red lines) of the wear scars achieved 

after lubrication by PAO alone and PAO with 0.5 wt% 

O-CQDs-N; these are presented in Fig. 6. It was 

speculated that the thin protective film formed by  

the CQD-based nanoparticles deposited on the worn 

surface could improve the lubrication performance  

as well as the loading capacity of the lubricant, as 

shown in Fig. 7. 



652 Friction 10(5): 645–676 (2022) 

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

 

4.2 One-dimensional carbon nanomaterials  

Typical one-dimensional nanomaterials include nano-

tubes, nanowires, and nanorods; these are widely used 

in industrial applications. Carbon nanotubes (CNTs) 

are one of the most extensively investigated classes of 

carbon nanomaterials [53, 54]. A CNT is a tubular 

structure composed of hexagonal rings of carbon 

atoms. Such tubes can be up to several millimeters in 

length and several nanometers in diameter [55]. Owing 

to their outstanding thermal and mechanical properties 

and their self-lubricating effect, CNTs have been 

extensively applied in tribological tasks as water or 

oil-based lubricant additives, or as reinforcements  

for metals or polymers [53, 56]. Adding 1.0 wt%    

of multiwalled carbon nanotubes (MWCNTs) as an 

additive in Mobilgear 627 and paraffinic mineral oils 

was found to improve the anti-wear performances and 

load-carrying capacities of the base lubricants [57].  

The analysis results show that adding MWCNT nano-

particles to the base oil reduces wear and produces a 

smoother surface with fewer scars, further confirming 

that the addition of MWCNTs can effectively reduce 

direct metal-to-metal contacts. The MWCNT nano-

particles deposited on the worn surface reduce the 

shearing stress, thereby enhancing the tribological 

performance [58]. Gong et al. [59] found that when 

added as an additive to polyalkylene glycol-based  

oil, the CNTs could significantly improve the oil’s 

friction-reduction and anti-wear capabilities, by 

forming boundary lubrication films. Moreover, the 

tribological properties of water can also be enhanced 

by the transferal of an amorphous carbon film from the 

CNTs [60]. Peng et al. [61] investigated the tribological 

behavior of functionalized MWCNTs added to water. 

The results show that the presence of MWCNTs can 

enhance the load-carrying capacities of the base fluid 

and decrease the COF and WSD. 

 

Fig. 6 3D images and the corresponding height profiles (red lines) of the wear scar lubricated by (a) PAO and (b) 0.5 wt% O-CQDs-N 
in PAO, respectively. Reproduced with permission from Ref. [47], © Elsevier 2019. 

 

Fig. 7 Proposed tribological mechanism of O-CQDs-N. Reproduced with permission from Ref. [47], © Elsevier 2019. 
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Rolling is crucial to the lubrication mechanism of 

CNT additives in liquid lubricants. This suggests that 

CNTs tend to roll between two sliding surfaces [53, 

62]. Hence, the diameters and lengths of CNTs can 

profoundly affect their ability to enter the clearance of 

the friction pair, thereby reducing friction and wear. 

Several experiments have been performed to identify 

the diameter and length at which CNTs perform best 

as a lubricant additive. For example, Ye et al. [56] 

experimentally examined the tribological properties 

of several CNTs of varying diameters and lengths 

when added to water and liquid paraffin. It was 

revealed that short CNT samples outperformed longer 

ones. In addition, the middle-diameter (10–20 nm) 

ones were found to deliver the strongest anti-wear 

performance in both lubricants, as shown in Fig. 8. 

However, CNTs tend to wrap and form con-

glomerates. This results in a robust electrostatic and 

van der Waals force between molecules or atoms on 

the surface. This force generates large aggregations, 

leading to incomplete oil films and large winding 

accumulations at the interface [54]. In these cases,  

the CNTs cannot achieve a rolling or “micro-bearing” 

effect comparable to that of other spherical nano-

particles; hence, their friction-reducing capabilities 

are limited. To facilitate the stable uniform dispersion 

of CNTs and prevent them from winding and 

conglomerating, numerous experiments have been 

 

Fig. 8 (a) Low and (c) high magnification worn surfaces by the 
water lubrication, and (b) low and (d) high magnification worn 
surfaces by the OMWCNTs-5 as lubricant additive in water. 
Reproduced with permission from Ref. [56], © Elsiver 2019. 

conducted to study the dispersing effects of different 

surfactants on CNTs. Based on molecular mechanics 

simulations designed from an energy perspective, 

Duan et al. [63] investigated the dispersion of CNTs 

with sodium dodecyl sulfate.  

Another approach to address the problem of 

MWCNTs is to develop novel carbon nanomaterials 

such as partially exfoliated multiwalled carbon 

nanotubes (Px-CNTs) [64]. Px-CNTs are carbon nano-

tubes partially wrapped by nanoribbons, similar   

to long-shaped graphene oxide (GO) sheets. As a 

combination of MWCNTs and graphene, Px-CNTs 

offer superior capacitance to the former, owing to  

the enhanced defect density and effective surface 

area of the exfoliated tubular structures. Unlike pure 

MWCNTs, Px-CNTs have a long nanotube structure 

that prevents the coalescence of bands. Simultaneously, 

the inner walls of the Px-CNTs remain as intact    

as those of the MWCNTs, with the external tubes 

exfoliated into nanoribbons to reduce entanglement. 

Sun et al. [64] fabricated Px-CNTs by oxidizing multi- 

walled carbon nanotubes; these were used as lubrication 

additives in water-based fluids, and an excellent 

friction reduction was achieved. A physical tribo-film 

formed by Px-CNT dispersion between interfaces 

prevented direct contact between the friction surfaces; 

this could be observed from the structure and friction 

testing of Px-CNTs. Moreover, the Px-CNTs were 

deposited in the grooves of the surfaces and adsorbed 

on the friction surfaces, whilst the layer nanosheets 

ensured sliding susceptibility and the tubes functioned 

as rolling bearings, as shown in Fig. 9. 

 

Fig. 9 Mechanism of water-based lubricant with Px-CNTs presents 
the synergetic effect of the parts of nanotubes and nanoribbons. 
Inset: the schematic diagram of Px-CNTs. Reproduced with 
permission from Ref. [64], © American Scientific Publishers 2018. 
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4.3 Two-dimensional carbon nanomaterials: graphene 

and GO 

Graphene has gained extensive research attention 

owing to its distinctive structure and excellent 

mechanical, optical, electrical, and thermal properties. 

In particular, graphene has been recognized as an 

ideal candidate for both solid lubricants and lubricant 

additives, owing to its outstanding mechanical strength, 

high thermal and chemical stability, low shear strength, 

atomically smooth surface, excellent specific surface 

area, and ultra-low film thickness [65–69]. 

A number of studies have investigated the tribological 

performance and lubrication mechanisms of graphene 

applied as an additive in lubricants. Using a UMT-2 

friction and wear testing machine, Zhao et al. [70] 

examined the abrasive resistance of graphene, and the 

results demonstrated that the graphene significantly 

improved the friction-reduction and anti-wear per-

formance. More specifically, the maximum COF and 

wear rate were reduced by 78% (Fig. 10) and 95%, 

respectively. Senatore et al. [71] investigated the 

tribological performance of GO nanosheets in mineral 

oil. The experimental results show that, at temperatures 

ranging from 25 to 80 °C, the average COF was 

reduced by ~20%, and the anti-wear rate was reduced 

by ~30%. Graphene and GO have similar friction- 

reduction mechanisms; that is, they both form a 

protective film to separate the two contact surfaces 

[71]. Mao et al. [72] performed a comparative study 

to investigate the tribological performance of graphene 

when applied as a lubricant additive for steel/steel 

and steel/copper friction pairs. According to their 

results, graphene achieved superior lubrication in  

steel/steel friction pairs than steel/copper ones.   

This was because the steel/copper friction pairs were 

subjected to serious plastic deformation on the surface 

of the copper, which decreased the stability of the 

graphene tribo-film.  

Despite its ability to reduce friction and resist wear, 

graphene tends to agglomerate in the base lubricating 

oil; this significantly degrades its lubrication perfor-

mance. Therefore, graphene must maintain dispersion 

stability when used as a lubricant additive in different 

base lubricants. One of the most efficient approaches 

to improve the dispersion stability of graphene is to 

regulate its physical form. Li et al. [73] fabricated 

highly exfoliated reduced GO via thermal reduction 

and increased the specific surface area of graphene, 

as shown in Fig. 11. They also obtained a stable 

dispersion time of 4 days for this graphene in PAO6. 

After adding 0.5 wt% reduced GO to PAO6, decreases 

of 44% and 90% were achieved in the COF and the 

wear-track depth, respectively. Dou et al. [74] studied 

how crumpled graphene balls could be effectively 

applied as lubricant additives in PAO4; the crumpled 

balls offered improved dispersion stability in the base 

oil compared to graphite and commercially available 

reduced graphite oxide. It was also speculated that 

graphene balls could have a ball-bearing effect during 

friction, thereby enhancing the friction-reduction and 

anti-wear performance of PAO4. 

Chemical modification represents another approach 

for improving the dispersibility of graphene [75]. To 

enhance graphene’s dispersion stability in water, an 

oxygen-containing functional group was grafted onto 

graphene sheets via oxidation. Kinoshita et al. [76]  

 

Fig. 10 Variations of the COF with sliding time at different temperatures: (a) PAO4 and (b) PAO4 + 0.01% Graphene + 1% Span-80.
Reproduced with permission from Ref. [70], © Acta Metallurgica Sinica 2017. 
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Fig. 11 Schematic illustration of the preparation of heRGO-n 
powders. Reproduced with permission from Ref. [73], © WILEY- 

VCH Verlag GmbH & Co. KGaA, Weinheim 2016. 

studied the lubrication properties of GO when added 

to pure water. A COF of ~0.05 was obtained by GO 

dispersion; this was lower than the values obtained 

under lubrication with pure water (COF > 0.4)   

and water-based emulsion lubricants (COF ≈ 0.12). 

Furthermore, no evident surface wear was observed, 

even after 60,000 cycles of friction testing. The 

experimental results suggest that the GO sheets 

adsorbed onto the ball and flat plate during sliding 

may function as protective coatings on both solid 

surfaces. Using stearic and oleic acids as raw materials, 

Lin et al. [77] grafted alkylene chains onto graphene 

sheets using a cyclic heating method, thereby improving 

the dispersion stability of graphene in base oil. After 

200 min, they found that the unmodified graphene 

had largely agglomerated in the base oil; however, 

for the modified graphene, little precipitation was 

observed. When 0.075 wt% modified graphene was 

added, the base oil exhibited a COF of ~0.12, 33.3% 

lower than that of pure base oil. 

The use of dispersants is another effective method 

for enhancing the dispersion stability of graphene  

in base oils. Cai et al. [78] used Span-80 (C24H44O6)  

as a dispersant, to improve the dispersion stability    

of graphene in PAO4. Three days later, the PAO4 

supplemented with 0.05 wt% graphene and 1 wt%  

Span-80 was darker and more turbid than when  

0.05 wt% graphene was added. This suggests that 

Span-80 was effective in improving the dispersion 

stability of graphene in the base oil. Wu et al. [75] 

developed a dispersing method in which graphene 

was chemically modified by octadecylamine and 

dicyclohexylcarbodiimide and combined with an 

efficient dispersant to provide excellent dispersion 

stability in the base oil. The graphene (0.5 wt%) 

modified with dispersant (1 wt%) maintained a stable 

dispersion in PAO6 for up to ~120 days. It was reported 

to obtain a COF of ~0.10 between sliding surfaces and 

a ~21 nm wear-track depth on the plate, ~44% and 

90% lower than the results obtained for pure PAO6, 

respectively. 

Graphene or GO with its unique two-dimensional 

lattice structure, outstanding mechanical performance, 

and stable physicochemical characteristics, is being 

increasingly applied in lubrication applications. 

Varying the preparation, functional modification, and 

physical composition of graphene is a feasible method 

of achieving excellent tribological properties and 

extending the applicability of these materials in the 

field of tribology. Current tribological studies on 

graphene have promoted the use of graphene in 

tribological applications and for reducing energy loss. 

However, doubts and difficulties remain regarding 

the structure and shape of graphene, the optimal 

additive quantities, and the specific action mechanisms. 

In addition, factors such as the preparation, 

modification procedures, and the type of dispersant 

to be added also affect the tribological performance of 

graphene to varying degrees. Therefore, to improve 

graphene’s applicability as a lubricant in tribological 

applications, it is necessary to further examine the 

tribological mechanism of graphene as well as the 

structural changes and interactions of the lubricating 

system under friction conditions. 

4.4 Three-dimensional carbon nanoparticles 

4.4.1 Graphite 

Graphite can be used both as a powder lubricant  

and a powder additive [79–81]. Hwang et al. [79] 

investigated how the size and shape of nanoparticles 

containing graphite could affect the tribological  
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performance. Adding graphite helps to reduce wear 

and scar formation on sliding surfaces; this is mostly 

attributable to its role as a ball bearing between friction 

surfaces. Lee et al. [80] investigated how graphite 

could be used as a lubricant additive in industrial 

gear oil. The results indicate that adding graphite 

nanoparticles to a lubricant can enhance its lubrication 

properties. The nanoparticles present between the 

friction interfaces reduce the direct contact between 

plates, by functioning as ball bearings. Morphological 

analysis (Fig. 12) suggests that adding graphite 

nanoparticles into base fluids can reduce wear and 

produce a smoother surface with fewer scars, further 

demonstrating the ability of graphite nanoparticles to 

minimize direct metal-to-metal contact. 

4.4.2 Diamond 

Nano-sized diamond particles have been proven 

capable of functioning as ball bearings between sliding 

parts in a machine [82]. Chu et al. [83] examined   

the tribological performance of a lubricating oil 

supplemented with nano-diamond additives at 

various volumetric concentrations. According to their 

experimental results, the presence of nano-diamond 

(ND) particles enhanced the anti-scuffing capability 

of the base stock. By adding ND particles to the oil 

samples, the number of scuffing-induced surface 

failures could be reduced. More specifically, the friction  

 

Fig. 12 SEM images of the worn surfaces tested using lubricants 
that containing graphite nanoparticles: (a) surface before test, (b) 
raw lubricant, (c) 0.1 vol% nano lubricant, and (d) 0.5 vol% nano 
lubricant. Reproduced with permission from Ref. [80], © Springer 
Nature 2009. 

was largely reduced after a 2% or 3% addition of ND 

particles to the base oil. 

5 Other nanomaterials  

Alongside the aforementioned materials, several typical 

or emerging materials are widely used in the field  

of lubrication additives, including metal sulfides, 

hexagonal boron nitride, and black phosphorus. 

Considering the structure of the present article, we 

classify these materials as “other” nanomaterials. 

5.1 Metal sulfides 

Recently, layered-structure materials such as WS2 and 

MoS2 have become popular as lubricant additives in 

base fluids, owing to their high shear susceptibility. 

Studies on transition metal disulfide liquid additives 

(MoS2 in particular) have primarily focused on the 

fabrication of functional MoS2 nanosheets [84, 85], 

MoS2 nanotubes [86, 87], hollow fullerene-like MoS2 
[88], Fe3O4@MoS2 core–shell nanocomposites [89],  

and MoS2/montmorillonite nanocomposites [90]. Yi 

and Zhang [91] fabricated three different types of 

morphological MoS2 particles using hydrothermal 

and solvothermal methods. The addition of these 

MoS2 particles enhanced the tribological performance 

of liquid paraffin, and the enhancement was most 

significant after the addition of MoS2 nanosheets. Hu 

et al. [92] compared the tribological performances 

obtained by using WS2 with different morphologies 

as lubricant additives under various load conditions. 

The friction-reduction and anti-wear mechanisms of 

the different forms of WS2 during the tribological 

process are shown in Fig. 13. 

 

Fig. 13 (a, b) Lubrication mechanism of spherical and (c, d) 
flaky WS2 as lubricating oil additive. (a, c) Overall schematic 
and (b, d) schematic details. Reproduced with permission from 
Ref. [92], © MDPI 2020. 
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Extensive studies have been performed on the use 

of MoS2 and WS2 nanoparticles as effective oil additives, 

because of their ideal thermal and chemical stability, 

nanometric sizes, outstanding lubricant properties, and 

other advantages. Despite their excellent tribological 

performance, MoS2 nanosheets still struggle to form 

stable dispersions in fluids. Numerous studies have 

sought to improve the dispersion stability of MoS2 in 

base fluids, primarily through functionalization and 

modification [84, 93–95]. More specifically, the small 

size, large surface area, and quantum size effects   

of MoS2/WS2 QDs could play a pivotal role in the 

formation of stable dispersions in PAG base oil 

supplemented with solid nanoparticles. These impressive 

physical properties have motivated scholars to examine 

the applicability of WS2 and MoS2 QD additives [96]. 

Gong et al. [97] prepared MoS2 and WS2 QDs and 

dispersed them in 1-butyl-3-methylimidazolium 

hexafluorophosphate to obtain homogeneous dispersions 

with long-term stability. According to the tribological 

results, adding WS2 and MoS2 QDs to this IL sig-

nificantly enhanced the friction-reduction and anti- 

wear performance of the base fluid. This enhancement 

was attributed to protective films generated through 

the physical absorption of additives and the tribo-

chemical reaction between WS2/MoS2 and the iron 

oxides/atoms. 

5.2 Rare-earth compounds 

Because of their distinctive physical and chemical 

characteristics, rare-earth elements have attracted 

extensive attention from the tribology research 

community. The most-investigated rare-earth com-

pounds are lanthanum and cerium compounds; these 

can be applied as lubricant additives either individually 

or in combination with other nanoparticles such    

as TiO2 [28]. The friction-reduction and anti-wear 

mechanisms of these compounds can be explained 

by the generation of a tribo-film or adsorption film on 

the contact interface. In addition, several studies have 

been conducted to explore the tribological behaviors 

of rare-earth compound (e.g., CeVO4, Y2O3, La(OH)3, 

and LaF3 nanoparticles) additions to base fluids 

[98–100]. Zhao et al. [101] discovered that the La 

element in nano-La(OH)3 could serve as a catalyst to 

accelerate the ion-exchange reaction of O, Si, and Fe 

tribo-film formation, thereby improving the tribological 

properties of serpentine/La(OH)3 composites compared 

to the single serpentine or La(OH)3 particle when 

added to lubricating oils. A mixture of cerium oxide 

(≈ 90 nm) and paraffin oil (as a nano-lubricant) has 

also been investigated [6]. Rare-earth compounds can 

dramatically extend the working life of lubricating 

oils, whilst allowing for a 2–4 fold increase in the 

anti-wear capacities of machines and a 10%–100% 

increase in the load-carrying capacity of the lubricating 

oils. Moreover, rare-earth compounds have been 

found to offer superior lubrication performance when 

combined with other additives [28]. 

5.3 Layered double hydroxides (LDHs) 

Wang et al. [102] fabricated three types of nanosized 

Ni–Al layered double hydroxides (LDHs), by adjusting 

the hydrothermal reaction time during microemulsi-

fication. Transmission electron microscopy and 

atomic-force microscopy were used to demonstrate 

the samples’ layered structures and 3D nanoscale 

architectures. The samples were added as lubricant 

additives to a gas-to-liquid 8 (GTL8) base oil, and 

a ball-on-disk tribometer was used to evaluate the 

tribological performance of the samples under different 

loads. After adding nano-LDH at a contact pressure 

of 2.16 GPa, the COF was reduced by ~10%, and the 

anti-wear performance was improved. As shown in 

Fig. 14, the larger nanoplatelets (NiAl-24 h) (as opposed 

to the smaller ones (NiAl-6 h)) exhibited outstanding 

tribological properties, attributable to their superior 

crystallinity and the formation of a tribo-film with 

unique mechanical properties under friction conditions. 

Hence, nano-LDHs offer excellent tribological per-

formances and hold significant potential as lubricant 

additives for industrial applications. 

Wang et al. [103] fabricated NiAl–LDH nanoplatelets 

with a few ordered layers, using a microemulsion 

method. As shown in Fig. 15(a), the nanoplatelets 

stabilized because electrostatic interactions occurred 

between the polarized OH– groups of NiAl–LDH and 

the –NH3+ head groups of oleylamine; furthermore, 

the hydrophobicity of the nanoplatelets was reduced 

by the –OH groups of the assistant surfactant 

1-butanol. After directly dispersing the nanoplatelets 

in water, a stable translucent solution was obtained. 
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During friction testing, a lubricating layer was 

observed to form under a high contact pressure 

(initially ~1.5 GPa); this could be attributed to the small 

size and outstanding dispersion of the nano-additives. 

Figure 15(b) shows the tribological performances   

of various lubricants. The sample containing 0.5 wt%  

 

Fig. 14 Analysis of tribofilm formed on the wear track lubricated by (a, b) 1 wt% Ni–Al LDHs with a hydrothermal reaction time of 24 h 
(NiAl-24 h) and (c, d) 1 wt% Ni–Al LDHs with a hydrothermal reaction time of 6 h (NiAl-6 h) at 100 N. (a, c) Cross-sectional TEM 
images and (b, d) diffraction patterns of tribofilm. Reproduced with permission from Ref. [102], © American Chemical Society 2017. 

 

Fig. 15 Schematic model of NiAl–LDH/OAm and the results of the tribological tests of five lubricant samples, which contain the
diamond nanoparticles, NiAl–LDH nanoplatelets, LDH microplatelets, water-based cutting fluid, and pure water. (a) Schematic model 
of NiAl–LDH/OAm. (b, c) COF and wear condition of five lubricant samples, which cover diamond nanoparticles, NiAl–LDH 
nanoplatelets, LDH microplatelets, water-based cutting fluid, and pure water. Reproduced with permission from Ref. [103], © The 
Author(s) 2016. 
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NiAl–LDH nanoplatelets achieved an excellent 

lubrication performance. Specifically, it had an 83.1% 

lower COF, a 43.2% lower WSD, and 88.5% and 59.5% 

smaller depth and wear-track widths, respectively, 

than pure water. The exfoliated nanosheets exhibited 

a layered structure with weak interactions and a high 

laminate load-carrying capacity; thus, they were 

adsorbed on the sliding solid surfaces during friction 

and prevented the asperities from directly colliding 

with each other. 

5.4 Clay minerals 

Clay minerals represent a balance between cost- 

effectiveness and practicability; hence, they are attracting 

increasing research interest as lubricant additives. 

One example is layered palygorskite (PAL), a natural 

inorganic clay mineral consisting of magnesium silicate. 

Because of its excellent adsorption properties and 

distinctive interlaminar structure, this clay mineral 

has been investigated in tribological and other fields. 

Wang et al. [104] prepared molybdenum-dotted 

palygorskite (Amo–PMo) nanoplatelets to enhance 

the specific surface area of PAL and its dispersion 

effect in lubricating oil. The results showed that the 

addition of 0.5% Amo–PMo resulted in an optimal 

tribological performance, achieving a COF of 0.09. 

Furthermore, the wear volume and WSD reductions 

of the sliding ball surface were 50.4% and 37%, 

respectively, of those lubricated with base oil. The 

proposed lubrication mechanism of the as-prepared 

Amo–PMo nanoplatelets can be explained by the 

self-repairing abilities of the generated MoS2 adsorbed 

onto the contact interface during the tribochemical 

reaction, as shown in Fig. 16. 

 

Fig. 16 Schematics of the proposed lubrication mechanism   
of (a) PAL and (b) Amo–PMo nanoplatelets. Reproduced with 
permission from Ref. [104], © The Author(s) 2020. 

Nan et al. [10] fabricated ultrafine attapulgite 

powders (UAPs) with an average size of 330 nm, 

using natural attapulgite powders (NAPs) and a 

ball-milling dispersion approach. Their investigation 

into the tribological performances of surface-modified 

UAPs and NAPs dispersed into a mineral base oil 

showed that both additives helped to improve the 

friction-reduction and anti-wear performance of the 

base oil. In particular, higher iron oxide and SiO 

contents were generated on the worn surface lubricated 

with the UAP-containing oil; this could explain the 

greater friction-reduction and anti-wear capabilities 

of the UAP. 

Yu et al. [105] investigated the microstructure, 

micromechanical properties, and tribological behaviors 

of the tribo-film formed when serpentine ultrafine 

powders with an average size of 1 μm were used   

as additives. A nanocrystalline tribo-film primarily 

composed of Fe3O4, FeSi, SiO2, AlFe, and Fe–C (Fe3C) 

compounds, with a thickness of 500–600 nm, was 

detected on the worn surface after lubrication with 

oil containing 1.5 wt% serpentine. As identified by 

the phenomenological model constructed for the 

tribo-film (Fig. 17), the decrease in friction and wear 

in the boundary and mixed-lubrication regime was 

attributable to multiple factors, including the remarkable 

mechanical properties and porous structures of the 

tribo-film and the reinforced phase of the embedded 

particles. 

Rudenko et al. [106] investigated talc powder as  

an extreme-pressure additive for lubrication oils at 

various temperatures and concentrations. The optimal 

lubrication performance was obtained at a temperature 

of 100 °C and a concentration of 0.15 wt%, where the 

dynamic and static COFs were reduced by over 30% 

compared to the reference lubricating oil alone. The 

results indicate that a transfer film was generated on 

the metal surface at high temperatures, which may 

decrease both the friction and wear of the contact 

 

Fig. 17 Phenomenological model of the tribofilm generated by 
serpentine additive. Reproduced with permission from Ref. [105], 
© Elsevier 2012. 
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surfaces; however, no such film was observed at room 

temperature. 

5.5 Hexagonal boron nitride 

Hexagonal boron nitride (h-BN) is a soft material  

that has received increased attention because of its 

various unique characteristics [107–110]. In h-BN, 

the atomic layers consist of 2D arrays of boron and 

nitrogen atoms, in which a covalent and extremely 

firm bond persists between the nitrogen and boron 

atoms within the sheet. However, the inter-layer 

bonds are fragile and primarily controlled by van der 

Waals interactions. The strong intralayer covalent bond 

between boron and nitrogen provides them with a 

high tensile strength and stiffness [111, 112], both 

of which facilitate the continuous utilization of this 

material under high contact pressures. This behavior 

is critical for enhancing the friction-reduction and 

anti-wear performance of this material during the 

sliding friction process. In contrast, the van der Waals 

interaction between the loosely stacked h-BN sheets 

is weak and therefore prone to shearing along the 

basal plane of the crystalline lamellar structure when 

subjected to sliding pressure; this provides an 

outstanding lubricating effect [107, 113]. Numerous 

studies have been conducted on the lubrication 

performance of h-BN. Çelik et al. [114] fabricated 

h-BN particles via a special process and examined the 

tribological behavior of these particles as additives in 

engine oil. According to their experimental results, 

the COF and wear rate were reduced by up to 14.4% 

and 65%, respectively. A study by Charoo and Wani 

[115] verified that adding h-BN nanoparticles to 

engine oil could significantly improve the engine 

oil’s resistance to friction and abrasion. The results 

revealed that the WSD and wear loss were reduced 

by 20% and 70%, respectively, compared to the case 

without additives. 

Although h-BN particles offer excellent tribological 

performances when used as lubricating additives, they 

exhibit inadequate dispersion stability when placed 

in lube media; this severely hinders their application 

in tribology [116]. To address this problem, researchers 

have attempted to improve the dispersion stability of 

h-BN particles through the addition of dispersants. 

Gupta et al. [117] discovered that the dispersibility  

of variously sized h-BN particles was remarkably 

improved when polyisobutylene succinimide was 

added as a dispersant to the base oil. Moreover, they 

examined the influence of particle size on the 

tribological performance. The results suggested that, 

in terms of wear resistance, nano-sized h-BN particles 

outperformed micro-sized ones. In addition, surface 

modification of h-BN particles has also been found  

to effectively improve the dispersion stability [118]. 

Wang et al. [116] synthesized h-BN particles that were 

modified with the silane coupling agent A-151. The 

modified h-BN particles exhibited improved dispersion 

stability and lipophilicity compared to unmodified 

ones. This was attributed to the lipophilic vinyl groups 

generated on the surfaces of the h-BN particles. 

Tribological tests showed that adding modified h-BN 

particles to castor oil could realize an excellent 

friction-reduction and anti-wear performance under 

different working conditions. 

Generally, the bulky size and inadequate dispersion 

stability of h-BN make it difficult to apply as a lubricant 

additive. Because of their extraordinary lubrication 

performance, single- or few-layered h-BN nanosheets 

(h-BNNSs) have been extensively investigated, to 

determine their applicability as liquid lubricants. Ma 

et al. [119] obtained two- or three-layered h-BNNSs 

by exfoliating bulk h-BN powders using a mixed 

solution of NaOH and KOH under hydrothermal 

treatment and sonication (Fig. 18). The h-BNNSs 

exhibited a better dispersibility than bulk h-BN in the 

base oil. The friction- and wear-testing results showed 

that the addition of h-BNNSs to base oil reduced the 

COF and WSD by ~35.7% and 35.2%, respectively. 

Using benzyl benzoate-assisted ball milling, Deepika 

et al. [109] fabricated h-BNNSs from disk-shaped 

h-BN particles. They found that the base oil con-

taining the resulting h-BNNSs exhibited excellent 

wear resistance and friction-reduction capabilities. 

The above-mentioned studies have shown that h-BN 

nanosheets can serve as an effective additive in 

lubricants.  

It is well known that the excessively strong polarities 

of the interlayers between h-BNNSs can inhibit 

interlayer slippage and impair their friction-reduction 

performance [120]. In addition, the compatibility 

between h-BNNSs and base oils is poor, which causes  
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agglomeration and can weaken the tribological 

performance [108]. Chemical functionalization is 

deemed to be the most effective method for inhibiting 

h-BN nanosheet agglomeration and ensuring that they 

disperse stably in liquid-form lubricants. Grafting 

organic moieties on h-BN nanosheets not only 

changes their surface energy but also dominates their 

interactions with the dispersing solvents [107]. Kumari 

et al. [108] found that chemically functionalized h-BN 

nanoplatelets could deliver enhanced friction-reduction 

and anti-wear performances after grafting with long 

alkyl chains.  

5.6 Black phosphorus 

Black phosphorus (BP) is emerging as a unique 

material and has attracted much scientific attention 

[121, 122]. In particular, BP exhibits weak interlayer 

interactions, an anisotropic lamellar structure, high 

thermal stability, a tunable bandgap, and high carrier 

mobility; this makes it suitable as a liquid lubricant 

additive in numerous applications, including tribology 

[123–125]. Owing to its low shear strength and high 

thermal stability, few-layer BP has become a promising 

candidate additive for lubrication. Wang et al. [124] 

reported a number of recent developments in the 

tribological performances of BP nanosheets, including 

their micro-friction properties and lubrication 

mechanisms when applied as additives in both water- 

and oil-based lubricants. In addition, for comparison  

purposes, they examined the tribological performances 

of GO and MoS2 nanosheets when added to oil-based 

lubricants, as shown in Fig. 19. When applied as 

additives for oil-based lubricants, the BP dispersions 

achieved similar lubrication performances at low 

loads; however, they showed excellent capacities   

to resist extreme pressure and carry large loads, as 

shown in Fig. 20. Wu et al. [125] investigated the 

nanofriction properties of degraded BP sheets against 

a silicon nitride tip. Reduced friction was observed in 

the degraded area of the BP nanosheets, and significant 

improvements were achieved in the lubrication 

behaviors of the BP flakes, because of ambient 

degradation. Notably, a synergetic effect was realized 

between water and the chemical groups generated on 

the oxidized surface; this may account for the reduced 

friction of the degraded BP flakes. The tribological 

performance of BP in combination with poly-

tetrafluoroethylene-based composites was investigated 

by Lv et al. [126]. Their experimental results showed 

that BP significantly reduced the wear rate of the 

composites. The lubrication mechanism of BP was 

considered to be transfer-film generation on the contact 

interface. 

Generally, the ambient instability of BP impedes its 

practical application. To address this problem, strategies 

such as protection by passivation layers [127], 

modification with organic compounds [128], and 

enhancement with metal nanoparticles [129] have been 

proposed. Studies on nanocomposites containing BP 

as lubricant additives will be discussed in detail in 

 

Fig. 18 Schematic illustration of preparation process and performance testing of as-exfoliated BNNSs. Reproduced with permission 
from Ref. [119], © Elsevier 2019. 
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Section 5.7. 

Furthermore, BP has performed well as a lubricant 

additive in the field of superlubricity in recent years, 

and it has come to be preferred by many researchers. 

Wang et al. [130] indicated that BP nanosheets modified 

by NaOH could achieve superlubricity when 

functioning as water-based lubricant additives. Ren 

et al. [131] fabricated BP quantum dots (BPQDs) with 

an average lateral size of 6.5 ± 3 nm and a thickness 

of 3.4 ± 2.6 nm; these were dispersed in ethylene 

glycol (EG) to study macroscale superlubricity.   

The wear rate under lubrication from the BPQD-EG 

aqueous suspension at the Si3N4/sapphire frictional 

interface was measured to be 5.96% that obtained for 

the EG aqueous solution lubricant, and it achieved a  

macroscale superlubricity state under a high contact 

pressure of 336 MPa. It is believed that the outstanding 

anti-wear and lubrication effect was jointly caused  

by the rolling effect of BPQDs, the low shear stress 

between the BPQD interlamination, and the oxidative 

products of BPQDs. 

5.7 Nanocomposites for synergistic effects 

Taking full advantage of the synergistic effects of 

multiple nanomaterials is critical for developing 

efficient lubricating materials. Because of the synergetic 

effects of multiple types of nanoparticle, composites 

generally exhibit superior performances to individual 

nanoparticles [132, 133]. Gong et al. [134] prepared  

 

Fig. 19 COF of BP-16C at different concentrations: (a) COF of BP-16C below 10 mg/L; (b) COF of GO-16C below 10 mg/L; (c) COF
of MoS2-16C below 10 mg/L. (d) Comparison of three oil-based lubrication additives at ultra-low concentration. Reproduced with 
permission from Ref. [124], © The author(s) 2018. 

Fig. 20 Friction properties of BP-16C at various loads: (a) COF of BP-16C at various loads; (b) the change trend of steady COF; 
(c) wear width and wear height of lower samples (disc). Reproduced with permission from Ref. [124], © The author(s) 2018. 
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nanocomposites containing MoS2 nanoparticles grown 

on carbon nanotubes (MoS2@CNT), graphene (MoS2@Gr), 

and fullerene C60 (MoS2@ C60), to develop additives 

suitable for lubrication at high temperatures. According 

to their experimental results, all as-prepared composites 

exhibited a better dispersibility in base oil than the 

pure MoS2 nanoparticles, leading to a remarkable 

reduction in friction and wear compared to the CNT, 

Gr, C60, and MoS2 nanoparticles. These improvements 

could be explained by the synergistic effects of MoS2 

and carbon nanomaterials. Ren et al. [135] synthesized 

three morphological ZnO nanoparticles to prepare 

ZnO@graphene core-shell nano-additives (the so-called 

“coated nanocomposites”) for lubricants; these feature 

a hard core and soft shell. They suggested that sheet- 

like ZnO had a more satisfactory morphology, and the 

hard-core/soft-shell nanostructure of ZnO@graphene 

was more suitable for dynamic friction environments. 

Such remarkable tribological performances and 

sustained load capacities were ascribed to the 

synergistic effect, as illustrated in Fig. 21. Hou et al. 

[136] performed tribological research on lanthanum 

trifluoride–graphene oxide (LaF3–GO) nanohybrids. 

According to their results, by using the synergistic 

effects of LaF3 and GO, LaF3–GO nanohybrids could 

enhance the tribological properties of distilled water. 

Furthermore, the researchers prepared oleic-acid- 

surface-modified lanthanum trifluoride-graphene oxide 

(OA–LaF3–GO) nanohybrids, to improve the poor 

dispersion and stability of LaF3–GO nanohybrids in 

the base oil [137]. In the tribological experiments, the 

optimal friction-reduction and anti-wear capabilities 

were achieved by adding 0.5 wt% OA–LaF3–GO nano-

hybrids, as opposed to liquid paraffin alone; this was 

considered responsible for the ability of OA–LaF3–GO 

to transfer to the rubbed steel surface and decompose 

to generate protective layers. 

 
Fig. 21 Schematic of lubricating mechanism of nanoadditives. 
Reproduced with permission from Ref. [135], © Elsevier 2019. 

Zheng et al. [138] studied the tribological performance 

of Fe3O4/MoS2 nanocomposites. They found that   

the COFs and WSDs of the steel balls decreased 

significantly when the concentration of Fe3O4/MoS2 

nanocomposites was increased in both aqueous   

and bio-diesel media. The Fe3O4 nanoparticles were 

well dispersed on the MoS2 nanosheets, which was 

considered responsible for the remarkable lubrication 

performance. Additionally, a synergistic effect was 

imposed by the nanoball-bearing role of the Fe3O4 

nanoparticles, the slipping role of the MoS2 nanosheets, 

and the adsorbed tribo-film; this contributed to the 

reduced friction and wear of the friction pairs. 

Cu nanoparticles have been employed as metal- 

cladding modifiers for nano-lamellar WS2 particles 

[139]. These nanocomposite lubricants were found to 

alter the COF of the initial lubricant whilst also greatly 

improving its wear resistance. An explanation for 

these tribological performance enhancements may be 

the joint effect of the nano-lamellar WS2 and metal- 

cladding additives of Cu nanoparticles. Padgurskas 

et al. [3] conducted tribological studies on mineral 

oils containing Fe, Cu, and Co nanoparticles and 

combinations thereof. According to their tribological 

tests, these nanoparticles and their combinations all 

significantly reduced the friction and wear on the 

mating surfaces, with Cu nanoparticles and their 

combinations being the most effective. 

Wu et al. [140] explored the effects of temperature, 

contact pressure, and composite concentration on  

the tribological performance of the nano-lanthanum 

hydroxide/reduced GO [nano-La(OH)3/RGO] com-

posites used in diesel engine oil. Their results 

showed that nano-La(OH)3/RGO composites could 

substantially enhance the anti-wear capabilities of 

diesel engine oil. Significantly, the anti-wear capabilities 

of diesel engine oil were increased by 44% after 

0.1 wt% composites were added at a contact pressure 

of 1.62 GPa and a temperature of 80 °C. They pro-

posed a synergistic wear-resistance mechanism for 

graphene and lanthanum oxide, based on the worn 

surface characterization. Zhao et al. [101] fabricated 

La(OH)3 nanoparticles and serpentine/La(OH)3 

composite particles, to comparatively investigate the 

tribological performances of different samples. The 

serpentine, La(OH)3, and serpentine/La(OH)3 composite 

particles were all shown to offer improved friction- 
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reduction and wear-resistance capabilities compared 

to the base oil. The oil exhibited optimal friction- 

reduction, anti-wear, and self-repairing capabilities 

when composite particles were added. 

Wang et al. [141] fabricated a silver/graphene 

nanocomposite using a one-step laser irradiation 

strategy. Tribological experiments showed that 0.1 wt% 

of this composite reduced the COF and WSD by  

40% and 36%, respectively. The excellent lubrication 

mechanism was attributed to the synergistic effects of 

the self-lubrication induced by the layered structure, 

the shift from sliding to rolling friction, and the self- 

repairing effect of the Ag nanospheres. 

Tang et al. [123] synthesized BP dotted with silver 

nanoparticles (Ag/BP) and investigated the tribological 

performances of the as-prepared Ag/BP nanocomposites 

when used as lubricant additives in PAO6-based oil. 

When dispersed with trace amounts of Ag/BP nano- 

additives, the oil exhibited an extraordinary lubrication 

performance for steel/steel contacts. More specifically, 

the oil dispersed with 0.075 wt% Ag/BP nano-additives 

exhibited a 73.4% lower COF and a 92.0% lower wear 

rate than the PAO6-based oil. The researchers also 

discussed the potential friction-reduction and wear- 

resistance mechanisms of Ag/BP nano-additives in oil, 

as shown in Fig. 22. 

The previous sections primarily reviewed research 

dealing with the application of nano-additives in 

oil-based lubricants. However, a number of studies 

have focused on the application of nano-additives  

in water-based lubricants. A typical example is the 

study by Min et al. [142], who prepared fluorinated 

CNTs and modified them with urea to produce 

urea-modified fluorinated CNTs (UF-CNTs) offering 

hydrophilic functionalities. The results showed that  

 

Fig. 22 Potential friction-reducing and anti-wear mechanisms of 
Ag/BP nano-additives in oil. Reproduced with permission from 
Ref. [123], © Elsevier 2019. 

the obtained UF-CNTs could be dispersed uniformly 

in water for up to 12 days (Fig. 23), indicating its 

significant potential as a water-based additive for 

lubrication. Zhao et al. [143] fabricated water-soluble 

Cu nanoparticles with a size of 3 nm at room 

temperature (around 25 °C) through in-situ surface 

modification. A tribological experiment was performed 

to determine the applicability of these Cu nano-

particles as additives in distilled water for a friction 

pair consisting of a GCr15 steel ball and silicon wafer. 

The results suggested significant improvements in 

the tribological performance of the distilled water. 

More specifically, the optimal COF (0.06) was achieved 

when 0.6 wt% Cu nanoparticles were added to the 

distilled water, achieving 80.6% less friction and wear 

than that obtained by lubrication with the base fluid 

alone.  

6 Discussion 

The lubrication mechanisms of the aforementioned 

lubricating additives can be summarized into   

four categories: ball-bearing effects, film-formation 

mechanisms, mending or self-repairing effects, and 

polishing effects. Meanwhile, the tribological per-

formances of lubricant additives are determined by  

 

Fig. 23 Dispersion properties of 0.15 wt% CNTs, 0.15 wt% 
F-CNTs, and 0.15 wt% UFCNTs in the water. Reproduced with 
permission from Ref. [140], © Elsevier 2019. 
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numerous factors, and challenges remain to be 

addressed before nanoparticles can be used in lubrication 

applications. This is discussed in detail here. 

6.1 Lubrication mechanisms 

6.1.1 Ball-bearing effect 

Spherical and quasi-spherical nanoparticles typically 

serve as tiny ball bearings that roll into the contact 

zone and convert the sliding friction to a combination 

of sliding and rolling frictions. In particular, the rolling 

effects of sphere-like CuO nanoparticles between 

contact surfaces can strengthen the tribological per-

formances of base fluids [5, 144]. The addition of a 

nano-lubricant can result in excellent product quality, 

because the rolling action of nanoparticles between 

sliding surfaces prevents surface contact [145]. Analysis 

of ZnO composite submicrospheres containing Al2O3 

nanoparticles, when applied as additives for lubricating 

oils, has shown that rolling friction comes to dominate 

over sliding friction, and these composite particles 

are then squeezed into the grooves on the friction 

surfaces, which helps to reduce wear [146]. Copper 

oxide nanoparticles can transform sliding friction 

into rolling friction, thereby reducing the effective 

COF [147]. 

6.1.2 Film-formation mechanism  

Nanoparticles with large surface areas promote 

chemical activities and can be rapidly adsorbed onto 

a friction surface to generate a physical adsorption 

film. Several nanoparticles are influenced by external 

factors relating to friction surface migration and   

are deposited on the contact interface to generate    

a deposited film. A chemical reaction film can be 

generated by the chemical reactions of nanoparticles 

on the friction surface, thereby improving the abrasive 

resistance of the friction-pair surface [148]. The 

protective film formed on the contact surface is also 

referred to as a tribo-film; its material composition 

determines the tribological performance of the contact 

surface. Film formation is stimulated by reactions 

between the treated materials and additives under 

ambient conditions or tribo-sintering [2, 149]. Several 

studies have discussed the optimal tribo-film formation 

mode. To protect worn surfaces, the tribo-film 

formation rate should exceed the wear-removal rate  

[150, 151]. As described in Refs. [3, 152, 153], the lubri-

cation mechanism of metallic nanoparticles consists 

of their deposition on the worn surface to form a thin 

layer, which is typically more ductile than the substrate; 

this reduces friction by lowering the sliding resistance, 

and it protects the substrate from wear by inhibiting 

direct metal-to-metal contact. The tribo-film formation 

mode is shown in Fig. 24; it guarantees surface 

protection and protects the material against crack 

propagation by reducing the direct contact between 

asperities [2]. 

6.1.3 Mending or self-repairing effect 

The mending or self-repairing effect can be explained 

as nanoparticle deposition on the friction surfaces and 

mass-loss compensation. In this process, nanoparticles 

are deposited on the worn friction surface and fill the 

scars and grooves to decrease wear. A study into how 

CuO and Al2O3 nanoparticle-based nano-lubricants 

affect the surface quality during the formation process 

found that nano-lubricants can better improve the 

surface roughness than traditional lubricants [154]. 

Suspensions of surface-modified CuO nanoparticles 

in bio-based lubricants exhibit considerable extreme- 

pressure properties in terms of the load wear index 

and low-cylinder liner wear, owing to their surface- 

repairing effect [145]. 

6.1.4 Polishing effect 

The polishing effect, also known as the smoothing 

effect, occurs when the lubricating surface is 

smoothened by abrasive treatment using nanoparticles. 

During the friction process, nanoparticles fill the gaps 

of rough asperities to act as reservoirs of the solid 

lubricants (nanoparticles) in contact. The process 

by which rough valleys are filled is referred to as the  

 

Fig. 24 Lubrication by base oil alone (top), and tribo-film 
formation and surface protection by nanoparticles (bottom). 
Reproduced with permission from Ref. [2], © Springer Nature 
2016. 
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“smoothing-out” process. This “artificial smoothing” 

or polishing mechanism can help reduce surface 

roughness and thereby enhance tribological pro-

perties [155]. 

The mechanisms that describe how nanoparticles 

contribute to friction reduction and wear resistance 

are shown in Fig. 25. 

6.2 Factors affecting the tribological performances 

of nano-lubricant additives 

6.2.1 Effects of nanoparticle size 

The tribological performances of nano-lubricants 

depend directly on the nanoparticle size. More specifi-

cally, the nanoparticle sizes determine the internal 

mechanical and physico-chemical properties of nano- 

lubricants; these, in turn, determine the tribological 

properties. By the Stokes’ law [28], smaller sizes 

imply improved dispersion stability and tribological 

characteristics. The effect of nanoparticle size on the 

nano-lubrication mechanisms of CuO nanoparticles 

added to synthetic oil was investigated for three 

different sizes: 2.5, 4.4, and 8.7 nm [156]. The smallest 

nanoparticle size was found to correspond to the 

lowest COF. The optimal results were achieved for a 

nano-lubricant with a nanoparticle size of 2.5 nm. 

6.2.2 Effects of nanoparticle morphology 

The shape of the nanoparticles used as lubricant 

additives is another key consideration in nano- 

lubricant design because it directly determines the 

pressure to which the nanoparticles are subjected 

during loading. Nanoparticles have five different  

 

Fig. 25 Different mechanisms for improving tribological properties 
using nanoparticles: (a) rolling mechanism; (b) mending mechanism; 
(c) polishing mechanism; (d) protective film. Reproduced with 
permission from Ref. [157], © Taylor & Francis 2018. 

shapes: granular, onion, sheet, spherical, and nanotube. 

Statistics show that the spherical shape is the most 

common, followed by the granular, sheet, onion, and 

tube shapes, respectively, as shown in Fig. 26. 

Onion, leaf, and spherical morphologies exhibit 

outstanding tribological characteristics. Spherically 

shaped nanoparticles offer high load capacities and 

extreme-pressure characteristics; this is because of 

their ball-bearing effect, which can convert sliding 

friction to rolling friction and thereby facilitate friction 

reduction [158]. The sphere-like nanoparticles realize 

point contact with the counter surface. Nanosheets 

are associated with line contact, whereas nanoplatelets 

are characterized by planar contact. 

6.2.3 Effects of surface functionalization 

Functionalization of the nanoparticle surface can 

effectively regulate the colloidal stability of nano-

particle dispersion and increase the lubricity of most 

nanoparticle layers. Non-functionalized nanoparticles 

are understood to be prone to aggregation in inert 

nonpolar liquids. Typically, such aggregation is 

prevented by protecting the nanoparticles with steric 

or electrostatic stabilization; this is typically achieved 

by coating the nanoparticles with a polymer or 

surfactant [28]. Typically, nanoparticle surface 

functionalization is essential to enhancing the colloidal 

stability and homogeneous distribution of nanoparticles 

in base oils. 

Ni-based nano-lubricants—featuring oleylamine 

and oleic acid as surface-capping agents in a poly- 

alpha-olefin base oil or a synergistic lubricant 

system with a solid–liquid [159]—offer excellent wear 

resistance, even at low Ni concentrations (0.05 wt%). 

This is because surface-capped Ni nanoparticles in 

 

Fig. 26 Statistics of nanoparticle morphology. Reproduced with 
permission from Ref. [160], © Elsevier 2016. 
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nanolubricants can release highly active Ni nanocores 

and O- and N-containing organic modifying agents, 

which can easily generate boundary lubrication films 

on sliding steel surfaces. 

When dispersed in 60SN base oil, poly-alpha olefin, 

or diisooctyl sebacate [161], oleic-acid-surface-modified 

ZnO nanoparticles can significantly reduce friction 

and wear. Notably, when the quantity of added oleic 

acid was 8 wt% and that of the ZnO nanoparticles 

was 0.5 wt%, the COF and the average WSD were 

minimized, and the nano-lubricant exhibited optimal 

friction-reduction and wear-resistance capabilities.  

It seems promising to use nano-lubricants based on 

multiwalled CNTs and ZnO nanoparticles dispersed— 

along with gum arabic surfactant—at volume fractions 

of 0.005% and 0.02%, respectively, in SAE 20W40 

engine oil [162]. 

6.2.4 Effects of nanoparticle concentration 

Concentration is another key factor affecting the 

lubrication performance of nano-lubricants [163]. 

Typically, the presence of nanoparticles helps to 

decrease friction and abrasion, even at concentrations 

below 1 wt% [3] and higher than 2 wt% [153], 

indicating that nanoparticles do not have a perfect 

concentration. Moreover, uncertainties remain 

regarding the relationship between the concentration 

of nano-additives and their effects on friction and 

abrasion. Notably, an optimal concentration can be 

found at which minimal COF can be realized. However, 

this is largely dependent on the system, because the 

lubricant composition must be adjusted to satisfy 

each operating condition [164]. For instance, identical 

MoS2 nanoparticles have exhibited different appropriate 

concentrations for two different types of base fluids 

(i.e., 0.53 wt% for coconut oil and 0.58 wt% for mineral 

oil) [163]. 

6.3 Challenges for nanoparticles in lubrication 

applications 

Although inorganic nanoparticles can improve the 

tribological properties of base lubricants, limitations 

still remain when translating them into practical 

applications. Because of their high specific surface 

areas and surface energy values, inorganic nanoparticles 

easily agglomerate in liquid media. When making  

contact with the friction surface, these particles produce 

an abrasive effect that may aggravate the friction 

surface wear and consequently prevent efficient work. 

For instance, He et al. [165] found that excessive 

copper nanoparticles can increase the COF and WSD 

and subsequently degrade the lubrication performance 

of grease. Wu et al. [166] found that a high concen-

tration of TiO2 (exceeding 0.8 wt%) in lubricants could 

result in agglomeration and thereby increase the COF. 

Lijesh et al. [167] observed that the agglomeration of 

MWCNTs could significantly damage their performance 

and result in increased wear on the surface. Methods 

for stabilizing nanoparticles can be applied during 

the preparation process. The level of aggregation 

depends on various factors and is controlled by the 

synthesis conditions. It can be difficult to identify an 

effective inert medium for nanoparticles (especially 

those sized 1–10 nm) with high surface energies.  

Additionally, major challenges remain in nano-

particle preparation. Currently available studies on 

nanoparticle-based lubricant additives predominately 

remain in the experimental stages, and there is still a 

long way to go before large-scale preparation and 

practical applications can be realized.  

7 Conclusions and prospects 

Inorganic nanoparticles exhibit friction-reducing and 

anti-wear capacities, owing to their unique structure 

and nature; as a result, they present attractive prospects 

for the development of nanoscale lubricant additives. 

In this paper, we comprehensively reviewed studies 

on the tribological performances of inorganic nano-

particle additives in base fluids; we found that 

appropriate inorganic nanomaterials, when used as 

lubricant additives, can inhibit severe wear on solid 

surfaces and enhance tribological performances. The 

lubrication mechanisms are mainly categorized into 

ball-bearing effects, film-formation mechanisms, 

mending or self-repairing effects, and polishing effects. 

The tribological performances of nano-lubricant 

additives are predominately influenced by their size, 

morphology, surface functionalization, and concen-

tration. Finally, we conclude that the promotion of 

inorganic nanomaterials as additives in lubrication 

applications will require increased efforts in the 

following areas. 
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1) The design and preparation of novel inorganic 

material lubricant additives that possess special 

structures (e.g., two-dimensional materials) and 

outstanding tribological properties should be 

investigated. On one hand, it is necessary to develop 

new lubricant additives with multiple functionalities, 

including antifriction, anti-wear, high-temperature 

resistance, anti-oxidation, corrosion resistance, and 

viscosity enhancement. On the other hand, it is 

necessary to fully exploit the synergistic lubrication 

effects of composites consisting of two or more 

materials, through the use of reasonable com-

binations. The effects of the variety, concentration, 

and individual morphologies of each additive on the 

tribological performance of the resulting lubricants 

must be studied. 

2) Further exploration into the lubrication me-

chanisms of nanoparticles—using modern analytical 

methods and simulation technologies (both experi-

mental and theoretical)—is required. Different 

mechanisms determine the friction and wear reductions 

realized by inorganic nanoadditives. However, the 

interaction of additives with lubricants, and the 

relationship between inorganic nanoparticles and 

rubbing surfaces (energy, catalysis, rubbing surface 

morphology, etc.) remain unclear; furthermore, the 

formation and changes of tribo-films or lubrication 

films and physicochemical reactions on the rubbing 

surfaces are not thoroughly understood. In addition, 

studies considering the variations in the movement 

and migration of nanofluids on lubricants, as well as 

molecular dynamics simulations of the anti-wear and 

friction reductions, are still required. Investigations 

on these subjects may illuminate lubrication mechanisms 

involving inorganic nanomaterial additives and 

facilitate the development of controllable modification 

and functionalization approaches for these additives. 

3) The study of superlubricity is a recent trend in 

the field of tribology. Such research may facilitate 

progress in industrial and energy applications; therefore, 

further research is needed to realize superlubricity 

through the use of inorganic nanoparticles as lubricant 

additives in base fluids. 

4) Lubricant additives for harsh working conditions 

are increasingly needed, following the rapid develop-

ment of the aerospace industry. Studies on the 

tribological performances of inorganic lubricant 

additives for elevated temperatures, extreme pressures, 

high speeds, heavy loads, and high-vacuum conditions 

may contribute to a more comprehensive understanding 

of tribology under harsh conditions, and may further 

accelerate progress in aerospace and energy. 

5) The applications of numerous inorganic nano-

particles in lubricant additives are limited by their 

poor dispersion and stability in base fluids. Effective 

modification and functionalization methods are 

required to improve the dispersity of nanoparticles 

in base fluids and to provide the lubricants with new 

capabilities (e.g., bearing capacity); this may require 

extensive exploration of new approaches, to equip 

inorganic nanoparticles with the desired tribological 

properties. 
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