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Abstract 

 A revolutionary method for addressing issues with contemporary lubrication systems, such as wear, friction, and 

thermal instability, is the incorporation of 2- dimensional (2D) nanoparticles as additives in nanolubricants. The 2D 

nanomaterials are perfect for improving the tribological performance of lubricants because of their special qualities, which 

include high specific surface area, great thermal conductivity, and remarkable chemical stability. However, these 

materials’ dimensional morphology - which includes forms like sheets, flakes, nanospheres, and nanoflowers - is crucial 

in defining how they interact with base oils and contact surfaces, which in turn affects how effective they are as 

nanolubricant additives. This work offers a thorough analysis of the synthesis processes - such as chemical vapor 

deposition, hydrothermal synthesis, solvothermal procedures, and exfoliation techniques - that are used to create various 

dimensional morphologies of 2D nanomaterials. Every synthesis technique is evaluated for its impact on the structural 

and functional characteristics of the final nanomaterials, scalability, cost-effectiveness, and morphological control. The 

connection between dimensional morphology and tribological performance is also examined, emphasizing the ways in 

which particular morphologies support base oil dispersion behavior, wear resistance, friction reduction, and thermal 

stability. Concerning   scalability, affordability, and compatibility with different lubricant formulations, the review also 

highlights the present difficulties in creating and applying 2D nanomaterials in nanolubricants. The development of next-

generation nanolubricants with specific qualities for industrial and automotive applications is finally advanced by 

suggesting future research areas. The significance of morphological optimization and synthesis processes in utilizing the 

complete potential of 2D nanomaterials for high-performance lubricating systems is highlighted by this work. 

 

Keywords: Anti-wear, Dispersion stability, Friction reduction, Lubrication mechanism, Morphologies, Nano-MoS2, 
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Introduction 

The development, synthesis, characterization, and 

use of materials and devices by altering their size and 

shape at the nanoscale is known as nanotechnology. The 

term “nanometer” was coined by Richard Adolf 

Zsigmondy in 1914 [1]. The precise idea of 

nanotechnology was first presented in 1959 by 

American scientist and Nobel Prize winner Richard 

Feynman [2]. Materials are defined as nanomaterials if 

their size or one of their dimensions is in the range of 1 

to 100 nm [3]. 

 The need for ecologically friendly and energy-

efficient solutions is increasing, which has accelerated 

research into sophisticated lubricating systems. High-

performance machinery problems like wear, friction, 

and thermal instability may be resolved with 

nanolubricants, which use nanoscale additives to 

improve the performance of traditional lubricants. 

 Due to its special qualities, such as high specific 

surface area, superior thermal conductivity, and 

outstanding tribological performance, 2-dimensional 

(2D) nanomaterials have attracted a lot of interest 

among the various additives[4]. These characteristics 

make 2D nanomaterials perfect for use in a variety of 

industrial and automotive applications as 
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nanolubricants. 

 Two-dimensional nanomaterials’ shape has a 

significant impact on how well they work in 

nanolubricants. These materials’ size, shape, and 

structural arrangement - known as their dimensional 

morphology - have a significant impact on how they 

interact with base oils and contact surfaces. The 

tribological behaviors of various morphologies, 

including sheets, flakes, nanoflowers, and nanospheres, 

vary[5] . 

 For example, sheet-like structures enable smooth 

layer-to-layer sliding, effectively reducing friction, 

while spherical morphologies function as rolling 

elements, helping to minimize wear. Optimizing and 

understanding these morphologies is essential for 

designing high-performance nanolubricants suited to 

specific operating conditions[6]. One of the most 

difficult yet essential aspects of using 2D nanomaterials 

is creating them with regulated dimensional 

morphologies[7]. Several synthesis processes have been 

developed to generate desired morphologies, including 

hydrothermal synthesis, solvothermal methods, 

chemical vapor deposition (CVD), and exfoliation[8] . 

Every technique has its own benefits and drawbacks 

with regard to morphological control precision, cost, 

and scalability. For instance, CVD enables the creation 

of superior monolayer 2D materials, whereas 

solvothermal and hydrothermal methods offer more 

versatility in the creation of flower-like or hierarchical 

structures[9] . The final nanoparticles’ physical and 

chemical characteristics are greatly influenced by the 

choice of synthesis method, which also affects how well 

they work as nanolubricant additives. 

 An extensive study of the synthesis techniques and 

dimensional morphologies of 2D nanomaterials utilized 

as nanolubricant additives is the goal of this paper. By 

investigating the connection between synthesis 

methods, morphological traits, and tribological 

performance, this study aims to demonstrate how 2D 

nanomaterials have the potential to completely 

transform the lubrication industry. Next-generation 

nanolubricants with improved sustainability and 

efficiency will be developed as a result of the review’s 

identification of present issues and potential research 

avenues through interlayer exfoliation, effectively 

reducing friction[10] . 

 

Overview of nanolubricants 

 Nanolubricants are made by adding nanoparticles 

or nanomaterials to lubricants as shown in Figure 1. 

They usually have a particle diameter of 1 - 100 nm[11]. 

The use of nanolubricants in base oils or coatings has 

been shown in lab experiments to significantly reduce 

wear and friction, exhibiting intriguing tribological 

features. There are two ways to create nanolubricants:  

1-step and 2-step methods. The nanolubricants are made 

immediately by a chemical procedure in the 1-step 

approach [12]. The 2-step process involves first creating 

the nanomaterials as a dry powder using physical or 

chemical procedures, and then dispersing them into base 

oil using a combination of techniques with or without 

surfactants or dispersants[13].

 

 

 

Figure 1 Formation of nano-lubricants [14]. 
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Figure 2 Effect of nanoparticles shape upon loading [14]. 

 

Figure 2 shows the Schematic diagram of the effect of nanoparticles shape upon loading a) point contact b) line 

contact c) planar contact. 

 

Significance for lowering friction and wear 

 Wear and friction are the two main causes of 

component failure, increased energy consumption, and 

decreased efficiency in mechanical systems[15] . By 

creating a lubricating layer between moving surfaces, 

conventional lubricants lower friction. However, in 

harsh operating circumstances such high temperatures, 

pressures, and shear rates, they are limited[16] . These 

difficulties are addressed by nanolubricants utilizing the 

special qualities of nanoparticles, including: (1) 

Increased Capacity for Load-Bearing: By functioning as 

tiny ball bearings, nanoparticles can lessen the amount 

of direct contact between surfaces. (2) Enhanced 

Thermal Stability: Nanoscale additives improve heat 

dissipation, which is essential for preserving lubricant 

performance in hot environments [17], [18], [19]. (3) 

Self-Healing Properties: Certain nanomaterials have the 

ability to reduce wear by filling in surface microcracks 

and grooves . 

  

 Limitations of conventional lubricants and the 

contribution of additives 

 Insufficient Thermal Stability: Traditional 

lubricants break down quickly at elevated temperatures, 

resulting in reduced viscosity and diminished 

lubrication effectiveness [20]. Suboptimal Friction 

Reduction: The larger molecular size of conventional 

additives limits their ability to effectively reduce friction 

at the nanoscale. Inadequate Wear Resistance: 

Conventional lubricants often fail to provide robust 

protection under extreme load and high-speed 

conditions Environmental Impact: Many conventional 

lubricants contain non-biodegradable and toxic 

additives, raising concerns about environmental safety. 

Susceptibility to Degradation and Oxidation: Over time, 

conventional lubricants undergo oxidation, leading to 

sludge formation and a decline in performance. 

Additives are widely utilized to address the 

shortcomings of conventional lubricants and improve 

their overall performance[21], [22] . They fulfill various 

critical roles, including: (1) Anti-Wear Additives: Form 

protective layers on surfaces to reduce wear. (2) 

Viscosity Modifiers: Ensure stable viscosity across 

different temperature ranges.  (3) Oxidation Inhibitors: 

Protect against degradation caused by oxidation. (4) 

Detergents and Dispersants: Inhibit sludge buildup and 

maintain system cleanliness. Despite their effectiveness, 

traditional additives often fall short under[23]. 

 

 Unique properties of 2D nanomaterials 

 Two-dimensional (2D) nanomaterials possess 

remarkable characteristics that make them highly 

effective as additives in nanolubricants. These 

properties include: (1) High Specific Surface Area: 

Their extensive surface-to-volume ratio enhances 

interaction with base oils and surfaces, boosting 

lubrication performance. (2) Excellent Thermal 

Conductivity: Superior heat dissipation properties help 

regulate operating temperatures and prevent thermal 

degradation. (3) Layered Structure: The sliding ability 

between layers minimizes friction and reduces 

wear[24], [25], [26], [27]. 

 (4) Chemical Stability: Strong resistance to oxidation 

and corrosion ensures durability and long-lasting 

performance.  

 Examples of 2D nanomaterials: Numerous 2D 

nanomaterials have shown great promise as 

nanolubricant additives, including: Titanium Dioxide 

(TiO2): Noted for its exceptional durability and thermal 

stability.  Zinc Oxide (ZnO): Provides superior anti-
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wear and anti-corrosion properties. Tungsten Diselenide 

(WSe2): Delivers excellent friction reduction and wear 

resistance. Tungsten Disulfide (WS2): Known for its 

ultra-low friction and high load-carrying capacity. 

Molybdenum Diselenide (MoSe2): Combines chemical 

stability with efficient friction reduction. These 2D 

nanomaterials, with their unique capabilities, 

significantly enhance the performance of nanolubricants 

across a wide range of operational conditions[28] . 

 

 Importance of dimensional morphology [115] 

 The morphology of nanoparticles (NPs) plays a 

vital role in nanolubricants, affecting their load-bearing 

capacity and interaction with friction surfaces. NPs 

commonly exist in 5 forms: Spherical, granular, sheet, 

onion, and tube, with spherical NPs being the most 

prevalent[29] . After nucleation, crystalline structures 

adjust to minimize surface energy, favoring a spherical 

shape when the energy is isotropic, which enhances the 

rolling mechanism between friction surfaces[30]. 

Spherical NPs create point contact, nanosheets enable 

line contact, and nanoplatelets exhibit planar contact 

with lubricated surfaces[31], [32], [33], [34]. Onion-

shaped NPs combine internal lamellar and external 

spherical structures, with their stability influencing 

tribological performance - stable onions retain a 

spherical shape, while exfoliation converts them into 

sheets[35]. Their lack of dangling bonds minimizes 

reactivity and agglomeration, improving lubricant 

efficiency [36]. Sheet-like NPs, such as graphene, 

transition metal dichalcogenides, ZrP, and hBN, 

facilitate lubrication. The development, synthesis, 

characterization, and use of materials and devices by 

altering their size and shape at the nanoscale is known 

as nanotechnology[37]. The term “nanometer” was 

coined by Richard Adolf Zsigmondy in 1914. Sheet-like 

NPs, such as graphene, transition metal 

dichalcogenides, ZrP, and hBN, facilitate lubrication. 

 

Types of 2D nanomaterials for nano lubricants 

 Graphene and its derivatives 

 Graphene additives 

 Excellent mechanical qualities of graphene allow 

it to be utilized as a lubricant additive to protect the 

surface in frictional contact. The lubricating film’s 

ability to support loads may also be improved by 

lowering the local temperature of the friction pairs due 

to graphene nanosheets’ strong thermal 

conductivity[38], [39], [40], [41]. Also helpful in 

enhancing its tribological characteristics is the weak 

interlayer interaction. Recently, a magnetorheological 

fluid (MRF) was treated with graphene to enhance its 

rheological and tribological characteristics. 

 

 GO additives (graphene oxide additives) 

 Since GO dissolves in water without the need for 

surfactants or dispersants, it is always used in lubricants 

that are based on water. Numerous factors, including the 

GO solution’s pH, concentration, and degree of 

oxidation, among others, influence the tribological 

characteristics of the GO water-based lubricant additive. 

For example, GO nanosheets with varying levels of 

oxidation that were made by adjusting the oxidizing 

agent concentration and reaction conditions showed a 

range of lubricating properties[42] . These phenomena 

are mostly explained by the fact that GO with a high 

degree of oxidation has more functional groups that 

contain oxygen and a wider layer spacing. These factors 

influence the development of protective and adsorption 

films as well as the materials’ tribological 

characteristics. By interlaminate shearing, GO 

nanosheets can enhance engine oil’s lubricating 

properties[43]. Furthermore, GO is non-toxic and 

anticorrosive, which makes it a potential material for a 

wide range of mechanical applications. 

However, adding GO to certain non-polar solvents 

results in a severe agglomeration and restack 

phenomenon that somewhat impairs its tribological 

performance and even causes wear [44]. Reducing the 

oxygen-containing functional groups on GO nanosheets 

is an attractive approach to address this issue. Thus, 

research has been done on reducing GO to rGO using 

various reduction techniques[45]. 

 

 rGO additives (reduced graphene oxide) 

 rGO demonstrated good dispersibility in 

Trimethylopropane trioleate (TMPTO) and 

Polyalphaolefin (PAO) 40 base oil at different 

concentrations and maintained stability for 244 h at a 

0.25 weight percent concentration [46]. In contrast, GO 

nanosheets were less dispersible in oil than rGO, as 

evidenced by the fact that, even though they could 

disperse in TMPTO and PAO 40 base oil with 

sonication, subsidence occurred after just 24 h. With 20 
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and 24 % decreases in wear track widths, respectively, 

the tribological tests demonstrated that the TMPTO and 

PAO 40 base oils containing 0.25 weight percent rGO 

had the best antiwear qualities. 

 GO was decreased by hydrazine monohydrate in a 

different study, and the resulting compounds were added 

to lubricating grease[47], [48], [49], [50]. Grease’s 

improved tribological qualities were noted. With the 

help of KOH, GO is utilized as a precursor to create 

ultra-high exfoliation rGO (UH-rGO) by thermal 

reduction. It is then added to PAO6 oil and hydraulic oil 

as a lubricant. The UH-rGO exhibits a unique                     

2-dimensional layered microstructure with a large 

specific surface area, minimal agglomeration and 

restack, and long-term stability in lubricants. It can also 

significantly improve the tribological characteristics of 

lubricants in terms of anti-wear and anti-friction because 

of the sliding- oriented transformation of UH-rGO. 

 

 Hexagonal boron nitride 

 Hexagonal boron nitride (h-BN) has gained 

significant attention due to its unique properties. It 

consists of 2D boron and nitrogen atom layers, where 

strong intralayer covalent bonds provide high tensile 

strength and stiffness, making it suitable for high-

contact-pressure applications. Meanwhile, weak van der 

Waals forces between layers enable easy shearing along 

the basal plane, contributing to its excellent lubricating 

performance[51], [52]. Despite these advantages, h-BN 

has poor dispersion stability in lubricants, limiting its 

effectiveness[53]. Researchers have explored 

dispersants and surface modifications to enhance its 

stability. Polyisobutylene succinimide significantly 

improved dispersion, and nano-sized h-BN particles 

exhibited better wear resistance than their micro-sized 

counterparts. Additionally, surface modification using 

the silane coupling agent A-151 improved lipophilicity, 

enhancing dispersion stability and boosting anti-wear 

and friction-reducing properties in castor oil. 

 To improve compatibility with lubricants, h-BN 

nanosheets (h-BNNSs) - single- or few-layered versions 

of h-BN - have been widely studied. In Figure 3, 

Exfoliating bulk h-BN powders with NaOH/KOH 

hydrothermal treatment produced h-BNNSs with 

superior dispersion.

 

 

 

Figure 3 Schematic illustration of preparation process and performance testing of exfoliated BNNSs [54]. 

 

Their incorporation into base oil reduced the 

coefficient of friction (COF) and wear scar density 

(WSD) by approximately 35.7 and 35.2 %, respectively. 

Ball-milled h-BNNSs further demonstrated excellent 

friction reduction and wear resistance[55] . However, 

interlayer slippage and incompatibility with base oils 

often lead to agglomeration, negatively affecting 

tribological performance. Chemical functionalization 

has emerged as an effective strategy to prevent 

clustering and ensure stable dispersion in lubricants[56], 

[57]. Table 1 summarizes the comparative analysis of 

2D nanomaterials for nano-lubricants.
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Table 1 Comparative analysis of 2D nanomaterials for nano-lubricants. 

Nanomaterial 

Additive 

Main 

Characteristics 

Lubrication 

Mechanism 
Key Benefits 

Challenges & 

Drawbacks 
Ref 

Graphene 

Additives 

High mechanical 

strength, excellent 

thermal conductivity 

Forms a protective 

film, reduces friction 

and wear 

Enhances load-

bearing capacity, 

improves heat 

dissipation 

Prone to agglomeration in 

certain solvents, 

dispersion issues 

[58] 

Graphene Oxide 

(GO) Additives 

Water-dispersible, 

rich in oxygen-

containing 

functional groups 

Creates adsorption 

and protective layers, 

enables interlaminate 

shearing 

Non-toxic, anti-

corrosive, 

effective in 

water-based 

lubricants 

Agglomeration in non-

polar solvents, tribological 

properties depend on 

oxidation level 

[59] 

Reduced Graphene 

Oxide (rGO) 

Additives 

Improved oil 

dispersibility, 

enhanced stability in 

lubricants 

Facilitates sliding-

oriented 

transformation, 

enhances anti-wear 

and anti-friction 

performance 

Maintains 

stability in base 

oils (PAO, 

TMPTO), 

significantly 

reduces wear 

Requires a reduction 

process, limited dispersion 

in specific oils 

[60] 

Hexagonal Boron 

Nitride (h-BN) 

Soft material with 

strong in-plane 

bonding and weak 

interlayer forces 

Shears along basal 

planes, providing 

effective lubrication 

High resistance 

to wear, performs 

well under high 

pressure 

Poor dispersion in base 

oils, agglomeration 

concerns 

[61] 

Hexagonal Boron 

Nitride Nanosheets 

(h-BNNSs) 

Exfoliated ultra-thin 

layers for enhanced 

dispersion 

Reduces coefficient 

of friction (COF) and 

wear scar diameter 

(WSD) 

Superior 

dispersibility in 

lubricants, 

excellent anti-

wear properties 

Needs chemical 

functionalization for long-

term stability, interlayer 

slippage can affect 

performance 

[62] 

 

 

 

Other emerging 2D nanomaterials 

 Black phosphorous 

 A peculiar substance that has garnered a lot of 

scientific interest is black phosphorus (BP).  Because of 

its unique characteristics, which include weak interlayer 

contacts, an anisotropic lamellar structure, good thermal 

stability, an adjustable bandgap, and high carrier 

mobility, BP can be used as a liquid lubricant additive 

in a variety of applications, including tribology[63] . 

Few-layer BP is now a viable lubricant additive due to 

its strong heat stability and low shear strength. Several 

recent advances in the tribological performances of BP 

nanosheets have addressed their lubricating mechanisms 

and micro-friction characteristics when used as 

additives in lubricants that are based on water or oil. 

 A silicon nitride tip was used to examine the 

nanofriction characteristics of BP sheets that had 

degraded. Due to environmental degradation, the 

lubrication behaviors of the BP flakes significantly 

improved and there was less friction in the degraded area 

of the BP nanosheets [64]. Significantly, a synergistic 

effect between water and the chemical groups formed on 

the oxidized surface was seen; this could explain why 

the deteriorated BP flakes exhibited less friction. 

Investigations were conducted into the tribological 

performance of BP in conjunction with composites 

based on polytetrafluoroethylene [65]. The test findings 

demonstrated that BP considerably lowered the 

composites’ wear rate. On the contact surface, transfer-

film formation was thought to be the lubricating 

mechanism of BP [66]. 

 In general, the practical application of BP is 

hindered by its environmental instability. To tackle this 

issue, various approaches have been suggested, 

including passivation layer protection, organic 

compound modification, and metal nanoparticle 

augmentation. Furthermore, BP has gained popularity 

among academics due to its strong performance as a 

lubricant additive in the field of super lubricity in recent 

years. BP nanosheets that have been altered by NaOH 



Trends Sci. 2025; 22(7): 9606   7 of 34 

may become super lubricating when serving as additives 

for lubricants based on water [67]. 

 A research of macroscale super lubricity was 

conducted by dispersing BP quantum dots (BPQDs), 

which were manufactured with an average lateral size of 

6.5 ± 3 nm and a thickness of 3.4 ± 2.6 nm, in ethylene 

glycol (EG). The BPQD-EG aqueous suspension was 

found to establish a macroscale super lubricity state at a 

high contact pressure of 336 MPa, and its wear rate 

under lubrication at the Si3N4/sapphire frictional 

interface was 5.96 % that when using EG aqueous 

solution lubricant. The exceptional anti-wear and 

lubricating action is thought to have been induced by the 

oxidative products of BPQDs, the low shear stress 

between the BPQD interlamination, and the rolling 

impact of BPQDs. 

 

 Layered double hydroxides 

 Using micro emulsification to modify the 

hydrothermal reaction time, 3 different kinds of 

nanosized Ni-Al layered double hydroxides (LDHs) 

were created[68] . Utilizing atomic-force microscopy 

and transmission electron microscopy, the materials’ 3-

dimensional nanoscale architectures and layered 

structures were revealed. A gas-to-liquid 8 (GTL8) base 

oil was mixed with the samples as lubricant additives, 

and the samples’ tribological performance under various 

loads was assessed using a ball-on-disk tribometer [69]. 

 The anti-wear performance was enhanced and the 

COF was decreased by around 10 % with the addition of 

nano-LDH at a contact pressure of 2.16 GPa. As 

illustrated in Figure 4, the bigger nanoplatelets (NiAl-

24 h) had exceptional tribological characteristics, which 

were ascribed to their better crystallinity and the 

creation of a tribo-film with distinct mechanical 

characteristics under frictional conditions. The study in 

Figures 4(a) and 4(b) used 2 types of lubricant 

containing 1 weight percent (wt%) Nickel-Aluminum 

Layered Double Hydroxides (Ni-Al LDHs). 

These LDHs were prepared with different hydrothermal 

reaction times: 24 h (NiAl-24 h) and 6 h (NiAl-6 h). 

 The lubricants were tested under a load of 100 N, 

see Figure 4(c) and 4(d), to simulate real-world 

conditions. The focus is on analyzing the wear track - 

the area on the surface that experiences wear due to   

sliding. The diffraction patterns in Figures 4(b) and 

4(d) most likely reveal variations in the crystalline 

structure, indicating that a weaker or less ordered 

material is produced by the shorter reaction period

 

 

 

Figure 4 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 [54]. 
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As such, nano-LDHs have great tribological 

properties and a lot of promise for use as lubricant 

additives in industrial settings[70] . NiAl-LDH 

nanoplatelets have been created using a microemulsion 

technique, containing a few ordered layers. As seen in 

Figure 5(a), the polarized OH- groups of NiAl-LDH 

and the -NH3+ head groups of oleyl amine produced 

electrostatic interactions that caused the nanoplatelets to 

stabilize. In addition, the -OH groups of the assistant 

surfactant 1-butanol decreased the hydrophobicity of the 

nanoplatelets[71] . The result of directly spreading the 

nanoplatelets in water was a translucent, stable solution. 

Given the nano-additives’ small size and exceptional 

dispersion, a lubricating layer was seen to form during 

friction tests at high contact pressures (originally at 1.5 

GPa).  A tribological performance is shown in Figure 

5(b) for various lubricants. The sample with 0.5 weight 

percent NiAl-LDH nanoplatelets in Figure 5(c) 

performed exceptionally well in terms of lubrication. In 

particular, it had a lower WSD of 43.2 %, a lower COF 

of 83.1 %, and lower WSD of 88.5 %, and the 59.5 % 

reduced depth and wear-track widths in comparison to 

clean water. Because of their layered structure, weak 

contacts, and high laminate load-carrying capacity, the 

exfoliated nanosheets were adsorbed on the sliding solid 

surfaces during friction, preventing the asperities from 

clashing directly. 

Table 2 summarizes the comparative evaluation of 

black phosphorus and layered double hydroxides as 

emerging 2D nanomaterials for nano-Lubricant.

 

 

 

Figure 5 Schematic model of NiAl-LDH/OAm and the results of the tribological tests of 5 lubricant samples, which 

contain the diamond nanoparticles, NiAl-LDH nanoplatelets, LDH micro platelets, water-based cutting fluid, and pure 

water. (a) Schematic model of NiAl- LDH/OAm. (b,c) COF and wear condition of 5 lubricant samples, which cover 

diamond nanoparticles, NiAl-LDH nanoplatelets, LDH micro platelets, water-based cutting fluid, and pure water[54] .  
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Table 2 Comparative evaluation of black phosphorus and layered double hydroxides as emerging 2D nanomaterials for 

nano-lubricants. 

Nanomaterial 

Additive 
Key Properties 

Lubrication 

Mechanism 
Advantages Limitations Ref 

Black Phosphorus 

(BP) 

Weak interlayer 

forces, anisotropic 

layered structure, 

high thermal 

resistance 

Develops a transfer 

film, achieves 

superlubricity through 

oxidation and rolling 

action of BP quantum 

dots (BPQDs) 

Exceptional 

tribological 

performance, 

effective under high 

contact pressures 

Prone to 

environmental 

degradation, requires 

protective coatings or 

chemical 

modification 

[72] 

Layered Double 

Hydroxides (LDHs) 

Layered nanosheet 

structure, 

electrostatic 

stabilization, 

excellent 

dispersibility 

Creates a tribo-film 

that reduces asperity 

contact and enhances 

lubrication 

Superior wear 

resistance, effective 

COF reduction, 

stable in water-based 

lubricants 

Performance depends 

on crystallinity and 

reaction time, 

requires fine-tuning 

for industrial 

applications 

[73] 

 

Morphological dimensions and their synthesis 

 Zero-dimensional (0D) 

 The 0D nanomaterials, including nanospheres, 

nanoparticles, nanocrystals, and quantum dots, are 

characterized by minimal anisotropy[74] . Their size 

influences quantum confinement, impacting optical and 

electronic behavior. For instance, GaAs/AlGaAs 

quantum dots synthesized via droplet epitaxy 

demonstrated ultra-narrow excitonic emission and 

extended recombination lifetime [75]. 

 Various synthesis techniques have been explored. 

Hierarchical WO3 hollow shells in different shapes were 

produced by calcining acid-treated PbWO4/SrWO4 

precursors, enhancing photocatalytic activity and BET 

surface area [76]. Dendritic platinum nanoparticles, 

synthesized using Pluronic F-127, offer high surface 

area and open nanostructures, making them suitable for 

industrial applications[77] . 

 Although significant progress has been made in 

gold nanoparticle synthesis, precise assembly control 

remains a challenge. Ligand-driven self-assembly 

enables the creation of multidimensional architectures, 

allowing for tunable micro- and nanostructured 

materials[78] . Functionalized colloidal gold 

nanoparticles with photocleavable succinimide ester 

groups facilitated controlled amine derivative release 

upon irradiation, aiding intracellular signaling studies. 

Furthermore, Fe3O4@SiO2 hollow mesoporous 

nanospheres, synthesized using carbon spheres as 

templates, were loaded with doxorubicin hydrochloride, 

demonstrating enhanced cytotoxicity compared to drug-

free variants [79]. 

 

 One-dimensional (1D) 

 The 1D nanomaterials such as nanorods, 

nanowires, and nanotubes resemble nanoscale cables or 

threads and are promising for miniaturized devices and 

nanotechnology[80] . PbS quantum rods (1.7 nm) were 

synthesized in a single-step process, exhibiting high 

fluorescence and distinct optical properties[81] . These 

nanorods hold potential for biological labeling, FRET, 

and optoelectronics. Additionally, ZnS nanorods 

combined with liquid crystalline materials formed 

highly ordered nanohybrid structures. 

In Figure 6, the incredibly tiny nanorods produce 

neatly arranged locally aligned arrays because of their 

strong intrinsic dipole moment and good miscibility 

with liquid crystalline components.
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Figure 6 Alignment of liquid crystalline domain upon orientation control of 1D nanorods driven by external electric fields 

[82]. 

An external field adjusted the blend’s orientational 

order, enabling customizable electro-optic properties for 

improved viewing angles. This nanorod-based system 

enhances efficiency, contrast, and response time, 

solving key display challenges. Ge nanowire arrays 

were directly grown on a tilted Si substrate, with 

annealing boosting current density and reducing turn-on 

voltage. Research has also been done on 1D nanowire 

architectures made of organic materials. In Figure (7), 

Block copolymers of tetraphenylporphinatozinc (II) as a 

donor and C60 fullerene as an acceptor, were created by 

the living ring-opening metathesis polymerisation 

(ROMP), and were used to create a nanowire structure 

with carefully regulated segregation of electron 

donor[83]  and acceptor moieties. 1D nanowire structure 

of tetraphenylporphinatozinc are shown in Figure 7. 

 

 

 

 

 

Figure 7 The 1D nanowire structure of tetraphenylporphinatozinc (II) (donor) and C60 fullerene (acceptor): Chemical 

structures (left) and morphology (right) [82]. 

 

The 1D nanowires with a zebra-stripe pattern (~ 

5.5 nm periodicity) were formed from amphiphilic 

ROMP block copolymers, enabling fast photocurrent 

switching under white light. Nanocarbon structures, 

including fullerene nano whiskers, nanotubes, and 2D 

sheets, converted into 1D nanorods upon water 

exposure[84] . Carbon nanotubes (CNTs) are crucial in 

nanoelectronics, with metal infiltration influencing their 

growth and conductivity. Hybrid CNTs, infused with 

materials like CuI or Ga-doped ZnS, exhibited modified 

mechanical behavior and controlled release of 

substances[85]. Multi-terminal CNT circuits 

demonstrated high conductivity and strength, while 

ZnS-filled CNTs improved durability. Additionally, 

superconducting in nanowires and In-ZnS 

heterojunctions were developed. 
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 Two-dimensional (2D) 

 The 2D nanomaterials, including nanosheets and 

graphene, excel in converting physical, chemical, and 

biological processes into device signals. They also 

encompass thin-film structures formed via LB, LbL 

assembly, and SAM modification. Nanostructures 

involved in interfacial phenomena are also considered in 

this category. Figure 8 illustrates inorganic nanosheets 

synthesized through wet methods [27].

 

 

 

Figure 8 Layered assembly of nanosheets (side view) [82]. 

 

Nickel oxides with a hydrated layered structure 

were synthesized via bromine oxidation and acid 

treatment, enabling Co-Ni layered hydroxides formation 

through oxidative intercalation and ethanol-assisted 

anion exchange, producing carbonate-free nanosheets 

with strong anion-exchange reactivity[86], [87]. The 

Langmuir-Blodgett (LB) technique) structured stacked 

nanosheets into ordered multilayer films, such as 

Ti0.87O2 nanosheets, useful for seed layers and high-k 

applications. Graphene’s electrical properties face 

challenges like band gap generation. Bilayer graphene 

showed resistance enhancement, absent in other layers, 

while Raman spectroscopy linked phonon dispersion at 

graphene-substrate junctions to defects or symmetry 

breaking [88], [89]. Graphene quantum dots exhibited 

single-electron transport via electron beam lithography. 

Nanoribbon junctions showed perfect transmission or 0 

conductance dips due to anti-resonance, allowing 

current control via edge structuring. 

 

 Three-dimensional (3D) 

 The internal nanostructure of 3D bulk materials 

plays a crucial role in determining properties such as 

mechanical strength and magnetism. Atom probe 

analysis helps uncover structure-property relationships 

in materials used for energy storage, data storage, and 

high-performance applications, including high-strength 

magnesium alloys, recording media, and high-coercivity 

magnets. 

 Advanced fabrication techniques have enabled the 

development of ferroelectric, magnetic, and 

superconducting materials, such as iron oxyarsenide 

(superconducting at 42 K), NaV2O4 (mixed-valent 

oxide), and NaOsO3 (which transitions from metal to 

insulator at 410 K) . Nanoparticles (NPs) are classified 

based on size, composition, and function into categories 

like organic, inorganic, ceramic, composite, and carbon-

based materials, including natural, accidental, and 

artificial NPs. 

 

Classification of nanoparticles on basis of 

composition 

 Composites nanoparticles 

 Two or more distinct constituent unit materials 

with varying physicochemical properties are combined 

to create the result, which has unique features not found 

in the initial separate components. Planning the 

composite NPs materials ahead of time has the 

advantage of giving them recommendations, and the 

attributes primarily depend on the curing, shape, 

orientation, and matrix selection. High stiffness, low 

adhesion, and strength are often cited as ways to 

improve the friction and wear characteristics of 

polymeric materials. 

 Appropriate fillers were mixed during the 

procedure, and a significant amount of graphite was 

carefully added to lower adhesion. This composition 

lowers the coefficient of friction (COF) in the operation 

by enabling the creation of a friction-reducing agent 

layer on the sliding surfaces. Since friction produces a 

lot of heat, the use of polymers with high temperature 

resistance supplements (carbon nanotube matrix) is 

advised. Composite materials with outstanding thermal 

and polymeric behavior are produced by combining 
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these matrices. 

 Figure 9 shows the composite blending with their 

anticipated functions. NPs have several basic 

characteristics that make them beneficial in tribology, 

such as (a) low reactivity with other additives; (b), 

greater durability; (c) being not soluble in non-polar 

base oil, (d) being highly non-volatile and able to 

tolerate cold temperatures, and (e) film creation on 

various material surfaces is simple.

 

 

 

Figure 9 Polymer composite formulation for optimal lubrication . 

 

Carbon nanoparticles 

 Fullerenes 

 The spherical carbon molecules known as 

fullerenes (C60) are composed of carbon atoms joined 

by sp2 hybridization . With diameters varying from 8.2 

nm for single layers to 4 - 36 nm for multilayered 

fullerenes, the spherical structure is composed of around 

28 - 1,500 carbon atoms. Fullerenes contain 

nanomaterials made up of globular hollow cages, 

including allotropic forms of carbon. Commercial 

interest has been sparked by their electrical 

conductivity, high strength, structure, electron affinity, 

and flexibility. 

 

 Carbon nanotubes (CNT) 

 The graphene nano foil used to create carbon 

nanotubes (CNTs) has a honeycomb structure, meaning 

that atoms split into hollow coils to form nanotubes. 

Single-layered CNTs are as small as 0.7 nm, while 

multi-layered CNTs are as large as 100 nm. The lengths 

of CNTs typically vary from a few micrometers to 

several millimeters. The ends may be closed by half 

fullerene molecules or they may be empty. A graphite 

sheet rolling on itself is comparable to the structure of 

these. They are called single-walled (SWNTs), double-

walled (DWNTs), or multi-walled carbon nanotubes 

(MWNTs) due to the fact that the rolled sheets may have 

1, 2, or more walls. They are frequently synthesized via 

deposition of carbon precursors, especially the atomic 

ones. With the use of an electric arc or laser, carbons are 

vaporized from graphite and placed on metal 

particles[90] . Recently, the chemical vapor deposition 

(CVD) approach has been used to create them. 

 

 Nanofiber of carbon 

 The same process that produces graphene nanofoil 

and carbon nanotubes is used to create carbon nanofiber. 

The distinction is that it replaced conventional 

cylindrical tubes with one that is wrapped into a cone. 

Table 3 summarizes the classification and comparative 

analysis of composite and carbon-Based nanoparticles.
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Table 3 Classification and comparative analysis of composite and carbon-based nanoparticles. 

Nanoparticle 

Category 
Types 

Structure & 

Composition 

Synthesis 

Techniques 

Distinct 

Properties 
Applications Ref 

Composite 

Nanoparticles 

Polymer-

based, Metal-

based, 

Ceramic-

based 

Combination of 

multiple materials 

with distinct 

physicochemical 

characteristics 

Chemical 

synthesis, Self-

assembly, 

Blending 

High stiffness, 

Low adhesion, 

Improved friction 

& wear 

resistance 

Lubricants, Protective 

coatings, Structural 

reinforcements 

[91] 

Carbon-Based 

Nanoparticles 

Fullerenes Hollow, spherical 

carbon molecules 

(C60) with sp² 

hybridization 

Arc discharge, 

Laser ablation, 

Chemical Vapor 

Deposition 

(CVD) 

High strength, 

Electrical 

conductivity, 

Structural 

flexibility, 

Electron affinity 

Nanoelectronics, Drug 

delivery, Catalysis 

[92] 

 Carbon 

Nanotubes 

(CNTs) 

Cylindrical graphene 

sheets rolled into 

tubes; categorized as 

single-walled 

(SWNTs), double-

walled (DWNTs), or 

multi-walled 

(MWNTs) 

Arc discharge, 

Laser ablation, 

CVD 

Exceptional 

mechanical 

strength, High 

electrical & 

thermal 

conductivity, 

Large aspect 

ratio 

Energy storage, 

Nanoelectronics, 

Composite 

reinforcement 

[93] 

 Carbon 

Nanofibers 

Cone-wrapped 

structures formed 

similarly to CNTs but 

with a conical 

arrangement 

CVD, 

Electrospinning 

Lightweight, 

High surface 

area, Excellent 

conductivity 

Biomedical 

applications, Sensors, 

Energy storage 

[94] 

 

Nanomaterials have attracted significant attention 

as advanced lubricants due to their outstanding 

tribological and mechanical properties. Their unique 

characteristics provide notable advantages over 

conventional lubricants by improving performance and 

minimizing friction and wear.

 

Table 4 summarizes the comparative analysis of 2D nanomaterials and traditional lubricants, highlighting their benefits 

and enhanced lubrication efficiency. 

Parameter 2D Nanomaterials Traditional Lubricants Ref 

Lubrication Mechanism Forms ultra-thin protective films, minimizing 

surface contact and reducing interlayer friction. 

Relies on oil or grease-based films to 

separate moving surfaces and reduce wear. 

[95] 

Friction Reduction Provides extremely low friction due to weak 

van der Waals forces between layers. 

Offers moderate friction reduction, often 

requiring performance-enhancing additives. 

[96] 

Wear Resistance Exhibits excellent wear resistance due to strong 

intralayer bonding. 

Can degrade over time, leading to increased 

surface wear. 

[97] 

Thermal Stability Maintains performance under extreme 

temperatures without significant degradation 

(e.g., graphene, MoS2) 

Prone to thermal breakdown or evaporation 

at high temperatures. 

[98] 
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Parameter 2D Nanomaterials Traditional Lubricants Ref 

Oxidation Resistance Naturally resistant to oxidation, ensuring 

prolonged effectiveness. 

Susceptible to oxidation, necessitating the 

use of stabilizers. 

[99] 

Load-Bearing Capacity High mechanical strength allows efficient load 

distribution and enhanced surface protection. 

May require additives to sustain performance 

under heavy loads. 

[100] 

Environmental Impact Generally eco-friendly, with potential 

applications in dry lubrication systems. 

Some formulations contain harmful additives 

that contribute to environmental pollution. 

[101] 

Dispersion in Base 

Fluids 

Requires functionalization to ensure stable 

dispersion in oils and greases. 

Easily integrates with base oils for uniform 

lubrication. 

[102] 

Cost and Scalability Higher initial costs due to synthesis and 

processing challenges, but offers long-term 

efficiency gains. 

More affordable upfront but requires frequent 

reapplication and maintenance. 

[103] 

 

Synthesis of metal oxide nanoparticles (MONPs) 

 

 

 

Figure 10 Overview of physical and chemical methods for MONPs. 

 

Figure 10 mentions all the physical and chemical 

methods for synthesis of MONPs: Ball Milling, 

Sputtering, Arc Discharge, Laser Ablation and Ball 

milling, sol-gel, hydrothermal, coprecipitation, 

chemical vapour deposition. 

 

Ball milling 

 High-energy collisions between balls and a 

powder are used in the mechanical process of ball 

milling to create nanoparticles[104] . Because of its ease 

of use, affordability, and scalability, it is extensively 

utilized. This process works best for producing 

nanoscale materials with a large surface area and evenly 

distributed constituents. The principle: The effect and 

attrition principles underpin the procedure. The material 

being ground (the powder) fractures and breaks up into 

smaller pieces as a result of the energy transferred by the 

milling balls’ collisions. Figure 11 shows the schematic 

representation of ball milling method (physical method).
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Figure 11 Schematic of ball milling [https://images.app.goo.gl/QAK5GryiXYjMBuGU7]. 

 

       

Procedure 

Preparation: A ball mill is a container or vial 

composed of sturdy materials such as steel, ceramic, or 

tungsten carbide that holds the material to be processed 

and the milling balls. Sometimes, a tiny bit of a liquid 

medium - like water or ethanol - is introduced to lower 

friction and stop agglomeration. The milling process: In 

a ball milling machine, the container is closed and 

rotated rapidly (either by centrifugal or planetary action) 

[105]. The material is repeatedly struck by the free-

moving, highly energetic balls, which reduces the size 

of the particles. Timespan: The ultimate particle size is 

determined by how long the milling process takes. Finer 

nanoparticles are produced via longer milling durations. 

Collection: Once the procedure is finished, the result is 

gathered and may be cleaned, dried, and sieved to 

produce nanoparticles. 

 

Sputtering 

 Subjecting solid surfaces to high-energy particles 

like gas or plasma, a method known as sputtering is 

utilized to create nanomaterials. One efficient technique 

for creating thin films of nanomaterials is sputtering. 

During the sputtering deposition process, tiny atom 

clusters are physically ejected based on the incident 

gaseous-ion energy after being bombarded by energetic 

gaseous ions. There are several methods for carrying out 

the sputtering process, including magnetron, radio-

frequency diode, and DC diode sputtering. Sputtering is 

typically done in an evacuated chamber that has been 

filled with the sputtering gas [106]. The cathode target 

receives a high voltage, and the gas and free electrons 

collide to form gas ions. 

 Atoms are ejected off the target’s surface as a 

result of the positively charged ions’ rapid acceleration 

in the electric field when they approach the cathode 

target. WSe2-layered nanofilms are created via 

magnetron sputtering on SiO2 and carbon paper 

substrates. Because it is less expensive than electron-

beam lithography and produces nanomaterials with 

fewer imperfections, the sputtering process is intriguing. 

 

 Arc discharge method 

 Nanoparticles, particularly those based on carbon, 

such as metal nanoparticles, fullerenes, and carbon 

nanotubes (CNTs), are frequently created using the arc 

discharge process. The process vaporizes the material 

and produces nanoparticles by forming a high-energy 

arc between 2 electrodes. How It Operates: 2 electrodes 

- typically composed of metal or graphite - are 

positioned inside a chamber. The environment is 

controlled by filling the chamber with either a liquid 

(like water) or an inert gas (like argon or helium). 

ArcStructure: In order to create a high-temperature 

plasma arc (up to 3,000 - 4,000 °C), a high electric 

current is transmitted between the electrodes [107] . A 
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heated vapor of atoms is created when the electrode 

material is vaporized. Creation of Nanoparticles: After 

rapidly cooling, the vaporized material condenses as 

nanoparticles. The walls of the chamber, the electrodes, 

or the surrounding media may all get covered in these 

nanoparticles. Acquiring: Depending on the 

configuration, either the chamber or the liquid medium 

is used to collect the nanoparticles. In Figure 12, arc 

discharge method schematic diagram is shown for 

synthesis of nanoparticle.

 

 

Figure 12 Schematic of the arc discharge setup for nanoparticle synthesis[108]. 

. 

  

Laser ablation method 

 The laser ablation process provides a flexible and 

accurate way to create nanoparticles. Atoms or clusters 

that condense into nanoparticles are ejected when a solid 

target material is exposed to high-energy laser radiation 

in a controlled setting[109] .  

 

 How it operates 

 In a chamber, a solid target material - such as metal 

or semiconductor - is positioned. Inert gases (such as 

argon or helium) or liquids (such as water or ethanol) 

are usually used to fill the chamber. Laser Irradiation: 

The material of interest is exposed to a high-energy laser 

beam. A plasma plume is created when the target’s 

surface is heated by the extreme energy and vaporizes. 

The Formation of Nanoparticles: The substance 

condenses into nanoparticles as it cools after 

vaporization. The size and shape of the nanoparticles 

depend on the medium (gas or liquid). Collection: Either 

a substrate is coated with the nanoparticles or they are 

extracted from the media. 

 

 Sol-gel (chemical methods) 

 One of the well-known synthetic methods for 

creating premium MONPs and mixed oxide composites 

is the sol-gel process[110] . Excellent control over the 

materials’ surface characteristics and texture is possible 

with this technique. The sol-gel process can be broadly 

characterized by 5 essential steps: hydrolysis, 

polycondensation, ageing, drying, and heat 

decomposition. 

 Step 1: The precursors, such as metal alkoxides, 

undergo hydrolysis in water or alcohol. In order to create 

metal oxide, which is required for the synthesis of 

MONPs, oxygen is provided by organic solvents like 

alcohol or water. Aqueous sol-gel is a technique that 

uses water as a reaction medium; nonaqueous sol-gel is 

a procedure that uses an organic solvent as a reaction 

media. An acid or a base, in addition to water and 

alcohol, aids in the hydrolysis of the precursors. The 

general chemical reaction involved in the process of 

hydrolysis is given below. In hydrolysis, M-OR + 

H2O→MOH + ROH, where M is metal and R is an alkyl 

group (CnH2n+1). The gel formation process is 

significantly influenced by the water content; a higher 

water content promotes the production of a higher ratio 

of bridging to nonbridging oxygens, which results in a 

more polymerized and branched structure during 

condensation. 

 Step 2: In the liquid state, polymeric networks 

expand to colloidal dimensions through the 

condensation of nearby molecules, which removes 

water and alcohol and forms metal oxide bonds. With M 

= metal and X = H or an alkyl group (CnH2n+1), M-OH + 
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XO-M → M-O-M + XOH (condensation). 

 Step 3: The ageing process causes the gel’s 

structure and characteristics to continuously alter. 

Polycondensation and gel network reprecipitation 

persist in the localized solution during the ageing 

process, which eventually reduces porosity and thickens 

the space between colloidal particles [111]. 

 Step 4: Since water and organic materials separate 

to form gel, which upsets its structure, the drying 

process is challenging. The structure of the gel network 

is affected differently by the 3 distinct drying methods: 

Freeze-drying, supercritical drying, and atmospheric/ 

thermal drying. A high temperature causes the porous 

gel to densify, and the pores can be extracted to create 

xerogel, which has a high gel shrinkage rate and a 

comparatively small surface area and pore volume. 

However, supercritical drying produces aerogels with 

large surface areas and pore volumes while maintaining 

almost the same gel network. 

 In the third kind of drying, the solvents are frozen 

to create cryogel, which has a comparatively smaller gel 

network shrinkage than xerogel[112]  . When drying, the 

relative humidity (RH) has a direct impact on the 

stability and functionality of nanomaterials, making it 

another crucial parameter. Nanofilms dried at a lower 

relative humidity are especially more stable than those 

that have dried at an increased relative humidity. 

 The next step is heating treatment, or calcination, 

which removes water molecules and residues from the 

target sample. The calcination temperature is a crucial 

factor in regulating the material’s density and pore 

size.The Figure 13   shows the Schematic of the sol-gel 

process for synthesizing metal oxide nanoparticles 

(MONPs). 

 

 

Figure 13 Schematic of the sol-gel process for synthesizing metal oxide nanoparticles (MONPs). 

 

Hydrothermal method 

 Using substances that are insoluble at room 

temperature and pressure, the hydrothermal approach 

creates nanoparticle crystals through a heterogeneous 

reaction at high temperatures and high pressures. An 

instrument called an autoclave, a steel pressure vessel 

that receives water and nutrients, is used to carry out the 

crystal growth. The typical temperature for 

hydrothermal synthesis is lower than 300 °C[113] . A 

favorable reaction field for nanoparticle formation is 

provided by the critical condition because of the 

substantial supersaturation and increased reaction rate 

based on the nucleation theory. This technique has been 

utilized to create metal oxide nanoparticles, and metal 

nanoparticles in supercritical water. 

 Hydrothermal synthesis advantages: Heating and 

 

 

 
  

 

 

 

 

 

Figure 13. Sol-gel process to synthesize (MONPS)(Khapate et al., 2023). 
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ensuring the solution is at its critical point will make the 

majority of materials soluble in the right solvent. The 

potential to replace solid-state synthesis, a notable 

increase in the reactant’s chemical activity, and the 

ability to prepare compounds that would not be 

achievable through solid- state reactions using 

hydrothermal/solvothermal synthesis. It is simple to 

create products in intermediate, metastable, and 

specialized phases. It is also possible to synthesize new 

chemicals in metastable states and other specific 

condensed states. The end product’s size, shape 

distribution, and crystallinity can be easily and precisely 

controlled by varying the parameters, including the 

solvent type, surfactant type, reaction temperature, 

reaction duration, and precursor type. Materials that are 

prone to pyrolysis and have high vapor pressures and 

low melting points will be produced.  

 

 Coprecipitation method 

 Nucleation, growth, coarsening, and/or 

agglomeration processes all occur simultaneously in 

coprecipitation reactions [114]. The following traits of 

coprecipitation reactions are present: Secondary 

processes like Ostwald ripening and aggregation 

significantly alter the size, morphology, and 

characteristics of the products. The products are 

typically insoluble species that are formed under high 

supersaturation conditions. Nucleation is a crucial step 

that results in the formation of numerous small particles. 

A chemical reaction is typically the cause of the 

supersaturation conditions required to cause 

precipitation. Coprecipitation synthesis methods are 

categorized based on the type of materials formed and 

the specific synthesis conditions. Here’s an overview. 

  

 Metal formation 

 From Aqueous Solutions: Metals are precipitated 

by manipulating factors like pH, temperature, or adding 

reducing agents. Reduction in Nonaqueous Solutions: 

Metal ions are reduced within organic solvents, often 

producing nanostructured metals. Electrochemical 

Reduction: Metals are deposited or nanoparticles 

formed through electrochemical processes. 

Decomposition of Metal-Organic Precursors: Thermal 

decomposition of metal- organic compounds yields 

metallic products. 

 

 Oxide formation 

 From Aqueous Solutions: Hydrolysis and 

condensation of metal ions result in oxide materials such 

as TiO2 or ZnO [115]. From Nonaqueous Solutions: 

Reactions in organic solvents enable control over 

morphology and composition during oxide synthesis. 

 

 Metal chalcogenide formation 

 Via Molecular Precursors: Metal salts react with 

sulfur, selenium, or tellurium sources to produce 

chalcogenides like CdS or ZnSe [116].  

 

 Microwave and sonication-assisted coprecipitation 

 Microwave-Assisted: Rapid, uniform heating with 

microwaves accelerates reaction kinetics and ensures 

consistent particle size. Sonication-Assisted: Ultrasonic 

waves promote uniform mixing, nucleation, and 

dispersion, yielding homogeneous products. These 

methods are instrumental in creating materials for 

applications in catalysis, electronics, and energy 

storage. Table 5 summarizes the comparison of Metal 

Oxide Nanoparticle (MONP) Synthesis Techniques.

 

Table 5 Comparison of metal oxide nanoparticle (MONP) synthesis techniques. 

Technique Working Principle Process Overview Key Benefits Challenges 
Common 

Applications 
Ref 

Ball Milling Mechanical impact and 

attrition break particles 

into nanoscale sizes 

High-energy 

collisions between 

milling balls 

reduce material 

size 

Cost-effective, 

scalable, simple 

process, produces 

high-surface-area 

materials 

Limited control 

over particle 

shape and size 

distribution 

Powder metallurgy, 

material processing 

[117] 
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Technique Working Principle Process Overview Key Benefits Challenges 
Common 

Applications 
Ref 

Sputtering Ejection of atoms from 

a solid target via high-

energy ion 

bombardment 

Atoms are 

deposited as thin 

films on a substrate 

in a vacuum 

chamber 

Produces high-

purity, defect-free 

nanomaterials, 

suitable for thin-

film coatings 

Requires 

expensive 

vacuum 

systems, slow 

deposition rate 

Electronic 

components, optical 

coatings 

[118] 

Arc Discharge High-temperature 

plasma arc vaporizes 

electrode material 

A strong electric 

arc between 

electrodes 

generates vapor, 

which condenses 

into nanoparticles 

Simple and 

effective for 

carbon-based 

nanoparticles 

Requires high 

power input, 

limited material 

control 

Carbon nanotubes 

(CNTs), fullerenes, 

metal nanoparticles 

[119] 

Laser Ablation High-energy laser beam 

vaporizes solid target 

material 

Intense laser pulses 

create plasma, 

leading to 

nanoparticle 

formation 

Precise control 

over size and 

shape, versatile 

for various 

materials 

High equipment 

cost, requires 

careful 

optimization 

Nanostructured 

coatings, advanced 

nanomaterials 

[120] 

Sol-Gel Method Chemical 

transformation of metal 

precursors through 

hydrolysis and 

condensation 

Formation of a gel 

network, followed 

by drying and 

calcination 

Precise control 

over porosity, 

composition, and 

surface properties 

Time-intensive 

process, 

sensitive to 

environmental 

conditions 

Ceramics, 

biomedical 

coatings, catalysis 

[121] 

Hydrothermal 

Method 

Crystal growth in a 

high-temperature, high-

pressure aqueous 

environment 

Reactants dissolve 

in water within a 

sealed autoclave, 

forming 

nanoparticles 

Enables 

controlled 

crystallization, 

suitable for 

complex oxides 

Requires 

specialized 

high-pressure 

equipment 

Energy storage 

materials, catalysts, 

advanced ceramics 

[122] 

Coprecipitation Simultaneous 

precipitation and 

nucleation of 

nanoparticles from 

solution 

Metal ions react to 

form insoluble 

nanoparticles under 

controlled 

conditions 

Simple, cost-

effective, 

scalable for large 

production 

Difficult to 

achieve 

uniform particle 

size and 

morphology 

Catalysts, magnetic 

materials, 

environmental 

remediation 

[123] 

 

Scalability and economic viability of 2D 

nanomaterials for lubrication applications 

 Challenges in large-scale production 

 Scaling up the synthesis of 2D nanomaterials 

while preserving their structural integrity and functional 

properties poses several challenges: (1) Purity and 

Consistency: High-quality nanomaterials are often 

produced using techniques like chemical vapor 

deposition (CVD) or mechanical exfoliation, which are 

difficult to scale due to high energy consumption and 

batch-to-batch variations. (2) Production Yield and 

Efficiency: While methods such as liquid-phase 

exfoliation are more scalable, they often suffer from low 

yield and inconsistent particle size, impacting lubricant 

performance. (3) Reproducibility and Process Control: 

Large-scale manufacturing demands precise control 

over morphology, defect density, and surface chemistry 

to ensure uniform tribological performance. 

 

 Cost considerations 

 The economic feasibility of using 2D 

nanomaterials in lubrication is influenced by several 

factors: Raw Material Expenses: The high cost of 

precursor materials, especially for graphene and 

MXenes, makes large-scale applications challenging. In 

contrast, materials like MoS2 and h-BN offer a more 

affordable alternative due to their abundant natural 

sources[124] . (2) Processing Costs: Energy-intensive 

synthesis techniques, such as CVD and plasma-assisted 

methods, increase production expenses. In contrast, 
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solution-based exfoliation and mechanical milling 

provide more cost-effective alternatives. (3) Lubricant 

Integration Costs: Maintaining stable dispersion in 

lubricants without excessive use of surfactants or 

additives is crucial. Although surface functionalization 

enhances performance, it also adds to processing costs. 

 

 

 Strategies for enhancing scalability and cost-

effectiveness 

 Optimizing Scalable Synthesis Techniques: High-

yield, low-cost methods like shear exfoliation, 

electrochemical synthesis, and roll-to-roll production 

can improve feasibility. Utilization of Low-Cost 

Precursors: Identifying cost-effective sources, including 

natural deposits or industrial by-products, can reduce 

raw material costs[125]. Enhancing Lubricant 

Formulation Efficiency: Achieving stable dispersion 

with minimal additives can lower production costs while 

maintaining optimal lubrication properties. Industry 

Collaboration and Standardization: Partnerships with 

lubricant manufacturers and the development of 

standardized formulations can accelerate industrial 

adoption. 

 The 2D nanomaterials have gained significant 

attention across various fields due to their exceptional 

properties, including high surface area, superior 

mechanical strength, excellent electrical conductivity, 

and remarkable chemical stability.  

 

 Energy storage and conversion 

 Batteries & Supercapacitors: Graphene, MXenes, 

and transition metal dichalcogenides (TMDs) improve 

the efficiency of lithium-ion, sodium-ion, and solid-state 

batteries by enhancing charge storage and ion 

transport[126]. Hydrogen Production: Molybdenum 

disulfide (MoS2) and phosphorene act as efficient 

electrocatalysts in water splitting, facilitating hydrogen 

generation. Fuel Cells: Graphene-based catalysts serve 

as cost-effective alternatives to platinum, improving 

fuel cell performance. 

 

 Electronics and optoelectronics 

 Next-Generation Transistors: 2D materials such as 

MoS2 and black phosphorus are being explored for field-

effect transistors (FETs) due to their tunable electronic 

properties. Advanced Photodetectors & LEDs: TMDs 

and hybrid perovskite-2D materials enhance the 

efficiency and flexibility of optoelectronic devices. 

Wearable and Flexible Electronics: Graphene and 

MXenes enable the development of bendable circuits for 

smart wearables and health-monitoring devices. 

 

 Biomedical applications 

 Targeted Drug Delivery: Graphene oxide (GO) 

and MoS2 are used as carriers for controlled drug 

delivery, leveraging their large surface area and 

biocompatibility. High-Sensitivity Biosensors: 2D 

nanomaterials significantly improve the detection of 

biomarkers, pathogens, and toxins. Tissue Engineering: 

Graphene-based scaffolds support cell growth, making 

them suitable for regenerative medicine. 

 

 Environmental applications 

 Water Purification: Graphene oxide membranes 

and MoS2 nanosheets effectively remove heavy metals, 

pollutants, and salts from water. Air Filtration: MXene-

based materials efficiently capture hazardous gases and 

airborne particles. CO2 Reduction: MoS2 and black 

phosphorus function as catalysts to convert carbon 

dioxide into useful hydrocarbons. 

 

 Sensors and actuators 

 Ultra-Sensitive Gas Sensors: 2D materials enable 

the detection of gases like NO2, CO, and NH3 at 

extremely low concentrations. Pressure & Strain 

Sensors: Graphene and MXene-based sensors are used 

in robotics, prosthetics, and health monitoring[127] . 

Smart Windows: TMDs allow the development of 

electrochromic devices that dynamically regulate light 

transmission.  

 

 Quantum computing and photonics 

 Quantum Light Emitters: Defect engineering in 

hexagonal boron nitride (hBN) enables single-photon 

emission for quantum applications. Optical 

Communication Enhancements: 2D materials improve 

data transmission and signal processing in 

telecommunications. 

 

Influence of morphology on nano lubricant 

properties  

 Tribological performance 

 The scientific study of interacting surfaces or 2 
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moving bodies in relative motion is known as tribology. 

It has to do with wear and tear, lubrication, corrosion, 

wear and tear on metal surfaces, engine life, and energy 

losses. Wear and friction losses should be kept to a 

minimum because of the extremely large energy losses 

resulting from this process. Choosing    appropriate 

lubricant is the most crucial step in meeting the 

lubrication needs of the individual application, 

particularly in tribological features. Tribological 

performance is associated with wear, friction, and 

lubrication. 

 The development of a tribofilm, or protective 

layer, on the contact surfaces is the focus of lubricity. 

Friction and energy losses are decreased when there is 

less direct surface contact due to high lubricity . Higher 

lubricity does not always translate into improved wear 

protection, though, as lubricants’ surface-active 

ingredients, such as base stocks or additives, are 

absorbed to form a protective layer on rubbing surfaces. 

 Three forms of mechanical wear, including 

adhesion, abrasion, and fatigue, can occur when surface 

asperities come into contact with one another . When 2 

relatively moving surfaces asperity weld and then 

instantly pull apart due to high loads, high temperatures, 

or insufficient lubrication, adhesive wear results. When 

surfaces of varying hardness rub against one another, 

abrasive wear results. 

 When a material is subjected to repeated loads, 

fatigue wear causes localized, gradual structural 

degradation. The mechanical characteristics of a 

tribological system, lubrication, and the 

physicochemical characteristics of the lubricant are the 

3 fundamental tribology factors that must be understood 

before talking about the tribological performance of the 

nanolubricants. 

 

 Energy losses 

 Friction results in extraordinarily significant 

energy losses. Friction causes the engine to lose energy, 

which heats up the engine and wears out the moving part 

surfaces. Figure 1 illustrates the estimated 75 - 82 % 

overall energy losses in the vehicle, 68 - 72 % engine 

losses, 12 - 30 % energy from the fuel used to propel the 

vehicle, and 3 % energy losses from friction. 

 Thirty % of the energy was lost as a result of wear 

and friction . Tribology, additives, and tire and bearing 

design, are some of the technologies that can minimize 

energy losses from friction. Additionally, the lubricant 

that provides the finest lubrication is absolutely 

necessary to overcome the energy losses. Furthermore, 

the lubricant that imparts the best additives is necessary 

to overcome the energy losses. Additionally, the 

lubricant that provides the finest lubrication is 

absolutely necessary to overcome the energy losses. 

 

 Dispersion stability 

 NPs have a high surface energy due to their high 

surface area to volume ratio. Particles with a high 

surface area agglomerate due to strong molecular 

interactions. NP aggregation causes sedimentation and a 

reduction in the capacity for tribological improvement. 

Therefore, NPs dispersion stability is highly desired for 

dependable lubricating performance. When the NPs 

don’t aggregate significantly, it’s said to be stable. 

 There are numerous ways to improve dispersion 

stability. High-shear mixing, homogenizing, ball 

milling, magnetic force agitation, and ultrasonic 

agitation are currently suggested techniques . Numerous 

studies have discussed the techniques they employed for 

dispersion, such as the use of magnetic stirrers, 

ultrasonic probe agitation, and homogenization by 

triple-roller mill, planetary ball mill, ultrasonic shaker, 

and ultrasonic bath agitation mix technique, high shear 

homogenizer and agitation. Despite the fact that some 

researchers only cited ultrasonication for dispersion or 

neglected to include any method at all, the literature 

indicates that most researchers employ ultrasonic 

agitation for NPs dispersion mix technique, along with 

high shear homogenizer and agitation. The literature 

states that the currently recommended techniques 

include ball milling, homogenizing, high-shear mixing, 

and ultrasonic agitation. 

 According to reports, graphene disperses in base 

oil with comparable dispersion stability, removing the 

element that influences lubricating qualities[128] . 

Dispersion duration is another crucial factor in 

minimizing or managing agglomeration. Using 

magnetic force agitation, it has been determined that the 

size of NPs aggregates reduces as mixing duration 

increases. The researchers’ dispersion duration ranged 

from 5 min to 8 h, while most dispersion durations are 

30 min or 1 h. 

 In order to improve dispersion stability, surface 

functionalization has emerged. Among these are steric 
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and electrostatic stabilization. While steric stabilization 

is accomplished by coating the NPs surface with a 

polymer or surfactant, electrostatic stabilization occurs 

when the ionic surfactants have been absorbed on the 

NPs surface. In comparison to naked NPs, the surface-

functionalized NPs ought to be more lubricating. By 

stopping material transfer, the former helps shearing 

surfaces avoid direct contact and cold welding. 

Furthermore, the hybrid structure of functionalized 

nanoparticles, which consists of a soft external shell and 

a hard interior core, permits a high load carrying 

capacity without lowering lubrication. Therefore, 

compared to naked NPs, surface-functionalized NPs 

offer more benefits. 

 The method of surface functionalization and 

associated research will be covered. To improve 

dispersion stability, one technique is surface 

modification. Oleic acid, a typical modification agent, is 

frequently employed in numerous investigations to 

improve dispersion stability . Other agents of alteration 

have also been investigated. By employing a blend of 

resin, methylbenzene, and amine chemical to modify its 

surface, NanoCu has demonstrated good oil-dispersion 

capacity and agglomeration prevention[129] . 

 One advantage of methyl-methyl acrylate surface 

modification of NanoCu is the reduction of wear and 

friction. Tetrabutylammonium chains that modify the 

surface of NanoPd lead to an increase in electrical 

conductivity and loading part life. It should be noted that 

dual modified CuO by sodium oleate (SOA) and 

alkylphenol polyoxymethylene ether disperse in water, 

improving lubricity and providing exceptional 

dispersion stability. Another well-known work 

demonstrated that the surface-capped triangle Cu 

nanoplates made with cetyltrimethylammonium 

bromide (CTAB) were effective in reducing wear loss 

(82 %) and friction (12 %) through the development of 

a tribofilm at the components’ interface. Additionally, a 

surfactant is used in the second approach to improve 

dispersion stability. As a dispersion, surfactants can also 

be introduced directly to nanolubricants, making this 

process simpler and less expensive than surface 

modification. The limitation of surfactant use in terms 

of improving thermal conductivity is still a drawback. 

Polyisobutylene succinimide (PIBSI), sorbitol 

monooleate (SPAN 80), sodium-dodecyl and oleic acid 

are examples of surfactants that are used. The dispersion 

stability of nanoBN and nanoMoS2 was investigated 

using 5 different types of surfactants. 

 They demonstrated that employing a surfactant is 

advantageous for both suspending the NPs and reducing 

wear and friction on its own. To investigate the 

influence of (EP) extreme pressure additives 

characteristics and dispersion stability in API Group III 

150 N base oil, with or without hBN particles, 4 

different types of dispersants have been chosen. Every 

dispersant contributes to the stability of the dispersion 

and affects the tribological characteristics of the oil. A 

10 % improvement in EP performance and greater 

dispersion stability was demonstrated by 5 % dispersant, 

while 1 % dispersant had no effect on the oil’s EP 

characteristics. The addition of the hBN particles 

significantly improved the EP performance by up to 30 

% [130]. 

 Achieving stable dispersion is essential for 

maximizing the performance of 2D nanomaterials in 

lubricants. However, due to their high surface energy 

and strong van der Waals interactions, these 

nanoparticles tend to agglomerate and settle over time. 

This instability compromises their effectiveness, leading 

to inconsistent lubrication performance. To overcome 

these challenges, various strategies such as dispersants, 

surface modifications, and functionalization techniques 

have been explored. 

 

 Challenges in dispersion stability 

 Agglomeration Due to High Surface Energy: The 

large surface area-to-volume ratio of 2D nanomaterials 

makes them prone to clustering, reducing their ability to 

form a uniform lubricating film. Sedimentation Over 

Time: Denser nanoparticles may settle in lubricant 

formulations, particularly in low-viscosity base oils, 

leading to uneven distribution[131] . Poor Compatibility 

with Base Oils: Differences in polarity between 

nanoparticles and lubricant base oils often hinder stable 

dispersion.  

 

 Strategies for improving dispersion stability 

and performance 

 Incorporation of dispersants and surfactants 

 Polymeric Dispersants: Additives such as 

polyisobutylene succinimide (PIBSI), sorbitan 

monooleate (SPAN 80), and sodium dodecyl sulfate 

(SDS) enhance nanoparticle solubility in nonpolar base 
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oils. Surface-Active Agents: Surfactants minimize 

interparticle attraction, preventing agglomeration and 

ensuring uniform distribution. Optimized Dispersant 

Concentrations: Research indicates that a 5 % dispersant 

concentration significantly enhances dispersion stability 

and tribological performance, whereas lower 

concentrations have minimal impact[132] .  

 

 Surface modification and functionalization 

 Steric Stabilization: Polymer coatings such as 

oleic acid or polyvinylpyrrolidone (PVP) create a 

physical barrier that prevents nanoparticle aggregation. 

Electrostatic Stabilization: The adsorption of ionic 

surfactants onto nanoparticle surfaces introduces 

repulsive forces, reducing clustering. Hybrid 

Nanoparticles: Functionalized nanomaterials with a soft 

outer layer and a rigid core (e.g., alkylphenol-modified 

CuO) enhance dispersion while maintaining high load-

bearing capacity. 

 

 

 

 Advanced dispersion techniques 

 Ultrasonication: High-frequency sound waves 

break up aggregates and enhance nanoparticle 

distribution[133] . High-Shear Mixing: This method 

applies intense mechanical forces to achieve uniform 

dispersion. Ball Milling and Magnetic Stirring: These 

techniques refine particle size and promote even 

distribution. 

 

 Ensuring long-term stability 

 Time-Dependent Stability Considerations: 

Nanoparticles must remain well-dispersed over 

extended periods to sustain their lubrication benefits. 

Monitoring and Evaluation: Techniques such as 

dynamic light scattering (DLS) and sedimentation 

analysis can assess the long-term stability of dispersed 

nanoparticles . Optimized Lubricant Formulations: The 

combination of multiple stabilization approaches 

enhances long-term dispersion without altering 

lubricant properties. Table 6 summarizes the influence 

of morphology on nanolubricant properties and 

performance.

 

 

Table 6 Influence of morphology on nanolubricant properties and performance. 

Category Tribological Performance Energy Losses Dispersion Stability Ref 

Definition Examines wear, friction, and 

lubrication between moving 

surfaces. 

Energy dissipation caused by 

friction and wear in 

mechanical systems. 

The ability of nanoparticles 

(NPs) to stay evenly 

distributed in lubricants 

without clumping. 

[134] 

Key Influencing 

Factors 

- Types of wear: adhesion, 

abrasion, and fatigue.  

- Lubricity and tribofilm 

formation.  

- Additives in lubricants. 

- Friction-induced energy 

loss.  

- Heat buildup in engines.  

- Wear of mechanical parts. 

- Surface energy and particle 

interactions.  

- Tendency of NPs to clump 

together. 

 

[135] 

Impact - High friction decreases 

efficiency.  

- Surface wear shortens 

equipment lifespan 

- About 30% of vehicle 

energy is lost due to wear 

and friction.  

- Heat and surface damage 

accelerate engine 

deterioration. 

- Poor dispersion reduces 

lubrication efficiency.  

- Particle sedimentation lowers 

stability. 

 

[136] 

Ways to Improve - Selecting suitable 

lubricants.  

- Adding anti-wear agents. 

- Using high-performance 

lubricants and additives.  

- Advancing bearing and tire 

designs to reduce losses. 

- Employing high-shear 

mixing, ball milling, and 

ultrasonic dispersion.  

- Using surfactants or surface 

treatments 

[137] 

Research Methods - Studying tribofilm 

formation.  

- Measuring friction losses in 

mechanical systems.  

- Comparing different 

dispersion techniques.  

[138] 
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Category Tribological Performance Energy Losses Dispersion Stability Ref 

- Testing different oils and 

additives. 

- Analyzing vehicle energy 

consumption. 

- Evaluating long-term 

dispersion stability 

Role of Nanoparticles - Reduce friction and wear by 

creating a protective layer 

- Enhance lubrication, 

lowering energy losses 

- Functionalization prevents 

aggregation and improves 

stability 

[139] 

Surface Modification - Helps in forming a 

protective layer for better 

lubrication. 

- Not directly relevant - Improves dispersion through 

steric and electrostatic 

stabilization (e.g., oleic acid, 

surfactants). 

[140] 

Examplesh - Graphene and Cu 

nanoparticles enhance 

lubricity and wear resistance 

- hBN particles boost 

extreme pressure 

performance by 30 %. 

- CuO modified with sodium 

oleate enhances stability and 

lubrication. 

[141] 

 

 

The empirical data on the tribological advantages 

of various 2D nanomaterial morphologies, experimental 

findings from multiple studies have been gathered. 

Table 7 summarizes the reduction in friction coefficient, 

improvement in wear rate, and dispersion stability.

 

 

Table 7 Reduction in friction coefficient, improvement in wear rate, and dispersion stability for different 2D 

nanomaterials utilized as lubricant additives. 

2D 

Nanomaterial 

Friction Coefficient 

Reduction (%) 

Wear Rate  

Improvement (%) 
Dispersion Stability Key Findings 

Graphene 30 - 50 % 40 - 60 % High Forms a protective 

tribofilm, reducing 

direct surface contact. 

MoS2 20 - 45 % 35 - 55 % Moderate Provides excellent load-

bearing capacity and 

reduces wear. 

h-BN 25 - 40 % 30 - 50 % High Enhances lubricity and 

thermal stability, 

preventing oxidation. 

WS2 35 - 55 % 45 - 65 % Moderate to High Exhibits superior anti-

wear performance under 

extreme conditions. 

MXenes 40 - 60 % 50 - 70 % Moderate Delivers excellent 

lubrication through 

surface adsorption. 
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Industrial significance and practical applications of 

nanolubricants 

 Nanolubricants offer notable advantages across 

various industries, including automotive, aerospace, 

manufacturing, and energy production. However, their 

commercial viability depends on factors such as large-

scale production, cost-effectiveness, regulatory 

compliance, and long-term performance validation. 

 

 Industrial applications and case studies 

 Automotive and transportation sector 

 Engine Oils and Transmission Fluids: The 

incorporation of nanolubricants in commercial engine 

oils has led to reduced friction, enhanced fuel efficiency, 

and extended engine lifespan. Studies have 

demonstrated that graphene and MoS2-based additives 

can lower friction and wear by 10 - 30 % compared to 

conventional lubricants[142] .  

 

 Aerospace and defense applications 

 Lubrication for Extreme Conditions: Aircraft 

engines, space vehicles, and military equipment require 

lubricants that function under extreme pressure and 

temperature variations. Boron nitride (BN) and tungsten 

disulfide (WS2) nanoparticles have demonstrated 

superior thermal stability and wear resistance, making 

them ideal for aerospace applications. 

 

 Industrial machinery and manufacturing 

 Metalworking Lubricants and Cutting Fluids: 

Nanolubricants are used in machining operations such 

as milling, turning, and grinding, where they help reduce 

tool wear and improve surface finish. Studies show that 

nano-additized cutting fluids can extend tool life by up 

to 40 % and improve machining accuracy. Case Study: 

A manufacturing plant integrating graphene-based 

nanolubricants into its CNC machining operations 

reported a 25 % increase in tool lifespan and 15 % 

reduction in energy consumption due to decreased 

friction. 

 

 Renewable energy and power generation 

 Wind Turbine Gear Oils: Nanolubricants have 

been tested in wind turbine gearboxes to minimize 

friction and wear. Research indicates that using CuO 

and ZnO nanoparticle-infused lubricants can reduce 

maintenance costs by 20 % and extend service intervals. 

 Challenges to commercial adoption 

 Despite their potential, several barriers hinder the 

large-scale implementation of nanolubricants in 

industrial applications: 

 

 Large-scale production and cost considerations 

 While nanolubricants show exceptional 

performance in laboratory conditions, mass production 

remains costly due to expensive raw materials and 

complex synthesis processes. The requirement for 

specialized equipment to ensure uniform dispersion of 

nanoparticles further increases production costs. 

 

 Stability and long-term performance 

 Maintaining consistent dispersion stability over 

extended periods is crucial, as nanoparticle 

agglomeration can compromise the effectiveness of 

nanolubricants. Comprehensive field testing and long-

term performance validation are necessary to confirm 

their reliability in industrial operations. 

 

 Compatibility with existing lubrication systems 

 Some nanolubricants may be incompatible with 

traditional lubricants or existing machinery, requiring 

modifications to lubrication systems. Concerns about 

filter clogging and sedimentation in high-precision 

equipment need to be addressed. 

 

 Regulatory and environmental considerations 

 The environmental impact and health risks 

associated with nanoparticles remain under regulatory 

scrutiny. 

Compliance with global safety and environmental 

regulations is essential for large-scale 

commercialization. 

 

 Future directions and industry integration 

strategies 

 To facilitate widespread industrial adoption, the 

following strategies should be considered: Cost-

Effective Manufacturing: Advancements in green 

synthesis methods and scalable production techniques 

can help lower costs. Hybrid Lubricant Formulations: 

Combining nanolubricants with conventional lubricants 

can offer a balance between performance and 

affordability. Collaborative Research and Industry 

Partnerships: Engaging with key players in the 
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automotive, aerospace, and manufacturing sectors for 

extensive field trials[143] . Regulatory Compliance and 

Safety Assessments: Conducting comprehensive 

environmental impact studies to ensure adherence to 

global lubrication standards. 

 

Conclusions 

 Summary of findings 

 The study of synthesizing different dimensional 

morphologies of 2D nanomaterials has revealed their 

immense potential as additives for nano lubricants. 

Through various synthesis techniques - such as chemical 

vapor deposition, hydrothermal methods, solvothermal 

processes, and exfoliation - researchers can achieve 

precise control over nanomaterial morphology, 

including structures like sheets, flakes, nanospheres, and 

nanoflowers. Each of these morphologies plays a 

distinct role in enhancing the tribological performance 

of nano lubricants. The review has shown that optimized 

morphologies can reduce friction, provide superior wear 

resistance, and improve thermal and chemical stability, 

demonstrating the transformative impact of morphology 

on lubricant performance  

 

 Importance of morphology in optimizing nano 

lubricant performance 

 The morphology of 2D nanomaterials is a crucial 

factor influencing their effectiveness as additives. 

Morphologies such as nanosheets and nanoflakes 

exhibit exceptional sliding properties, reducing friction 

between moving surfaces. Spherical and flower-like 

morphologies act as rolling elements or stress 

distributors, providing enhanced wear resistance and 

load- bearing capacity. Furthermore, layered 

morphologies facilitate heat dissipation, ensuring 

thermal stability under extreme operating conditions. By 

tailoring the morphology during synthesis, 

nanomaterials can be optimized for specific tribological 

needs, paving the way for the development of nano 

lubricants with exceptional performance 

characteristics[144] . 

 

 Call for interdisciplinary research to address 

challenges 

 Despite the promising advances, significant 

challenges remain in the synthesis and application of 2D 

nanomaterials as nanolubricant additives. Issues such as 

scalability of synthesis methods, cost-effectiveness, and 

ensuring compatibility with various base oils need to be 

addressed [145]. Moreover, achieving consistent 

dispersion of nanomaterials in lubricant formulations is 

another critical hurdle. Tackling these challenges 

demands interdisciplinary collaboration among material 

scientists, chemists, tribologists, and engineers. Joint 

efforts can lead to the development of innovative 

synthesis techniques, cost-efficient manufacturing 

processes, and environmentally sustainable solutions, 

enabling the widespread adoption of these advanced 

nano lubricants. By fostering such collaborative 

research, the full potential of 2D nanomaterials can be 

realized, driving advances in lubrication technology and 

contributing to energy efficiency and sustainability 

across industries [146] . 
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