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Abstract 

 

Ionic liquids (ILs) are potential candidates to replace conventional lubricants for 

various contacts under harsh conditions. Until now, most tribological studies on 

ILs have focussed on using pure ILs as lubricants or additives for steel–steel 

contact, which does not make full use of their potential lubricating performance. 

To find a better and broader tribological application for ILs, this thesis aims at 

improving the lubricating performance of ILs for different contacts. 

For a polymeric material, i.e. Polyetheretherketone (PEEK), sliding against 

steel (PEEK–steel), low friction and ultra-low wear were achieved when the 

contact was lubricated by traditional ILs ([Bmim][PF6]), even when the applied 

load reached 1,500 N. PEEK failed under an 800 N load when the contact was 

under a dry friction condition, or lubricated by a commercially available 

lubricating oil. To improve the high temperature performance of ILs and to avoid 

the potential corrosion problems of traditional halogen-containing ILs, a series 

of halogen-free ILs (hf-ILs) were synthesised and used to lubricate PEEK–steel 

contact at temperatures up to 160 °C. The wear volume and friction coefficient 

of PEEK lubricated by hf-ILs can be down to 3% and 13% of those lubricated by 

halogen-containing ILs. It has been found that hf-ILs with longer alkyl chains 

have higher wettability and better friction reducing properties. 

For steel–steel contact, CO2 greatly improved the lubricating performance 

of ILs. In general, the solubility of ILs was decreased and their lubricity was 

improved after absorbing CO2, which is strongly related to their functional group 

(amino group) interactions with CO2. The formation of carbamate groups greatly 

increased the viscosity, resulting in less solid contacts; and strengthened 

interfacial adhesion between ILs and solids. For harsh conditions, i.e. at 3.0 to 

3.5 GPa and 200 °C, a polymeric IL (PIL) was prepared as a high-performance 

lubricating grease with excellent anti-wear performance. Adding a small amount 

of normal ILs to the PIL not only decreased the crystallisation temperature, but 

also increased the lubricating performance. 

Finally, a new type of nano-filler (hollow fullerene-like molybdenum 

disulfide/reduced graphene oxide (HIF-MoS2/RGO) nanocomposite) was 
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synthesised to investigate its effect on the lubricating performance of ionic 

grease. It was found that HIF-MoS2/RGO had the best lubricating performance 

among all the tested nano-fillers. HIF-MoS2/RGO-reinforced grease maintained 

a very low friction coefficient and wear volume up to 4.1 GPa, while pure 

molybdenum disulfide (MoS2) and pure reduced graphene oxide (RGO) 

exhibited relative high wear volume, even at a pressure of 3.0 GPa. It is proposed 

that hollow fullerene-like molybdenum disulfide (HIF-MoS2) nanocages on RGO 

act as rolling balls under friction, resulting in a better separation of steels. In 

addition, because the filler effectively prevents the direct contact of solid 

surfaces, the wear of a solid surface is greatly reduced. 
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2 + 𝑅𝑑𝑖𝑠𝑐

2  [nm] 

T Temperature [ºC] 

Ue The entrainment speed [m/s] 
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Chapter 1 

 

Introduction 

 

This chapter provides a general overview of lubrication and the efforts in the 

development of high-performance lubricants. First, a short history of lubricants 

including lubricating oil and grease, lubricant additives, and solid lubricants is 

presented. Then, the studies on ILs as lubricants and the challenges facing IL 

lubrication are described. 

  

 

1.1  Lubrication 

Energy, resources, and the environment are the three major bottlenecks facing the 

world today. Friction and wear widely exist in industry, technology, and everyday 

life. It is estimated that 30%‒40% of fossil energy in modern industry is 

consumed by friction and wear, and up to 80% of equipment is paralysed by wear 

and tear, causing a serious waste of resources [1]. Lubrication is the process or 

technique of using a lubricant to reduce friction and/or wear in an area of contact 

between two surfaces. Lubricants can be solids such as graphite and MoS2, 

liquids such as oil and water, solid–liquid dispersions such as grease, or gases. 

Adequate lubrication allows for the smooth continuous operation of machine 

elements, reduces the rate of wear, and prevents excessive stresses on (or seizures 

of) bearings. When lubrication breaks down, components rub destructively 

against each other and cause heat, local welding, destructive damage, and failure. 

How to improve the performance of a lubricant and improve its anti-wear and 

friction reducing properties is the primary subject of lubrication technology 

studies.
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1.2  A short history of lubricants 

1.2.1  Lubricating oil and grease 

Lubricating oil and grease are the most popular lubricants. Their use can be traced 

back to ancient times. As early as 1,400 BC, there are records of the use of beef 

and sheep fat to lubricate carriages. In 1852, humans obtained mineral oil for the 

first time. Mineral oils have long been used successfully as natural lubricants. In 

the 1920s and 1940s, with the development of the automobile industry, many 

mineral lubricants refined with solvents, acids, and clay were introduced. In 

1921, a modern lubricant with chemical additives added to mineral oil was 

produced by CONOCO. Since World War II, various synthetic high-performance 

lubricants have been developed. Synthesised lubricants including silicone, 

multiply-alkylated cyclopentanes (MACs), paolyalphaolefin (PAO), polyolester 

(POE), and others have excellent fluidity in a wide temperature range and a high 

viscosity index [2]. 

The development of space technology has greatly broadened the scope of 

people’s understanding of nature but has also introduced special tribological 

problems. Aerospace applications often require equipment to operate under 

extreme conditions such as high temperature and high vacuum far beyond the 

range that traditional lubricating oils can withstand [3]. In the 1960s, 

perfluoropolyether (PFPE) was synthesised as a lubricant for fire-resistant 

hydraulic fluid applications. PFPE has the characteristics of heat resistance, 

oxidation resistance, radiation resistance, corrosion resistance, and non-

combustibility. Today, PFPE is widely used in the chemical, electronics, 

electrical, mechanical, nuclear, and aerospace industries. After decades of 

continuous improvement in production processes, lubricants are now used under 

harsh conditions in high-speed, high-temperature, low-temperature, and 

corrosion-resistance applications. Through the detection of the performance 

index of a lubricating oil, not only can the degree of deterioration of a lubricating 

oil be detected immediately, but also the wear condition of the mechanical 

equipment can be determined over time, which provides a scientific basis for the 

lubrication management of an enterprise. 

Lubrication is a complex process determined by, but not limited to, the 

physical properties of lubricants, chemical reaction between lubricants and 

friction surfaces, and working conditions of the friction components. Taking 

liquid lubrication as an example, the friction coefficient depends on the sliding 

speed, applied load, and viscosity of the lubricant. The Stribeck curve describing 

their relationship was first presented by Stribeck in 1902 [4]. In general, liquid 
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lubrication can be divided into four regimes (Figure 1.1): (1) hydrodynamic 

lubrication where applied loads are fully supported by a viscous lubricant; (2) 

elastohydrodynamic lubrication (EHL) where the asperities on real surfaces 

come into contact and experience elastic deformation and the loads are then 

dispersed by the viscous resistance of the lubricant; (3) boundary lubrication 

where the asperities come into closer contact, causing ‘stick–slip’ and break-off 

of some asperities; and (4) mixed regimes of EHL and boundary lubrication [5]. 
 

 

Figure 1.1. Lubricant film parameter λ (Hc/Rcomb) and friction coefficient as a 

function of η·V·P‒1 (Stribeck curve) showing different lubrication regimes 

observed in fluid lubrication without an external pumping agency [5]. 
 

Modern equipment needs to operate under more severe conditions, such as 

high temperature or high loads, which causes the lubrication to enter the 

boundary regime. In this situation, the interfacial interaction between lubricants 

and solids is much more important than the viscosity difference. The lubrication 

trend of machine elements has been to apply high-grade, differentiated, energy-

saving, and environmentally friendly lubricating oils. 
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1.2.2  Nanoparticles as lubricant additives 

Lubricant additives have been widely employed for the further improvement of 

lubrication performance to reduce material loss and energy consumption, and to 

prolong the service life of instruments and equipment. The additives mainly 

include viscosity and pour point depressants, antioxidants, anti-friction agents, 

extreme-pressure anti-wear agents, and passivating agents. Among these, 

extreme-pressure anti-wear agents and antioxidants are the most important [2]. 

Nanoparticles are a new type of lubricant additive. Unlike traditional lubricant 

additives, nanoparticles enable the base oil to have stronger anti-wear and anti-

friction properties, rendering them particularly suitable for harsh lubrication 

applications. There are three basic types according to the dimension: 0-

dimensional (0D) such as granular nanoparticles and atomic clusters, 1D such as 

nanowires and nanotubes, and 2D such as ultra-thin film and multilayer film. 

MoS2 is a typical layered transition-metal sulfide formed by van der Waals 

stacking of covalently bonded S–Mo–S layers. Various kinds of MoS2, in both 

2D and 3D, have been synthesised and applied in fields including lubrication, 

electronic devices, and electrocatalysis [6–9]. The in-plane stiffness of 

monolayer MoS2 reaches an effective Young’s modulus of 270 ± 100 GPa, and 

breakage occurs at an effective strain between 6% and 11% with an average 

breaking strength of 23 GPa [10]. Recent studies have revealed that a MoS2-based 

nanocomposite such as MoS2/graphene provides many possibilities to improve 

the performance of its heterostructure further [11–13]. Liu et al. [14] constructed 

a novel sandwich-type electrochemiluminescence aptasensor for sensitive 

detection of thrombin based on MoS2 nanosheet–graphene composites and Au 

nanoparticles. The 3D architecture of the biointerface based on MoS2/graphene 

composites significantly improved the loading capacity and conductivity of a 

glassy carbon electrode. 

Lubrication is one of the most important applications of MoS2. The high 

chemical inertness, extreme strength, and easy shear capability of MoS2 

contribute to its impressive tribological behaviour in friction and wear reduction 

applications [15, 16]. In addition, the 2D layered structure can change the mass 

and heat transfer during friction by aligning in the fluid direction [6]. There have 

been numerous inspiring studies and successful applications of MoS2 in space 

technology and in a variety of dispersions in grease, oil, and lacquers [17]. 

MoS2/graphene nanocomposites have proved to be excellent solid lubricants and 

lubricating additives. Xin et al. [18] prepared a graphene oxide/nano-MoS2 

nanohybrid by chemically combining nano-MoS2 and graphene oxide (GO). The 

multidimensionally assembled nanohybrid greatly increased the mechanical, 
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thermodynamic, surface, and tribological properties when used as an additive in 

polyimide. Recently, Hou et al. [19] synthesised RGO/MoS2 heterostructures by 

a facile one-pot hydrothermal method. RGO/MoS2 heterostructures have better 

lubricating properties with a lower friction coefficient and higher wear resistance 

than that of single and physically mixed forms of RGO or MoS2, because of the 

lower shear strength arising from the intrinsic lattice mismatch between RGO 

and MoS2. 

As a member of the MoS2 family, inorganic fullerene-like MoS2 (IF-MoS2) 

in the presence of curved hexagonal S–Mo–S planes has an ultra-low friction 

coefficient compared to hexagonal MoS2 material, and has gained increased 

attention [20–22]. Rosentsveig et al. [23] synthesised an oval-shaped (pitta bread 

or flying saucer) IF-MoS2. They found that the addition of IF-MoS2 nanoparticles 

into various metallic coatings led to a significant improvement in their friction 

and wear behaviour. 

1.2.3  Self-lubricating materials 

Other measures for harsh conditions include the use of solid lubricants and self-

lubricating materials. Engineering polymers with a high glass transition 

temperature are widely used as self-lubricating materials sliding against metals 

in dynamic friction systems, mainly because the soft polymer chain can form 

transfer films on the metal surface to provide a lower friction coefficient and wear 

than other materials [24]. They have the advantages of self-lubrication, high 

corrosion resistance, low density, and non-volatility, and are expected to be used 

under extreme conditions where conventional lubricants cannot be used. 

However, the major limitations of using engineering polymers in a dynamic 

friction system is their intrinsic higher friction coefficient compared with oil-

lubricated contacts and relatively poor thermal conductivity, both of which lead 

to a fast accumulation of friction heat, particularly under high load and velocity 

[25–29]. Without cooling, the temperature increase at the contact surface is 

proportionally related to the friction coefficient, sliding velocity, and applied load 

[30]. Friction heat generated at the contact interface dissipates to the bulk body 

via heat diffusion. Once the surface temperature reaches the glass transition 

temperature (most often the maximum working temperature), polymer chain 

softening will occur and eventually lead to fatigue [31].  

To reduce the friction and wear of polymers, two approaches are widely 

used: incorporating solid lubricants into the polymer matrix and introducing 

liquid lubricants between friction parts. Solid lubricants, such as 
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polytetrafluoroethylene (PTFE), graphite, and MoS2, are often used as a blended 

component in polymer composites to serve as an internal lubricant [32–34]. 

During friction, solid lubricants facilitate the formation of a third-body transfer 

film; hence decreasing friction and wear [35]. Solid lubrication does not require 

external lubricants, is very convenient to implement in existing systems, and is 

more economical. Another advantage of solid lubrication is the wide range of 

operational temperatures [36]. However, there are two primary disadvantages 

with solid lubrication: a relatively high friction coefficient, and the low 

strength/toughness of polymer–solid lubricant composites [25, 37, 38]. 

For high-load and high-velocity applications, external liquid lubricants such 

as mineral oils and grease are mostly used [39, 40]. These liquid lubricants tend 

to adhere to the sliding interfaces by physical or chemical interaction, and form 

a low-friction liquid film. The liquid film prevents direct solid–solid contact, 

reduces the friction coefficient, and dissipates friction heat more efficiently [41]. 

Generally, a strong solid–liquid interaction and continuous liquid-film formation 

are required to reduce friction and wear [42]. 
 

1.3  ILs in lubrication 

ILs are materials composed of cations and anions that melt at or below 100 °C 

[43]. ILs have generated great interest in fields including lubrication, chemical 

transformations, electrochemical applications, and extractions, because of their 

special physicochemical characteristics such as high polarity, negligible vapour 

pressure, and nonflammability [2, 44, 45]. It is generally accepted that the 

tribological performance of a lubricant oil is closely related to its film formation 

capability, and the interaction strength with sliding surfaces at the EHL and 

boundary lubrication [2]. The high stability and high polarity of ILs allow them 

to adhere strongly to solid surfaces and form an effective adsorption film on the 

rubbing surfaces working as novel lubricants. The research of Weimin Liu’s team 

showed that the friction coefficient of imidazolium tetrafluoroborate IL is only 

half that of PFPE, the wear resistance is 60 times higher, and the bearing capacity 

is 2‒3 times higher [46]. 

At the high temperatures and high vacuum of a space environment, ILs 

retain excellent lubricating properties, making them good alternatives to 

traditional lubricants [2, 47]. ILs are expected to overcome the drawbacks of 

conventional lubricants. They can be used in temperatures ranging from −50 to 

+480 °C, their vapour pressure is almost negligible, and they can be used under 

vacuum conditions [2]. The past years have witnessed a fast development of ILs-
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based lubricants. A variety of ILs are available for different applications for 

different kinds of materials, in severe operating conditions (such as elevated 

temperatures and high vacuums), toward nanoscale lubrication, and as thin films 

[48–50]. ILs with fluoroanions and imidazole rings have demonstrated their 

effectiveness as lubricants in various contacts, particularly for metallic surfaces 

[2, 51, 52]. Recently, increasing attention has been paid to the design of task-

oriented novel ILs [53–56]. 

It is generally accepted that corrosion can be avoided by using hf-ILs, and 

hf-ILs with excellent anti-wear performance have been designed [57, 58]. 

Antzutkin et al. synthesised a series of hf-ILs based on various chelated 

orthoborate anions that were pollution free and provided better lubrication 

properties than fully formulated engine oil for steel–aluminium contact [59]. 

The molecular structure of ILs has a significant influence on their 

physicochemical characteristics, which in turn affects their lubricating 

performance [60]. Geminal dicationic ILs (DILs) exhibit higher stability, lower 

volatility, and higher viscosity at high temperatures because of their higher 

molecular weights, charge, and greater intermolecular interactions. These 

properties provide better lubricity than monocationic ILs (MILs) [61–63]. 

Polymers prepared from ILs are called polymerised ILs or poly(ionic 

liquid)s (PILs) [64]. They have received research interest in many fields 

including catalysis, adsorption or separation, and batteries [65–70]. PILs can be 

chemically described as covalently bonded IL monomers. According to the 

manner of polymerisation, PILs are classified into several types, including 

polycation, polyanion, copolymer, and polyzwitterion-type PILs, in addition to 

cross-linked PILs and those prepared with natural polymers [71]. Compared to 

DILs, PILs have higher molecular weights, charge, and greater intermolecular 

interactions, and therefore a higher possibility to generate more lubricity. 

In the fields of superlubricity and bio-lubrication, polymer brushes 

(including IL polymer brushes) have been extensively studied because of their 

extremely low friction coefficient [72, 73]. By grafting anions and cations, the 

load resistance of the formed zwitterionic polymer brushes can be further 

improved because of the enhanced balance of the intra- and intermolecular 

interactions [74, 75]. Throughout the studies of polymer brushes, it can be 

deduced that the long chain of a polymer can be attached to a solid surface at one 

end, and exposed at the other end as a shear layer to reduce shear and to support 

loads [76]. PILs have a structure like that of a polymer brush, but with stronger 

intermolecular interactions caused by ion-pairing. PILs can be electrostatically 
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adsorbed on a metal surface under a high load because of the polarity of the 

anions. This configuration facilitates carrying higher loads and reducing wear. 

ILs can also be applied as anti-wear additives to traditional base lubricants. 

ILs can form a high-strength protective liquid film on the friction surfaces of 

steel–steel, ceramic–ceramic, and steel–aluminium to prevent direct solid 

contact, thereby greatly reducing wear and the friction coefficient because of the 

electric double-layer characteristics [77, 78]. ILs exhibit better performance than 

traditional additives such as zinc dialkyldithiophosphate (ZDDP) [79]. ILs can 

be used in base oils where traditional additives are not suitable, because they are 

highly engineerable. It is widely recognised that the lubricating properties of IL 

additives are closely related to their structure, adsorption, tribo-chemical 

reactions on friction surfaces, and compatibility with base oils. The introduction 

of functional groups and structural design to obtain excellent IL additives is 

currently a popular research subject. Recently, Zhang et al. [80] and Bapat et al. 

[81] synthesised copolymerised PILs as lubricant additives that significantly 

improved the tribological properties of selected base oils.

  



 

27 

 

Chapter 2 

 

Research gaps and objectives 

 

  

2.1  Research gaps 

Since the emergence of ILs as novel lubricants, much effort has gone into the 

design of task-specific ILs to optimise performance for different contact 

materials and wider operating conditions. It is widely accepted that ILs with 

designed molecular structures have different interaction and lubrication, and 

correspondingly the failure mechanisms with different substrates can vary [2]. 

Polymer–steel contacts are potential candidates under harsh conditions, and 

polymers have strong corrosion resistance. It is hopeful that PEEK–steel contact 

lubricated by ILs will have excellent tribological properties under high loads and 

high temperature. However, research on this topic has been sparse. With regard 

to the molecular design, it is well-known that some active gases can react with 

ILs and change their structure. For example, CO2 is highly soluble in amino acid-

based ILs (AAILs), and the physical and chemical properties of AAILs are 

significantly changed after CO2 absorption. It has been speculated that CO2 

absorption will greatly affect the lubrication behaviour of AAILs; however, no 

research has been conducted regarding this issue. In addition, it is highly possible 

that polymerising MILs will result in higher lubricating performance. From the 

perspective of applying nanoparticles as lubricant additives, is it possible to 

construct special nanocomposites to realise a synergistic effect? There is still 

much room for improvement for the tribological performance of ILs, and more 

in-depth research is needed to widen the number of applications for ILs-based 

lubricants. 

2.1.1  PEEK–steel contact 

Can ILs lubricate polymer-steel contact? 

Polymer–steel contacts exhibit significantly reduced friction and wear under 



2.1. Research gaps 

28 

liquid lubrication [39, 40]. However, it is more challenging when the friction 

occurs under high PV (pressure × linear velocity) conditions without a cooling 

system. In this situation, the frictional heat accumulates and leads to increased 

temperature, which in turn leads to decreased viscosity, a higher friction 

coefficient, and a higher temperature. Traditional lubricating oils usually fail at 

such high temperatures, because of their evaporation and thermo-oxidative 

degradation [82, 83]. 

It is possible to use [PF6]
–- and [BF4]

–-based ILs to replace traditional 

lubricating oils [52, 84]. On the one hand, the strong adsorption on steel prevents 

direct solid contact. On the other hand, ILs have a high thermal stability and can 

withstand high temperatures. However, unlike metallic surfaces, engineering 

polymers themselves are usually chemically inert; thus, ILs can hardly adsorb on 

a polymer surface. Will ILs therefore be effective in the friction and wear 

reduction of a polymer–steel contacts? Further, what will happen under high PV 

conditions, e.g. 5 MPa.m/s? 

Until now, most tribological studies on ILs have focussed on using pure ILs 

as lubricants or additives for steel–steel contact that have not made full use of the 

performance of ILs. PEEK is one high-performance engineering polymer which 

has promise in tribological system applications such as bearings, gears, thrust 

washers, and seals for automobiles [35, 85, 86]. Although PEEK composites can 

withstand high loads at pressures higher than 5 MPa for a pin-on-disc mode and 

temperatures higher than 160 °C [32, 87], there have been no reported successful 

examples of the application of PEEK composites under high-load conditions 

without a cooling system [37, 88]. In addition, work has rarely been performed 

on the application of ILs as lubricants for engineering polymer–metal contacts. 

Acid corrosion owing to ILs decomposition 

By applying corrosion-resistant and inert substrates, e.g. polymer sliding against 

stainless steel, the effect of corrosion attack and substrate catalytic oxidation 

reaction can be minimised. However, it is widely recognised that fluorine-

containing ILs (h-ILs) induce serious corrosion in steel at high temperatures due 

to their reaction with water in air [89-91]. To satisfy the high-temperature 

requirement, the acid corrosion of ILs to polymer–steel contacts must be avoided. 

To the best of the author’s knowledge, very little work has been performed to 

apply ILs at polymer–steel contacts at temperatures higher than 160 °C [92–95]. 

2.1.2  Steel–steel contact 

CO2’s influence on ILs 
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It is well-known that gaseous atmospheres affect the tribological properties of 

lubricants, particularly during a chemical reaction between a gas and a lubricant 

[96–98]. CO2 is a widely distributed gas that can be dissolved in many liquids 

through physical or chemical action. For physical absorption by water and 

polyalkylene glycol (PAG), the absorption is very low at ambient pressure, but 

increases substantially with an increase in the CO2 pressure. For chemical 

absorption, liquids with functionalised groups, e.g. amino groups, can absorb 

relatively large amounts of CO2 at low pressure. ILs have been found with high 

CO2 solubility at room temperature [99], and on-going efforts are evaluating new 

ILs and their solutions as potential absorbents for CO2 capture [100–102]. After 

absorption of CO2 through chemical reactions, the physical and chemical 

properties of ILs are significantly changed, e.g. the viscosity is significantly 

increased. The property changes of typical liquids after absorbing CO2 are listed 

in Table 2.1. 
 

Table 2.1. CO2 absorption in typical liquids and resulting property changes 
 

Liquid Condition 
CO2 absorption 

(molCO2/molabsorbent) 

Property change 

after absorption of CO2 

Water [103] 
293.15 K, 

1–10 bar 
7.2 × 10-4–6.8 × 10-3 

CO2 reacts with water to form 

CO2(aq), H2CO3, HCO3
-, and CO3

2-. 

30% MEA/water [104] 
293.15–353.15 K, 

1 bar 
0.5 

Viscosity increases by 50% at 

298.15 K. 

Polyalklene glycol 0 

 [96, 105] 
295.15 K, 14 bar ~ 0.89 a 

CO3
2− formed and improved the 

scuffing resistance. 

[EMIm][Tf2N] [106] 
298.15 K, 

1–13 bar 
0 (negligible)–0.28 

Viscosity decreased, worse anti-

friction and anti-wear performance. 

[BMPyrr][DBP] [106] 313 K, 5 bar 
The ability is close 

to [EMIm][Tf2N] 

Viscosity decreased, slightly better 

anti-friction but worse anti-wear 

performance. 

[H2N-PBIm][BF4] [107] ~295 K, 1 bar 0.449 Ammonium carbamate salt formed. 

25% [Choline][Proline] 

/PEG-200 [108] 

308.15 K, 

0.832 bar 
0.611 

Carbamate salt with strong strength 

formed. 
 

A few studies have revealed that CO2 has a negative influence on wear and 

friction [109–111]. It is speculated that CO2 absorption will greatly affect the 

lubrication behaviour of ILs because CO2 significantly changes their physical and 

chemical properties. However, such an influence has been rarely studied. It is still 

unclear whether CO2 absorption leads to a positive or negative effect on the 

lubricating performance of ILs. 

PILs lubricants 

As previously mentioned, DILs possess a better lubricity than that of MILs 
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because of their relatively higher molecular weights, higher charge, and greater 

intermolecular interactions. Compared to DILs, PILs have even higher molecular 

weights and charge and greater intermolecular interactions. However, PILs 

generally have a higher melting point than conventional MILs and DILs and are 

often present in solid form at room temperature, which reduces the fluidity of a 

lubricant and prevents it from being directly used as a lubricant [112, 113]. To 

the best of the author’s knowledge, there has been no work on the lubrication 

performance of PILs as a base lubricant or lubricating grease. 

Structural influence of nanocomposites as additives 

As a new type of lubricant additive, nanoparticles have received increasing 

attention. Research interest has gradually shifted from 0D nanoparticles to 2D 

nanoparticles. 2D nanoparticles, including graphene, MoS2, h-BN, and 

MoS2/RGO (2D/2D) nanocomposites, have experienced accelerated 

development in recent years [114]. Unlike 0D nanoparticles that act as rolling 

balls during friction resulting in lower friction coefficients, 2D nanoparticles 

offer extremely low friction coefficients because of their layered structure. 

Moreover, the robust and ultra-thin nanosheets can enter the frictional interface 

and prevent direct solid contact. Recently, MoS2/RGO (2D/2D) nanocomposites 

have been shown to have better lubricating properties than single and physically 

mixed forms of RGO or MoS2, which should be for the lower shear strength 

arising from the intrinsic lattice mismatch between RGO and MoS2 [19]. It is 

expected that a hollow fullerene-like structure would probably possess good 

tribological performance. What’s more, inspired by the suggestion that weak 

interaction between MoS2 and graphene is in favour of friction reduction and 

anti-wear properties [19], we speculate that 3D structured HIF-MoS2/RGO 

(0D/2D) nanocomposites will provide an excellent lubricating performance.
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2.2  Objectives of this thesis 

To find better and broader tribological applications for ILs, this thesis aims at 

improving the lubricating performance of ILs for PEEK–steel and steel–steel 

contacts. The operating conditions include (1) high load and high temperature for 

PEEK–steel contact and (2) CO2 absorption at high pressure and high 

temperature for steel–steel contact. The objectives for PEEK–steel contact are as 

follows: 

 Apply ILs as lubricant for PEEK–steel contact to achieve a high load 

capacity (the corresponding PV value can be higher than 5 MPa.m/s). 

 Avoid acid corrosion at temperatures up to 160 °C by using hf-ILs. 

The objectives for steel–steel contact: 

 Improve the lubricating performance of AAILs by absorbing CO2. 

 Apply PILs as excellent lubricants under harsh conditions at 3.5 GPa and 

200 °C. 

 Improve the lubricating performance of ILs using HIF-MoS2/RGO as an 

additive. 

The framework of this thesis is shown in Figure 2.1. 

 

Figure 2.1. Thesis framework. 
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Chapter 3 

 

Materials and methods 

 

  

Experimental work was carried out to study the lubricating properties of ILs for 

PEEK–steel and steel–steel contacts. Efforts were made to improve the 

lubrication for PEEK–steel contact by applying hf-ILs. AAILs upon absorbing 

CO2, PILs, and nanoparticles reinforced ionic grease were used as boundary 

steel–steel lubricants. Details of the experimental materials and methods are 

described in this chapter. 

 

   

3.1  Experimental materials 

3.1.1  Frictional components 

PEEK–steel contact 

Stainless steels such as AISI304 and AISI316 have been widely used as a 

counterpart in corrosive mediums such as seawater. Further, ILs based on 

imidazolium derivatives (with different substituents and anions) can effectively 

decrease a medium’s electrochemical corrosion by generating a dense chromium 

oxide film on the steel surface [115–118]. In this work, AISI304 austenitic 

stainless steel (304ss, Rockwell B Hardness: 70 HRB, melting point: 1,400–

1,455 °C) was used. The nominal chemical composition of 304ss is 18.51 wt% 

Cr, 9.42 wt% Ni, 2.12 wt% Mn, 0.07 wt% C, and the balance Fe. The wear-test 

sample had an external diameter of 32 mm, an inner diameter of 16 mm, and a 

thickness of 2 mm. The oil cup was also made from AISI304 austenitic stainless 

steel with an inner diameter of 55 mm and a wall thickness of 2.5 mm. 

The PEEK test samples were cut into a shape with an external diameter of 

26 mm, an inner diameter of 22 mm, and a shoulder height of approximately 2.5 

mm. The PEEK and steel were polished with P400, P800, and P1200 grinding 
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paper in sequence to create a smooth surface and uniform contact, then subjected 

to ultrasonic cleaning in ethanol for 5 min. The PEEK was then dried in an oven 

at 120 ºC for 12 h to remove the ethanol and water. 

Steel–steel contact 

An Optimol SRV-III oscillating friction and wear tester operated in the ball-

on-disc mode based on ASTM D 6425 protocol was employed. The upper steel 

ball slid under a reciprocating motion against a stationary steel disc at a frequency 

of 50 Hz with an amplitude of 1 mm. The ball (100Cr6 steel, diameter 10 mm, 

surface roughness (Ra) 20 nm) was provided by SKF, Sweden. The disc (100CR6 

ESU hardened, Ø24 mm × 7.9 mm, surface roughness (Ra) 120 nm) was supplied 

by Optimal Instruments Prüftechnik GmbH, Germany. 

To investigate the load-carrying capacity of the reinforced grease, a 

multifunctional material surface performance tester (model CFT-I, Lanzhou 

Zhongke Kaihua Technology Development Co., PR China) operated in the ball-

on-disc mode was used. The 100Cr6 steel ball (diameter 4.9 mm, surface 

roughness (Ra) ≤ 30 nm) was provided by Lanzhou Zhongke Kaihua Technology 

Development Co. The disc was the same as that of the SRV-III tester. 

3.1.2  ILs-based lubricants and reference lubricants 

[BMIm][BF4] and [BMIm][PF6] (purity > 99%, Linzhou Keneng Materials 

Technology Co., Ltd., China) and L-HM46 (SINOPEC, China) were used as 

received. EmimNTf2 (Lanzhou Yulu Fine Chemical Co. Ltd., China) was vacuum 

dried at 80 °C for 12 h before use. The main properties of L-HM46 and 

[Bmim][PF6] which affected the lubricating properties are shown in Table 3.1 of 

Paper A. The chemical structures of the main components of the L-HM46 base 

oil (neutral mineral oil, mainly hydrocarbons), the main functional additives of 

L-HM46 (zinc dialkyldithiophosphate, ZDDP), and [Bmim][PF6] are shown in 

Figure 3.1 [119]. 

To evaluate the high-temperature tribological properties, five hf-ILs: 

[P4,4,4,14][BScB], [BMIm][BScB], [HMIm][BScB], [P4,4,4,14][BMB] and 

[P4,4,4,14][BMLB] ([BScB]-, [BMB]- and [BMLB]- are bis(salicylato)borate, 

bis(mandelato)borate and bis(malonato)-borate anions, respectively) were 

synthesised according to Ref. [59, 120]. The ionic components of the hf-ILs and 

referenced h-ILs are illustrated in Figure 3.2. 
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Figure 3.1. Chemical structures of the main components of L-HM46 base oil, 

ZDDP and [Bmim][PF6]. 
 

 

Figure 3.2. Structural illustration of ionic components of hf-ILs and referenced 

h-ILs. 
 

ILs from amino acids as green and high-performance lubricants are of 

interest to the scientific community in the context that IL lubricants should be 

readily available and environmentally friendly [55, 121–124]. In a study of the 

influence of CO2 on ILs, three AAILs, i.e. [Cho][Gly], [Cho][Pro], and 

[Cho][Lys] (see Table 3.1) were synthesised from a choline hydroxide solution 

(46 wt% water, Sigma-Aldrich, USA) and amino acids: glycine, L-proline, and 

lysine (purity ≥99.99 wt%, China National Medicines Corporation Ltd.) by the 

above-mentioned method [121]. 

To study the influence of CO2 absorption on the solubility and lubricity of 

ILs as lubricant additives in polyethylene glycol (PEG), ILs were added to PEG 
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to obtain homogeneous IL/PEG mixtures using the dissolving method described 

in [125]. A loading of 10 wt% IL was selected in this work, considering that a 

non-corrosive IL at a relatively higher loading maintains good lubricating 

performance through physical adsorption [121], and the influence of CO2 

absorption will be obvious at a high IL loading. 
 

Table 3.1. Synthesized AAILs in this work 
 

[Cho][AA] Full name Chemical structure 

[Cho][Gly] Cholinium glycinate 
 

[Cho][Pro] Cholinium L-prolinate 
 

[Cho][Lys] Cholinium lysinate 

 
 
 

 

Figure 3.3. Chemical structure of (a) PImC6NTf2, (b) BIm5-(NTf2)2, (c) 

EmimNTf2, and (d) NTf2
–. 

 

The poly(alkylimidazolium bis(trifluoromethylsulfonyl)imide) (PImC6-

NTf2) PIL was studied in this thesis. A DIL of 1,1’-(pentane-1,5-diyl)-bis(3-

butyl-imidazolium) bis(trifluoromethylsulfonyl)imide (BIm5-(NTf2)2) was used 

as the additive to decrease the crystallisation temperature of PImC6NTf2. The 

chemical structures of PImC6NTf2, BIm5-(NTf2)2, EmimNTf2, and NTf2
–

 are 

shown in Figure 3.3. 

[Triethanolamine][Oleic Acid] ionic grease synthesised according to 

reference [126] was used as the base lubricant to study the tribological properties 

of the nanoparticles. 
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3.1.3  Materials to prepare ILs-based lubricants and PEEK composites 

Table 3.2. Materials to prepare ILs-based lubricants 
 

Material Purity (≥wt%) Supplier 

N2H4·H2O 98 
Aladdin®, China 

NMP 99.5 

[P4,4,4,14]Cl 99.7 
Alfa Aesar, China 

(NH4)2MoS4 99.95 

Glycine,  

99.99 
China National Medicines 

Corporation Ltd. 
L-proline,  

Lysine 

Dichloromethane 99 

Energy Chemical, China Lithium hydride A.R. 

THF 99.9 

Acetone A.R. 
Lingfeng Chemical Reagent Co., 

Ltd., China 

[HMIm]Br,  
99 

Linzhou Keneng Materials 

Technology Co., Ltd., China [BMIm]Br 

1-bromo-6-chlorohexane 98 

Shanghai Macklin Biochemical 

Co., Ltd., China 

1,5-dibromopentane 98 

Imidazole 99 

Butylimidazole 99.9 

LiNTf2 99 

Choline hydroxide 

solution 
46% in water 

Sigma-Aldrich 
Oleic acid 99 

Triethanolamine 99 

Lithium carbonate, 

A.R. 
Yonghua Chemical Technology 

Co., Ltd., China 
mandelic/malonic 

/salicylic/boric acid 

  

The used-as-received materials used in the preparation of the ILs-based 

lubricants are listed in Table 3.2. High-quality deionised water was used in all 

tests. PEG with an average molecular weight of 200 g/mole was procured from 

China National Medicines Corporation Ltd. It was dried under vacuum at 343 K 
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for 48 h before use. CO2 with high purity (≥99.99 wt%) was supplied by Nanjing 

Tianhong gas factory, China. Graphene oxide (GO) was supplied by Professor 

Ningzhong Bao from Nanjing Tech University, and it was synthesised using the 

improved Hummers’ method described [127]. PEEK 10-μm powder (VICTREX® 

PEEK 450G) was purchased from ICI Company (Victrix 450P, commercial 

product; UK), and PTFE 25-μm powder was supplied by DuPont (7A-J, 

commercial product; USA). 
 

3.2  Experiments and analysis methods 

3.2.1  Preparation of PEEK and its composites 

The PEEK and PTFE powders were dried at 120 ºC for 12 h before use and then 

blended to produce a well-mixed powder with 16 vol% PTFE [128]. Both pure 

PEEK and PTFE/PEEK samples were processed by high-temperature 

compression moulding at 355 ± 5 ºC and 10 MPa for 90 min. The specimens were 

then cut into a shape with an external diameter of 26 mm, an inner diameter of 

22 mm, and a shoulder height of 2.5 ± 0.2 mm. The specimens and counterparts 

were polished with P400, P800, and P1200 grinding paper in sequence to create 

a smooth surface and uniform contact with a roughness value of 40 ± 5 nm Ra 

and then subjected to ultrasonic cleaning in ethanol for 5 min. The specimens 

were then dried in an oven at 105 ºC for 10 h to remove the ethanol and water. 

3.2.2  Preparation of ILs-based lubricants 

Hf-ILs 

Hf-ILs were synthesised as potential lubricants with possible weak corrosion on 

the steel counterpart. One representative example of hf-ILs synthesis: synthesis 

of [P4,4,4,14][BScB] is given. Boric acid (0.618 g, 10 mmol) and lithium carbonate 

(0.369 g, 5 mmol) were successively dissolved in 50 mL of water. Mandelic acid 

(2.762 g, 10 mmol) was added slowly to the solution and heated for 2 h at 60 °C. 

The solution was then cooled to room temperature and [P4,4,4,14]Cl (3.509 g, 10 

mmol) was added. The mixture was stirred for 2 h at room temperature. The 

product formed was extracted with dichloromethane, and the dichloromethane 

layer was washed with water several times until there was no Cl– as judged with 

a silver-nitrate tracer. The dichloromethane and water were removed in a rotary 

evaporator, and the product was dried in a vacuum oven at 60 °C for two days 

[59]. 
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AAILs-based lubricants 

To study the CO2 influence on the solubility and lubricity of ILs, a series of 

AAILs were synthesised. [Cho][Lys] is used as an example to describe the 

synthesis detail. First, 15.349 g (0.105 mole) of lysine was added to 26.343 g of 

a choline hydroxide solution with 0.1 mole choline hydroxide. The mixture was 

stirred for 48 h at room temperature and then washed with ethyl acetate to remove 

the excessive amino acids. The final obtained mixture was subjected to rotary 

evaporation at 70 °C for 1 h, then dried in a vacuum oven at 343 K for 2 days to 

obtain the products. The synthesis processes of [Cho][Gly] and [Cho][Pro] were 

similar to that of [Cho][Lys]. 

PILs-based lubricants 

Green et al. found that, among the alkyl-substituted vinylimidazolium PILs, the 

glass transition temperature (Tg) decreased as the length of the alkyl substituent 

increased [129]. In addition, the Tg of the imidazolium homopolymers 

systematically decreased in the order Br− > BF4
− > TfO− > NTf2

−. Therefore, it is 

possible to lower the Tg of PILs to obtain better flow properties through the 

chemical composition design of a PIL. It was reported that the 

poly(alkylimidazolium bis(trifluoromethylsulfonyl)imide) (PImC6NTf2) PIL has 

a relatively low melting point of just 65 °C and has high thermal stability with a 

decomposition temperature around 450 °C [112, 130]. The synthesis method of 

polymerised PImC6NTf2 IL was in accordance with that by Ho et al. [112], and 

BIm5-(NTf2)2 was synthesised with a similar method as reported by Gusain et al. 

[61] and Zeng et al. [62]. After vacuum drying at 80 °C for 12 h, the two ILs were 

stored at a room temperature of 25 ± 3 °C. 4% and 10% BIm5-(NTf2)2 was added 

to the PImC6NTf2 to decrease the crystallisation temperature. First, a certain 

quantity of (BIm5-(NTf2)2 was dissolved in acetone, and then the obtained 

solution was well mixed with PImC6NTf2. The mixed lubricants were obtained 

by vacuum drying at 60 °C for 12 h. The liquid-like lubricants were sealed and 

stored at room temperature. After three days’ storage, 96%PImC6NTf2+4%BIm5-

(NTf2)2 appeared like grease, while 90%PImC6NTf2+10%BIm5-(NTf2)2 

exhibited a higher flow ability and lost its typical grease character. The mixture 

of 96%PImC6NTf2+4%BIm5-(NTf2)2 was used for further studies. 

Ionic grease-based lubricants 

[Triethanolamine][Oleic Acid] ionic grease was synthesised according to our 

previous process [126]. Briefly, equimolar triethanolamine was added dropwise 

to oleic acid with cooling. The mixture was magnetically stirred at room 

temperature for 2 h to obtain neat grease [Triethanolamine][Oleic Acid].  
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The main synthesis methods of IF-MoS2 include chemical vapour 

deposition (CVD), seed-assisted solution route followed by annealing, electron-

beam irradiation of MoS2 crystallites, and hydrothermal synthesis [23, 131–133]. 

Recently, an HIF-MoS2 was synthesised by a facile solution-phase reduction 

process. The HIF-MoS2 had a hollow structure with a thickness of approximately 

15 nm, and the MoS2 shell had a well-established layered structure [134]. HIF-

MoS2/RGO nanocomposites have been synthesised and added to 

[Triethanolamine][Oleic Acid] to study the tribological behaviour of HIF-

MoS2/RGO. MoS2/RGO with three different MoS2 loadings (low, medium, and 

high) were realised by controlling the ratios of GO and (NH4)2MoS4. MoS2/RGO 

with a medium loading is taken as an example. First, 0.0443 g of GO was 

ultrasonically dissolved in 160 mL of NMP in a 200-mL beaker. Then, 0.26 g (1 

mmol) of (NH4)2MoS4 was added to the GO solution. After sonicating and 

stirring for 30 min, a purple solution was formed. Then, 10 ml of N2H4·H2O was 

added to the solution dropwise under magnetic stirring. The flask was then heated 

to 80 ºC in an oil bath and constantly stirred for 12 h under gentle reflux. After 

being naturally cooled, the black-brown precipitate was collected by 

centrifugation at 10,000 rpm, washed five times sequentially with ethanol and 

deionised water, and then dried in a vacuum chamber at 40 ºC overnight. The as-

prepared dark black MoSx/RGO was placed in a porcelain boat in the centre of a 

quartz tube located inside a typical tubular furnace. Under a vacuum condition, 

the tube was purged with Argon five times to remove air. It was then heated to 

800 ºC at 5 ºC/min increment under Ar flowing at 100 mL/min. After 2 h, the 

furnace was naturally cooled to room temperature, and the gloss black product 

was achieved. 

To obtain a lower MoS2 loading, 0.065 g of (NH4)2MoS4 and 80 mL and 2.5 

mL of N2H4·H2O was used in the above methods, and the other processes were 

the same. For a higher MoS2 loading, 0.0222 g of GO was used instead of 0.0443 

g. In addition, neat HIF-MoS2 was also synthesised according to the modified 

method of reference [134], i.e. there was no GO in the above-mentioned 

MoS2/RGO synthesis. To increase dispersion, the additives were first added to 

oleic acid followed by ultrasonication at 60 ºC for 10 min. Equimolar 

triethanolamine was then added dropwise to oleic acid, and the mixture was 

magnetically stirred at room temperature for 2 h to obtain the lubricants. For 

comparison purposes, commercial grade MoS2 nanoparticles, single RGO, and 

HIF-MoS2 or their physical mixtures were also studied. 
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3.2.3  Characterizations 

Fourier transform infrared spectroscopy  

The preparation of the hf-IL, PImC6NTf2, and BIm5-(NTf2)2 was confirmed by 

Fourier transform infrared (FTIR) spectroscopy (Nicolet iS10). 

Wettability 

An SL2008 automatic contact angle detector was used to calculate the wettability 

of [Bmim][PF6] and L-HM46 on the solid specimen surfaces before friction at 

room temperature. The wettability of the hf-ILs on PEEK and stainless steel were 

evaluated at 80 °C. 

Thermal stability 

The thermal decomposition temperature of ILs was studied with a 

thermogravimetric analyser (TGA) (TA Instruments Q500) at a heating rate of 

10 °C/min in nitrogen (N2). 

A long-term heat study was performed at 160 °C in air to study the thermo-

oxidative stability of hf-ILs because the oxidation and decomposition of ILs at 

high temperatures may cause corrosion. IL sample amounts of approximately 230 

mg were placed in glass bottles and heated in an oven in air for 300 h. The weight 

change was recorded by an analytical balance with a resolution of 0.1 mg. For 

comparison purposes, BACC lithium-base lubricating grease, which can be used 

at temperatures up to 250 °C, was also studied [135]. After long-term heating in 

air, the pH value and spectra were measured to study the degree of decomposition 

and probable influence on corrosion. The pH values were tested with pH indicator 

strips. 

PImC6NTf2, [Emim][NTf2], and BIm5-(NTf2)2 were stored in an electric 

blast drying oven at 200 °C for two weeks to investigate the long-term high-

temperature stability of PILs. The original quantity and quantity loss of the three 

PILs were measured with an analytical balance having a resolution of 0.1 mg to 

determine the percentage of loss of the three PILs [48]. 

Viscosity 

The dynamic viscosity of the hf-ILs at 0.1 MPa was measured with a rotary 

viscosimeter (Brookfield, DVIII+) at temperatures from 40 to 97.5 °C. The 

results were correlated using the Vogel–Tamman–Fulcher (VTF) equation 

𝜂 = 𝐴 ⋅ 𝑒𝑥𝑝(𝐵/(𝑇 − 𝑇0)), (2.1) 

which is commonly used for ILs [136, 137]. Terms A, B and T0 in Eq. 2.1 are 
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adjustable parameters calculated with experimental data and the least squares 

method. The best-fit parameters for Eq. 2.1 were used to obtain the dynamic 

viscosity at different temperatures. The VTF equation parameters for 

[BMIm][BF4] and [BMIm][PF6] were from Ref. [136]. By using the VTF 

equation, we predicted the viscosities at temperatures up to 170 °C. 

The viscosity of the AAILs prior to and after CO2 absorption, BIm5-(NTf2)2, 

and PILs-based lubricants was measured by a Bohlin CVO 100 rheometer 

(Bohlin Instruments Ltd., UK) at 25 °C with a 1–100 s–1 shear rate. The viscosity 

of neat grease, grease with RGO, and grease with MoS2/RGO was measured at 

25 °C with a 1–300 s–1 shear rate. A cone-on-plate geometry was used with a 1° 

cone angle and 20 mm cone diameter. 

Accelerated corrosion test 

To investigate the corrosion of hf-ILs at 160 °C, copper (purity ≥ 99.95%) and 

304ss sheets (10 × 10 × 2 mm) were polished, cleaned, and dried. The sheets were 

then immersed in hf-ILs and heated at 160 °C in air for 10 h as in Ref. [138]. 

They were also immersed in [BMIm][BF4] and [BMIm][PF6] under the same 

conditions for comparison purposes. The weight loss of the sheets in the 

corrosion test was recorded. 

1H NMR spectroscopy 

The structure of [Cho][Lys] was identified by 1H NMR spectroscopy (Bruker AV-

300) tested at 500 MHz and 303 K using D2O as a solvent with tetramethylsilane 

as an internal standard. The synthesis of [Cho][Gly] and [Cho][Pro] has been 

previously proved [139]. 

Water content 

The water content of the AAILs-based lubricants was measured by Karl Fischer 

titration (V100, Shanghai Peiou, China). 

CO2 absorbing performance 

The CO2 absorbing performance of ILs and IL/PEG was evaluated at 

approximately 25 °C and ambient pressure. The liquid was poured into a sealed 

Erlenmeyer flask and stirred, then CO2 gas was injected into the flask and 

exhausted from the outlet pipe. The absorbed CO2 mass was obtained by 

measuring the mass gain with an analytical balance with an accuracy of 0.01 mg. 

Solubility of ILs after CO2 absorption 

After CO2 absorption, precipitates may be produced for the decreased solubility 

of ILs. To investigate the influence of CO2 absorption on an IL’s solubility, the 



Chapter 3. Materials and methods 

43 

particle-size distribution of IL/PEG mixtures before and after CO2 absorption 

was measured by photon correlation spectroscopy using a Zetasizer Nano ZS90 

instrument (Malvern Instruments Ltd., UK). 

Gel permeation chromatography  

The relative molecular weight of PImC6NTf2 was obtained by testing the 

intermediate product of PImC6Cl using gel permeation chromatography. The gel 

permeation chromatography of PImC6Cl was performed with a Waters 

Ultrahydrogel 250 30 cm column using a Waters Isocratic HLPC 1515 pump and 

a Waters 2414 refractive index detector. The eluent was water with a flow rate of 

1 mL/min. The relative molecular weight of PImC6Cl was 15,200, which was 

calculated using a series of dextran standards as references, while that of 

PImC6NTf2 was 35,500. 

Differential scanning calorimeter 

The glass transition temperature (Tg) was determined with a differential scanning 

calorimeter (TA Instruments Q20) from −100 to +100 °C with a heating rate of 

10 °C min−1 after cooling samples to −100 °C in an aluminium pan. Samples with 

a mass of 5−10 mg were sealed in a vented aluminium pan and placed in a furnace 

with a 50 mL/min N2 stream. 

Field-emission scanning electron and transmission electron microscopy  

The morphology of MoS2/RGO nanocomposites was studied with the use of a 

field-emission scanning electron microscope (FESEM) (S-4800 FESEM, 

Hitachi, Japan), a transmission electron microscopy (TEM), and a high-

resolution transmission electron microscopy (HRTEM) (Tecnai F30, FEI, USA) 

with an energy dispersive X-ray spectroscopic (EDS) detector (acceleration 

voltage: 300 keV). Prior to the morphology study, the samples were ultrasonically 

dispersed in ethanol for 10 min, and then the ethanol was naturally evaporated. 

Raman spectroscopy (HR 800, Horiba Jobin Yvon, France) and a powder X-ray 

diffractometer (Bruker-D8Advance, USA) were utilised to study the component 

and crystal structure. 

Brunauer–Emmett–Teller surface area 

To further study the structure of MoS2/RGO nanocomposites, the specific surface 

area was obtained from an N2 adsorption–desorption analysis conducted at 

−196 °C with a TriStarII 3020M analyser (Micromeritics, USA). The Brunauer–

Emmett–Teller (BET) surface area was calculated by the BET method, and the 

pore volume was determined by the amount of N2 adsorption at a relative pressure 

of 0.99. 
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3.2.4  Tribological tests and evaluation 

PEEK–steel contact 

High-load tests: The friction tests were performed on three different systems, as 

summarised in Table 3.3, and the schematic diagrams of solid lubrication and 

liquid lubrication are shown in Figure 3.4d. The test configuration is 

schematically illustrated in Figure 3.4a as a ring-shaped specimen rotating on a 

stainless-steel disc on an MPX-2000 friction and wear tester (Xuanhua Testing 

Factory, China). For the friction test with external liquid lubricants, the liquid 

was added before the specimens were brought into contact, and the liquid level 

was maintained approximately 2 mm above the counterpart surface. Tests were 

performed at ambient conditions (temperature 25 ± 5 ºC, relative humidity 50 ± 

5%) without temperature control. The normal loads applied to the specimens 

ranged from 150 to 1,500 N, and a linear velocity of 0.7 m/s was applied. The 

corresponding PV values (pressure times velocity) were 0.7–7 MPa·m/s. The test 

duration was fixed at 1 h. 
 

Table 3.3. Details of different lubricating systems 
 

Number PEEK composite Lubricant 

1 16 vol% PTFE/PEEK Internal PTFE 

2 PEEK External L-HM46 

3 PEEK External [Bmim][PF6] 
 
 

 
 

Figure 3.4. Schematic diagram of lubricating methods and frictional parts (mm). 
 

The values of the friction coefficient for each test were calculated by 

averaging the steady-state friction coefficients. The contact surface temperature 
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was measured with a thermocouple in the counterpart, which was 0.2 mm 

underneath the direct contact surface (Figure 3.4a). For PTFE/PEEK, the wear 

rate was directly measured from the specimen weight loss after the friction test. 

With liquid lubrication, the specimens were subjected to ultrasonic cleaning in 

ethanol for 5 min to remove the lubricant, and then the specimens were dried in 

an oven at 105 ºC for 10 h before determination of the weight loss. The specific 

wear rate, W (cm3/Nm), was calculated using the equation W = Δm/(ρ × N × L), 

where Δm is the specimen’s mass loss after the test (g), ρ is the density of the 

specimen (g/cm3), N is the normal load (N), and L is the total sliding distance (m) 

[140]. The tests were performed three times and the average of the three tests is 

reported. 

High-temperature test: The tests were performed with the configuration of 

a PEEK ring rotating on a 304ss counterpart immersed in an IL, as shown in the 

diagram of Figure 3.5. The temperature was measured at 0.5 mm below the direct 

contact surface of the counterpart. Tests were performed at 80 ± 1 °C and 160 ± 

5 °C with a 300 N load at a linear velocity of 0.7 m/s. The corresponding PV 

value (pressure × velocity) was 1.4 MPa·m/s. The relative humidity was 50 ± 5%, 

and the sliding duration was 4 h. After the friction and wear tests, the PEEK and 

counterpart were cleaned with ethanol. Then, the PEEK was dried at 120 °C for 

12 h before weighing, and the counterpart was cleaned with tissue and weighed 

directly. 
 

 
 

Figure 3.5. Schematic diagram of frictional contact parts (unit: mm). 
 

The specific wear rate, Wc (mg/(min·m2)), of PEEK was calculated as 

𝑊𝑐 = 𝛥𝑚PEEK/(𝑆𝑊 × 𝑡), (2.2) 

where ΔmPEEK is the mass loss (g), Sw is the contact surface area of the PEEK–
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steel (m2), and t is the duration of the friction test (min). The coefficient of friction 

(COF) for each test was calculated by averaging the steady-state values. Three 

replicate tests were performed, and the average value is reported. 

To determine the number of acidic products and enhanced corrosion 

resulting from the decomposition of the ILs, the pH values of ILs after the friction 

test were measured. The weight loss of the counterpart resulting from wear mass 

and dissolution mass caused by corrosion was measured. To consider only the 

dissolution mass, a cuboid steel mass (10 × 10 × 2 mm) was immersed in the IL 

prior to the friction test. After the test, the mass loss of the cuboid steel mass 

(𝛥𝑚𝑑) was obtained, and the dissolution rate of the counterpart was considered 

to be the same at that of the cuboid. Then, the dissolution of the counterpart 

(𝛥𝑚𝑑𝑐 ) was calculated using Eq. (2.3). The dissolution rate of the steel, D 

(mg/(min·m2)), and wear rate of the counterpart,  𝑊𝑐  (mg/(min·m2)), were 

calculated using Eqs. (2.4) and (2.5). 
 

𝛥𝑚𝑑𝑐 = 𝛥𝑚𝑑 ⋅ (𝑆𝑐/𝑆𝑑),  (2.3) 
 

𝐷 = 𝛥𝑚𝑑/(𝑡 ⋅ 𝑆𝑑), (2.4) 
 

𝑊𝑐 = (𝛥𝑚𝑐 − 𝛥𝑚𝑑𝑐)/(𝑡 ⋅ 𝑆𝑤), (2.5) 
 

where 𝛥𝑚𝑑 and 𝛥𝑚𝑐 are the mass loss of the steel cuboid and the counterpart 

ring (mg), t is the duration of the friction test (min), and 𝑆𝑑  and 𝑆𝑐  are the 

surface area of the steel cuboid and the counterpart ring (m2), respectively. Three 

replicate tests were performed, and the average value is reported. 

Steel–steel contact 

The tribological properties of the lubricants were mainly evaluated with an 

Optimol SRV-III oscillating friction and wear tester based on the ASTM D 6425 

protocol. The upper steel ball slid under a reciprocating motion against a 

stationary steel disc at a frequency of 50 Hz with an amplitude of 1 mm 

corresponding to a sliding velocity of 0.1 m/s. The test duration was 1 h. The 

friction coefficient curve was recorded automatically with a data acquisition 

system linked to an SRV-III tester. Tests for CO2 influence were performed under 

a 150 N load with a corresponding maximum Hertz contact pressure of 2.5 GPa 

at an approximate room temperature of 25 °C. To evaluate the PILs-based 

lubricants, tests were performed under 258 and 410 N loads with corresponding 

maximum Hertz contact pressures of 3.0 and 3.5 GPa, respectively, at an 

approximate room temperature of 25 °C. The high-temperature tests (200 °C) 

were also performed using an SRV-III tester under a relatively lower pressure of 
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2.0 GPa. To study the influence of the nanoparticles, the tests were performed 

under 150 and 258 N loads with corresponding maximum Hertz contact pressures 

of 2.5 and 3.0 GPa, respectively, at an approximate room temperature of 25 °C. 

In addition, to investigate the load-carrying capacity of the nanoparticles-

reinforced grease, a multifunctional material surface performance tester (model 

CFT-I, Lanzhou Zhongke Kaihua Technology Development Co., PR China) 

operated in the ball-on-disc mode was used. The upper steel ball slid under a 

reciprocating motion against a stationary steel disc at a frequency of 33 Hz with 

an amplitude of 2 mm. Tribological tests were performed under increasing loads 

ranging from 62.9 to 185.2 N with corresponding maximum Hertz contact 

pressures ranging from 3.0 to 4.3 GPa, respectively, at an approximate room 

temperature of 25 °C. The test duration was 1 h. The friction coefficient curve 

was recorded automatically with a data acquisition system linked to the tester. 

The wear diameter of the balls and the wear surface of the discs were studied 

using an optical microscope (Model MV6100, Nanjing Jiangnan Novel Optics 

Co., Ltd., PR China). 

The ball and disc were cleaned with acetone and ethanol prior to and after 

the friction test. Two duplicate friction and wear tests were performed to 

minimise experimental error. 

3.2.5  Lubricating mechanism study 

PEEK–steel contact 

High-load tests with [Bmim][PF6]: Prior to and after the friction and wear tests, 

the morphology of the worn surface and possible transfer film was examined by 

SEM (model Quanta-200). The atomic force microscopy (AFM) (Dimension 

Icon model, Bruker, USA) was used to study the nanoscale surface morphologies 

of PEEK and the counterpart lubricated with [Bmim][PF6] under a high-pressure 

test. The AFM was performed in the tapping mode in air by silicon cantilevers 

with spring constants of 40.0 N/m. The image scan size was 10 × 10 µm with a 

scan speed of 1.00 Hz. The AFM data were analysed by second-order flattening 

using NanoScope Analysis (version 1.40) software. The root mean square (RMS) 

roughness values of the PEEK and steel measured by AFM were 40 ± 5 nm Ra 

and 15 ± 5 nm Ra, respectively. The elemental distributions in the counterpart 

worn surfaces lubricated with L-HM46 and [Bmim][PF6] were investigated by 

FESEM and energy dispersive X-ray (EDX) spectroscopy using a Hitachi S-4800 

system (FEI, Japan) at 20 ± 2 ºC. 
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High-temperature tests with hf-ILs: To study the tribo-chemical reactions 

of hf-ILs and the referenced ILs, the elemental distribution in the counterpart 

worn surfaces was investigated by FESEM and with the secondary electron 

images of an Everhart–Thornley detector (ETD) and by EDX spectroscopy using 

the Hitachi S-4800 system at 20 ± 2 ºC. From the ETD images, changes in the 

materials on the counterparts were observed as different values of shading [141]. 

The EDX operated at an accelerating voltage of 20 kV. The elements of N, O, F, 

P, Mn, Fe, and Ni were analysed. The viscosity of ILs under test conditions was 

carefully studied. 

Steel–steel contact 

Influence of CO2 absorption: To study the mechanisms behind the influence of 

CO2 absorption on tribological properties, two contributions are estimated: the 

contribution from an increase in the viscosity of an EHL, and the contribution 

from the bonding between the steel and the lubricant (interfacial adhesion). In 

general, the lambda value (λ, Tallian parameter) according to Eq. 2.6 reveals the 

lubricating regime of contacts depending on the velocity of movement and 

roughness of the surfaces measured after testing [5]. The minimum film thickness 

Hmin was determined using the Hamrock–Dowson equation (Eq. 2.7) [142]. In a 

reciprocating motion, although the speed is continuously changing, the film 

thickness during stable moving can be calculated and used to study the influence 

of an EHL (approximately). Here, the film thickness under two speeds was 

calculated, one at a mean slide speed of 0.1 m/s (50 Hz reciprocating motion and 

1 mm amplitude), and the other at 0.01 m/s considering a low-speed reciprocating 

motion. 

λ = 
𝐻𝑚𝑖𝑛

√𝑅𝑏𝑎𝑙𝑙
2 + 𝑅𝑑𝑖𝑠𝑐

2

 (2.6) 

 

𝐻𝑚𝑖𝑛 = 3.63𝑅𝑥𝑈0.68𝐺0.49𝑊−0.073(1 − 𝑒−0.68𝑘), 
(2.7) 

 

where k is the ellipticity parameter, and 

𝑈 =
𝜂0𝑈𝑒

𝐸′𝑅𝑥
, 𝐺 = 𝛼𝑓𝑖𝑙𝑚𝐸′, 𝑊 =

𝐹𝑁

𝐸′𝑅𝑥
2

, 
   

 

where Rx (m) is the ball diameter, η0 is the apparent viscosity of the lubricant, Ue 

(m/s) is the entrainment speed, αfilm is the pressure–viscosity coefficient, E’ (GPa) 

is the effective Young’s modulus, FN (N) is the applied load, and e = 2.71828…. 
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All of these values are known except for αfilm; an approximation of this parameter 

for [Cho][Pro] (αfilm at 25 ºC is 8.0 GPa–1) was computed in reference [143]. The 

αfilm of [Cho][Lys] at 25 ºC should not be much different than that of [Cho][Pro]; 

therefore, αfilm = 8.0 GPa–1 was used for [Cho][Lys] in the film thickness analysis. 

Furthermore, the αfilm of [Cho][Pro] and [Cho][Lys] after absorption of CO2 was 

also taken as 8.0 GPa–1. 

The contribution of interfacial adhesion is another factor because it is 

effective in avoiding direct contact under high pressure. With the formation of 

carbamate groups, the bonding between steel and a lubricant is enhanced through 

the electrostatic interactions between the steel and COO− groups [96, 144, 145]. 

After absorbing CO2 with neat [Cho][AA], the reinforced interfacial adhesion 

can reduce the direct solid contact in the mixed lubrication regime, while the 

higher viscosity of the bulk lubricants leads to a higher friction coefficient [146]. 

PILs as lubricants: The selected ILs (MILs, DILs, and PILs) in this work 

had the same functional groups of imidazole and NTf2
–; therefore, the 

contribution of tribo-chemical reactions to lubricity can be ignored [147, 148]. It 

is generally recognised that the structure of an IL can effectively improve its 

lubricating performance. In previous DIL work, it was suggested that bis ion-

pairing works to establish a more robust and denser adsorption film than its 

mono-imidazolium counterparts [149, 150]. PILs are composed of well-oriented 

units resulting in robust strength of bulk lubricants and stronger adhesion with 

solid surfaces. In addition, their long chain structure facilitates the formation of 

connections to form a net-like protecting film that is able to further increase the 

anti-wear properties and decrease direct solid contact. Itoga et al. reported that 

NTf2-based ILs did not show excessive corrosive wear even under high 

temperatures up to 200 °C [148]. Under high temperatures, the viscosity of ILs 

is remarkably reduced [62], and it is easier for the lubrication to enter the 

boundary regime. The higher viscosity of BIm5-(NTf2)2 and PImC6NTf2 is 

beneficial for reducing solid contact during the friction process. More attention 

should be paid to the solid–liquid interface with packed ILs. 

Nanoparticles as lubricant additives: The contact status was examined by 

comparing the ball wear diameter with the Hertzian contact diameter (the contact 

patch attributable to elastic deformation) to study the lubrication mechanism. The 

morphology of HIF-MoS2/RGO additives after test at 3.0 GPa was carefully 

studied. To make it easier to observe the morphology change after the test, the 

test duration was extended to 4 h to ensure that more HIF-MoS2/RGO additives 

in grease had experienced the rubbing process. HIF-MoS2/RGO-reinforced 

grease after test was collected and washed four times with ethanol. During the 
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wash process, HIF-MoS2/RGO particles were collected by centrifugation at 

11,000 rpm. The samples containing ethanol were ultrasonically dispersed in 

ethanol after being washed four times, and the mixture was then placed on a silica 

surface and left until the ethanol naturally evaporated. Finally, the morphology 

and microstructure of the dry sample was studied by FESEM with an EDS 

detector (model Nova NanoSEM450, FEI, USA). After a tribological test with 

the multifunctional material surface performance tester at 3.0 and 4.3 GPa, the 

disc was ultrasonically cleaned with ethanol for 1 min, and then the ethanol was 

naturally evaporated. The disc was then examined by FESEM with the EDS 

detector, and Raman spectroscopy was performed to study the possible transfer 

layer caused by the tribo-chemical effect or physical absorption.
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Chapter 4 

 

Summary of results 

 

  

In this this chapter, the salient results and related discussion are presented. For 

PEEK–steel contact, a high-load capacity was realised under the lubrication of 

commercially available ILs. Hf-ILs were applied for high-temperature conditions 

to avoid acid corrosion and achieve significantly reduced friction and wear. For 

steel–steel contact, efforts were made to improve the lubricating performance 

under harsh operating conditions for traditional ILs, including CO2 atmosphere, 

high pressure, and high temperature. 

 

  

4.1  ILs as lubricants for PEEK–steel contact under high load 

In this section, we used commercial [Bmim][PF6] IL (1-butyl-3-

methylimidazolium hexafluorophosphate as the external lubricant for PEEK 

sliding against steel under loads up to 1,500 N without a cooling system with a 

linear velocity of 0.7 m/s. The anti-friction and anti-wear performances of 

[Bmim][PF6] were studied and compared with those of the traditional external L-

HM46 anti-wear hydraulic oil and an internal solid lubricant PTFE. After the 

friction and wear tests, the surface morphologies of both the polymer and the 

metal were studied by SEM-EDX and AFM. For the two external lubricants, the 

viscosity influence during sliding was analysed and was further used to 

investigate the lubrication regime in the Stribeck curve. 

4.1.1  Wettability of liquid lubricants 

The contact angles of L-HM46 and [Bmim][PF6] on the specimens’ surfaces 

before friction were 9.7±1.4° (L-HM46 on PEEK), 10.8±1.9° (L-HM46 on steel), 

51.2±1.0° ([Bmim][PF6] on PEEK), and 52.6±1.0° ([Bmim][PF6] on steel). 
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[Bmim][PF6] had a poorer wettability compared to L-HM46. 

4.1.2  Anti-friction and anti-wear performance 

The friction coefficients and contact temperature of PEEK–steel contact 

lubricated with internal PTFE, external [Bmim][PF6], and L-HM46 are shown in 

Figure 4.1a. The wear rates of PEEK with different lubricants are summarised in 

Figure 4.1b. For PEEK/PTFE under dry friction, the friction coefficient and wear 

rate decreased continuously with loads from 150 to 700 N, but increased at 800 

N and failed with a serious fatigue. The primary reason for the fatigue failure was 

the accumulated heat at a relatively high friction coefficient. The contact 

temperature was positively related to the friction coefficient, sliding velocity, and 

applied load (T ~ μ × V × N, μ is friction coefficient) [30]. When the decrease of 

μ was less than the increase of N, the contact temperature T increased. The 

softening of PTFE/PEEK became dominant and resulted in greater flow and 

ductility, and the load-carrying capacity of PEEK/PTFE was deteriorated by 

adding internal PTFE [37]. 

 
 

Figure 4.1. (a) Friction coefficients and contact temperature of PEEK–steel 

contact with different lubricants (Conditions: 150‒1,500N and 0.7 m/s, duration: 

1 h), (b) wear rates of PEEK with different lubricants (Conditions: loads of 150, 

250, 350, 500, 700, 800, and 1,500 N and 0.7 m/s, duration: 1 h). 
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Figure 4.2. Typical friction coefficients and contact temperatures of PEEK–steel 

contact with different lubricants: internal PTFE, external L-HM46 and 

[Bmim][PF6] with sliding velocity of 0.7 m/s under (a) 150 N and (b) 800 N. 

For PEEK under liquid lubrication ([Bmim][PF6] and L-HM46) at low loads 

of 150‒350 N, the friction coefficients were only 29%‒42% of that of 

PTFE/PEEK, and the contact temperatures (47–59 ºC) were much lower than 

those of PTFE/PEEK (122‒163 ºC). [Bmim][PF6] had a slightly higher friction 

coefficient than L-HM46 and better anti-wear performance. By using 

[Bmim][PF6], the PEEK–steel contact maintained a low friction coefficient, 

contact temperature, and wear rate up to 1,500 N. The friction coefficient 

decreased continuously with an increase in the load. Even at a 1,500 N load, the 

measured contact surface temperature of 123 ºC was much lower than the 

maximum serving temperature of PTFE/PEEK (240 ºC). Under L-HM46, the 

friction coefficient of PEEK decreased from 150 to 350 N loading, but increased 

gradually with an increase in the load to 700 N. When the load further increased 

to 800 N, the friction coefficient increased to 0.071 and led to a higher contact 

temperature for the increased μ × N. The sample in L-HM46 could not withstand 

this temperature and resulted in fatigue failure.  

Figure 4.2 presents the online friction coefficient and contact temperature 

profiles of PEEK–steel contact with different lubricants at loads of 150 and 800 

N. Under a 150 N load, neat PEEK exhibited a high friction coefficient (0.38) 

and melted in a few minutes, and the contact temperature (T) increased to 210 ºC 

within a few minutes (Figure 4.2a). With lubrication, the PEEK composites slid 

against the steel with a much lower friction coefficient and contact temperature. 

The friction coefficient with the two liquid lubricants was more stable than that 

of PTFE/PEEK. Under 800 N, the friction coefficient of PEEK–steel with 



4.1. ILs as lubricants for PEEK–steel contact under high load 

54 

[Bmim][PF6] lubricant remained low and was stable (0.019) with low contact 

temperature (88 ºC). While PTFE/PEEK exhibited relatively high friction 

coefficient of 0.061, the contact temperature reached 240 ºC after 0.5 h. By using 

L-HM46, the friction coefficient increased slowly in the first 30 min and then 

quickly increased to 0.064 while the temperature surpassed 80 °C after 26 min. μ 

approached 0.071, which was even higher than that of PTFE/PEEK. 

4.1.3  Wear surface study 

SEM images of the worn surfaces of the samples and their respective counterparts 

before and after friction tests (loads of 800 N and 1500 N) were investigated and 

are shown in Figure 4.3. PTFE/PEEK under an 800 N load exhibited a rough and 

deformed surface texture (Figure 4.3b), and noncontinuous transfer film was 

observed on the counterpart (Figure 4.3f). With internal PTFE, the interfacial heat 

and frictional force facilitated the flow of material (the large molecular chains of 

PTFE breakdown) and helped form a third body transfer film [86]. However, 

when the load was too high, more frictional heat was generated and led to a higher 

contact temperature and greater ductility of PTFE/PEEK transfer, resulting in 

material fatigue. For L-HM46 under an 800 N load, PEEK presented 

characteristic furrow wear with deep and wide plough marks (Figure 4.3g). Some 

transferred PEEK on the counterpart was observed (Figure 4.3gi), which implies 

that part of the PEEK was in direct contact with the counterpart. 
 

 
 

Figure 4.3. SEM images of (a) PEEK and (e) counterpart before test; (b) 

PTFE/PEEK and (f) counterpart after dry test under 800-N load for 45 min; (c) 

PEEK and (g) counterpart after test in L-HM46 under 800-N load for 45 min; 

and (d) PEEK and (h) counterpart after test in [Bmim][PF6] for 1 h. (Insets ai, ei, 

gi, di, and hi are enlarged images of a typical part of the related image.) 
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For [Bmim][PF6], both PEEK (Figure 4.3d and Figure 4.3di) and the 

counterpart (Figure 4.3h and Figure 4.3hi) had smooth surfaces after testing under 

a 1,500 N load. [Bmim][PF6] successfully prevented direct contact of the sliding 

surfaces and inhibited the transfer of PEEK onto the counterpart. The smooth 

PEEK and counterpart were then studied with AFM to investigate the nanoscale 

surface morphologies. A decreased surface roughness for both the PEEK and the 

counterpart after the friction test at a 1,500 N load was observed. The surface 

roughness of PEEK (Ra) decreased from 39.6 nm Ra to only 1.9 nm Ra, and the 

counterpart’s surface roughness (Ra) decreased from 10.8 to 3.7 nm Ra. The 

PEEK’s surface was deformed during sliding, and the counterpart also exhibited 

a slight surface deformation. In summation, [Bmim][PF6] IL was successfully 

used in this polymer–metal friction system to enhance the tribological durability 

at high load conditions. 

4.1.4  Viscosity influence 

In a non-cooling system, a liquid lubricant’s viscosity will change dramatically 

due to frictional heat, which has a pronounced influence on the anti-friction and 

anti-wear performances. The influence of pressure on viscosity in our test range 

was negligible; therefore, the dynamic viscosity value under 0.1 MPa pressure 

was used for both L-HM46 and [Bmim][PF6]. The dynamic viscosity of 

[Bmim][PF6] at different temperatures can be obtained by the VTF empirical 

equation 

𝜂 = 𝜂′exp[B/(𝑇 − 𝑇0)], (3.1) 

where η’ = 0.106 mPa·s, B = 1,000 K, and T0 = 171 K [136]. For L-HM46, its 

dynamic viscosity can be obtained from Ref. [151]. 

It is well known that liquid lubrication can be divided into four regimes 

(Figure 4.4a) according to the Stribeck curve. Figure 4.4b presents the Stribeck 

curves for L-HM46 and [Bmim][PF6] and the liquid viscosities under different 

loads. The friction coefficient is plotted against the Stribeck parameter η·V·P–1 

(m–1) to distinguish the lubrication regimes. We found that all the data points for 

[Bmim][PF6] fell on the line from hydrodynamic lubrication to EHL, which 

explains the significantly reduced friction coefficient and wear rate. With regard 

to L-HM46, the points entered the mixed lubrication and boundary lubrication 

areas of the Stribeck curve under loads higher than 500 N. Under certain 

conditions, a liquid lubricant usually provides lower friction and wear than that 

of a solid lubricant. However, once the applied load reaches a certain value, the 

generated friction heat at the contact surface will result in a sharp decrease in the 
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liquid viscosity; hence destroying the continuity of the liquid film. As a result, 

the direct contact of a polymer–steel pair will be unable to achieve low friction 

and wear. For example, the liquid surface film of L-HM46 can be damaged during 

sliding because of the significantly reduced viscosity under a high load of 800 N, 

resulting in more frequent solid–solid contact [42]. The solid–solid contact 

generates much more frictional heat, and thus the load-carrying ability of L-

HM46 is further reduced. 

 
 

Figure 4.4. (a) Typical Stribeck curve [5], (b) Stribeck curves for L-HM46 and 

[Bmim][PF6] and liquid viscosities under different loads (‘e’ unit on x-axis 

denotes 2.71828…). (Conditions: 150‒1,500 N, 0.7 m/s, duration: 1 h.) 
 

Although the viscosities of [Bmim][PF6] were 175%, 224%, and 258% 

higher than that of oil under low load slides of 150, 250, and 350 N, respectively, 

the friction coefficients under [Bmim][PF6] were only 16%, 11%, and 5% higher 

than that of oil. This could be the result of the different surface wettability of the 

two liquid lubricants on the sliding surfaces. Under low loads, the liquid film is 

sufficiently thick to separate the sliding surfaces, and the friction force is caused 

by the shear of liquids between sliding solids and the liquids against solids. 

Higher viscosity means a higher shear of liquids, but the friction coefficient of 

[Bmim][PF6] was not higher than L-HM46, which could be a result of its poor 

wettability on PEEK and steel. Under higher loads, the interfacial behaviour is 

different where tribo-chemical reactions might be involved. This is further 

analysed in the following section. 

4.1.5  Tribo-chemical investigation 

It is clear that the high viscosity of [Bmim][PF6] plays an important role in its 

excellent anti-friction and anti-wear performance. Generally, a strong interaction 

between a liquid lubricant and a sliding surface is required for excellent loading 
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capacity. The exact mechanism and role of IL in tribo-chemical thin-film 

formation has been a challenge to determine, and it is quite common to use EDX 

for the investigation of tribo-chemical film formation. In this work, an EDX study 

provided a qualitative investigation for a further understanding of this role [61]. 

The tribo-chemical reactions in the steel–[Bmim][PF6] interface play a dominant 

role in the enhanced tribological properties, as evidenced by EDX (Figure 4.5a). 

For [Bmim][PF6] lubricated contacts, the existence of anti-wear elements of 

P and F on the steel surface were detected. Under high pressure, decomposition 

of [Bmim][PF6] was initiated, and the active elements such as F and P in 

[Bmim][PF6] reacted with the freshly generated surface to form a low-friction 

reaction film [2, 152]. The counter cations imidazolium was then adsorbed 

through electrostatic attractions and generated the physicochemically adsorbed 

tribo-thin film [144]. For the counterpart lubricated with L-HM46, we observed 

the distribution of P, Zn, and S elements, which are general anti-wear elements 

in ZDDP (Figure 4.5a). Moreover, compared with the counterpart lubricated with 

[Bmim][PF6], C and more O were found because of the transferred PEEK on the 

counterpart, implying a direct contact between PEEK and the counterpart. In 

summation, all the beneficial factors including high viscosity of [Bmim][PF6], 

poor PEEK–[Bmim][PF6] interaction, strong steel–[Bmim][PF6] interaction, and 

surface deformation make [Bmim][PF6] an ideal liquid lubricant in a PEEK–steel 

tribological system. 
 

 

Figure 4.5. Elemental distribution (except common elements in steel) in the 

counterpart worn surfaces lubricated with (a) [Bmim][PF6], 1,500 N load for 1 h 

and (b) L-HM46, 800 N load for 45 min.
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4.2 Hf-ILs as lubricants for PEEK–steel contact under high 
temperature 

In this section, hf-ILs were used as neat lubricants to investigate the performance 

of PEEK–304ss contacts at an elevated temperature of 160 °C focussing on the 

influence of corrosion. For comparison purposes, a test at a general temperature 

of 80 °C was conducted [29, 153, 154]. Two h-ILs, [BMIm][PF6] and 

[BMIm][BF4], were used as references. 

4.2.1  FTIR spectra of hf-ILs 

Characteristics in Figure 4.6 confirm the successful synthesis of hf-ILs. 
 

 

 

Figure 4.6. FTIR spectra of ILs and BACC before (-1 suffix) and after (-2 suffix) 

long-term heating (‘1–7’ are the characteristic groups and respective FTIR 

ranges.) 
 

4.2.2  Thermal properties of hf-ILs 

The TGA results under an N2 atmosphere are compared in Figure 4.7. The hf-ILs 

with [BScB]‒ and [BMLB]‒ decomposed in two main steps with a complicated 

mechanism. Hf-ILs containing [P4,4,4,14]
+, [P4,4,4,14][BMB], and [P4,4,4,14][BScB] 
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had a higher TGA thermal stability than those containing [P4,4,4,14][BMLB] 

because of the presence of aromatic rings and their chelated structure [24]. The 

substitution of Cl‒ with [BScB]‒ and [BMB]‒ improved the thermal stability of 

the phosphonium cation. 
 

 
 

Figure 4.7. Thermogravimetric curves of BACC, [BMIm][PF6], [P4,4,4,14]Cl, and 

hf-ILs in N2 environment with a heating rate of 10 °C/min. 
 

The weight loss after long-term heating shown in Figure 4.8 (160 °C in air 

for 300 h) was significantly different than that in the TGA test of Figure 4.7 

(160 °C in N2, timely). In the long-term heat study, [BMIm][BScB] had little 

weight loss. For hf-ILs with [P4,4,4,14]
+, the thermo-oxidative stability was 

relatively lower and varied with different anions. [P4,4,4,14][BMB] had the worst 

thermo-oxidative stability among the hf-ILs in spite of its high TGA thermal 

stability, possibly because of the way the aromatic rings in the anions are 

connected. 

From the pH and FTIR results (Figure 4.6) of the ILs after long-term 

heating, we determined the degree of decomposition and analysed its effect on 

corrosion. After long-term heating, FTIR of [BMIm][PF6] showed no [PF6] peak, 

which is believed to generate strong fluorine-containing acids (pH = 2–2.5). 

There was no obvious change of [BMIm][BF4], and the FTIR results were in 

accordance with the weight loss and indicated a slight decomposition. The hf-ILs 

decomposed in different degrees, many original peaks of [P4,4,4,14][BMB] and 

[P4,4,4,14][BMLB] were too weak to be identified. The [P4,4,4,14]
- cation with a long 

alkyl chain and chelated orthoborate anions was gradually oxidised and 

decomposed. However, the pH values of the hf-ILs and [BMIm][BF4] after long-

term oxidation were all higher than 6, indicating the decomposition produced no 

strong acids. 
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Figure 4.8. Weight change of ILs and BACC (A) during 300-h heating treatment 

in air and (B) final weight after 300 h. 
 

4.2.3  Viscosity and wettability study 

The dynamic viscosity of the hf-ILs was measured, and the data are shown in 

Figure 4.9. These results were correlated with the VTF equation. Based on the 

parameters in the VTF equation, the dynamic viscosities of all the ILs in this 

study ranging from 40 to 170 °C were predicted and are shown in Figure 4.9. The 

predicted errors were calculated by comparing every predicted value with an 

experimental value at various temperatures, and the deviations ranged from 

−1.44% to +2.83%. The contact angle results are shown in Figure 4.10. The hf-

ILs had better wettability than the h-ILs. 
 

 
 

Figure 4.9. Measured dynamic viscosities of hf-ILs and predicted dynamic 

viscosities of ILs at temperatures ranging from 40 to 170 °C. 
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Figure 4.10. Contact angles of ILs on steel and PEEK at 80 °C. 
 

4.2.4  Accelerated corrosion test 

The pictures of the copper and 304ss sheets after a 10-h static corrosion test in 

ILs at 160 °C are shown in Figure 4.11. For [BMIm][PF6], high static corrosion 

was induced in copper and 304ss. The corrosion of [BMIm][BF4] can be 

confirmed from the colour change of copper and 304ss. 
 

 
 

Figure 4.11. Photographs of copper and steel before and after corrosion test in 

different ILs at 160 °C for 10 h. 
 

The weight losses of copper in [BMIm][PF6], [BMIm][BF4], 

[P4,4,4,14][BScB], [P4,4,4,14][BMB], and [BMIm][BScB] were 7.1, 0.1, 3.1, 2.3, and 

0 mg, respectively. We observed that the hf-ILs of [BMIm][BScB] had no 

obvious corrosion. The serious corrosion of [BMIm][PF6] was the result of the 

generation of acid [90, 148]. However, the corrosion of [P4,4,4,14][BScB] and 

[P4,4,4,14][BMB] was higher than that of [BMIm][BF4] as a result of the 

electrochemical corrosion and cannot be avoided. The higher corrosion of 
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[P4,4,4,14][BScB] and [P4,4,4,14][BMB] was attributed to the long alkyl chain 

described in Ref. [155]; the weak polarity of ILs with long alkyl chains decrease 

the ability to form ordered adsorbed layers on copper surfaces. [BMIm][BScB] 

and [BMIm][BF4] have a higher polarity and can form ordered adsorbed layers 

on copper surfaces [90, 156, 157]. 

For 304ss, the sheets in hf-ILs exhibited high anti-corrosion and no weight 

loss, and the 304ss was stable enough because of its higher standard electrode 

potential through the generation of dense chromic oxide and had a good anti-

corrosion performance in hf-ILs. For [BMIm][PF6], the acid products 

strengthened the corrosion, and 304ss had a dissolution mass of 0.4 mg. The 

corrosion of [BMIm][BF4] was relatively weak compared with that of 

[BMIm][PF6]. 

4.2.5  Friction and wear results 

At 80 °C, PEEK–304ss have low wear rates in all the ILs, and the COFs in the 

hf-ILs were higher than those in h-ILs. At 160 °C, the COFs in the hf-ILs 

obviously decreased and the wear rates increased, while both the COFs and wear 

rates in the h-ILs increased. The wear rates of 304ss under hf-ILs were 8.3‒27.6 

mg/(min·m2), which were 3%‒71% of those under h-ILs. The COFs in the hf-ILs 

were only 13%‒33% of that in the h-ILs. None of the hf-ILs showed any pH 

change and steel dissolution, but the pH value of [BMIm][PF6] reached 1‒1.5, 

and the dissolution of steel was observed. In [BMIm][PF6], the steel counterpart 

was corroded by the acid and was easily worn down, resulting in a high wear and 

COF (Figure 4.12). 
 

 
 

Figure 4.12. In-situ COF under [P4,4,4,14][BScB], [HMIm][BScB], and 

[BMIm][PF6] (Conditions: 300 N, 0.7 m/s, at 80 and 160 °C). 
 

To investigate the influence of viscosity on lubrication performance, the 

COFs and wear rates of steel are plotted against viscosity in Figure 4.13. At 

80 °C, the COFs were positively correlated with the IL viscosities. According to 
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previous work, a viscosity equal to or greater than 13.2 mPa·s is regarded to be 

high enough to separate most parts of solid contacts [120]. At 160 °C, viscosities 

of [P4,4,4,14][BScB], [HMIm][BScB], and [BMIm][BScB] (≥ 8.6 mPa·s) are still 

high enough to hold most load parts, and the COFs are very low. For 

[P4,4,4,14][BMLB], [BMIm][PF6], and [BMIm][BF4], the COFs and wear rates 

become higher with reduced viscosity. Under the conditions of our system, the 

viscosity of ILs had a sound influence on their lubrication, and a higher viscosity 

improved the lubrication performance at 160 °C, while the wettability of the ILs 

had little influence. 
 

 
 

Figure 4.13. Mean wear rate of steel and COF vs viscosity under different ILs. 
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4.3  CO2’s influence on IL-lubricated steel–steel contact 

ILs from choline and three natural amino acids—glycine, L-proline, and lysine—

were synthesised as base lubricants and additives in PEG-200, and the solubility 

and lubricating properties of ILs and IL/PEG prior to and after CO2 absorption 

were studied. The influence mechanism of CO2 absorption on IL solubility and 

lubricity is discussed. 

4.3.1  CO2 absorption 

The viscosity of neat ILs increased significantly after absorbing CO2, and the ILs 

turned into grease after a few minutes, after which the absorption became very 

slow. The absorbing time for neat ILs was 1.5 h, which was enough to affect the 

properties of ILs and thus affect their lubricity. For IL/PEG mixtures, the 

viscosity was much lower than that of neat ILs even after CO2 absorption, and 

saturated absorption was achieved after a few minutes. The water content 

(water%, in weight) and CO2 absorption (in mole ratio of CO2 and ILs, 

molCO2/molIL) of different liquids are shown in Table 4.1. The absorption of 

[Cho][Pro]/PEG was slightly higher than the reported value (0.61 molCO2/molIL 

by 25 wt% [Cho][Pro]/PEG at 308.15 K, 0.832 bar) [108]. The difference was 

most likely a result of the lower [Cho][Pro] content and temperature and higher 

pressure in this work. [Cho][Lys]/PEG has a higher absorption because there are 

two active amino groups in [Cho][Lys]. Notably, CO2 is mainly absorbed by ILs, 

and the absorption by PEG can be ignored [108]. The lower mole ratio of CO2 

and ILs by neat ILs is caused by the high viscosity, and the absorption never 

reaches the saturation point. 
 

Table 4.1. Water content (water%) and CO2 absorption (α, molCO2/molIL) of 

different liquids. 
 

Liquid [Cho][Gly] [Cho][Pro] [Cho][Lys] 

water% 0.56 1.32 1.47 

α 0.23 0.40 0.18 

Liquid [Cho][Gly]/PEG [Cho][Pro]/PEG [Cho][Lys]/PEG 

water% 0.60 0.34 0.43 

α 0.68 0.66 1.17 
 

4.3.2  Solubility of ILs after CO2 absorption 

A size distribution study revealed that no particles existed in the IL/PEG mixtures 

before CO2 absorption. After CO2 absorption, dropped precipitates were observed 
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in [Cho][Gly] and [Cho][Gly]/PEG and suspended precipitates in [Cho][Lys] and 

[Cho][Lys]/PEG, but there was no precipitate in [Cho][Pro] or [Cho][Pro]/PEG. 

Photographs of [Cho][Gly]/PEG, [Cho][Pro]/PEG, and [Cho][Lys]/PEG before 

and after CO2 absorption are shown in Figure 4.14. The size distribution in Figure 

4.14d suggests that the precipitates in [Cho][Gly]/PEG had large particles (with 

a mean size of 430 nm and peak size of 459 nm with an intensity of 16.8%). In 

[Cho][Lys]/PEG, the mean size of precipitates was 365 nm with a broad peak 

size of 91 nm with an intensity of 5.0%). There were no detected particles in 

[Cho][Pro]/PEG, indicating that [Cho][Pro] is highly solubility in PEG after 

absorbing CO2. 
 

 
 

Figure 4.14. Photographs of [Cho][Gly]/PEG, [Cho][Pro]/PEG, and 

[Cho][Lys]/PEG (a–c) before and (a’–c’) after CO2 absorption for 1.5 h. The inset 

in (c’) shows the case when the [Cho][Lys]/PEG was placed sideways. (d) Size 

distribution of precipitates in (a’) and (c’). 
 

The precipitates in [Cho][Gly]/PEG and [Cho][Lys]/PEG were believed to 

be mainly carbamates and some amino acids. No precipitation was observed in 

[Cho][Pro]/PEG because of the hindered amino group in [Cho][Pro]. Although 

there was precipitation in [Cho][Lys] and [Cho][Lys]/PEG, the mixtures were 

homogenous with suspended precipitates. The precipitation coalesced into the 

mixture and formed a flocculent suspension. [Cho][Gly] produced precipitates 

with large particles that separated from the solution; therefore, it cannot be used 

as a lubricant or additive in PEG. The lubricants based on [Cho][Pro] and 

[Cho][Lys] were applied in the following studies. 

4.3.3  Viscosity 

By absorbing CO2, the viscosity of [Cho][Pro] and [Cho][Lys] (mean value of 

viscosities taken from stable ranges) became 30 and 15 times greater, 

respectively, than that of neat ILs. The viscosity of [Cho][Lys]+CO2 decreased 
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with an increase in the shear rate, indicating an obvious shear-thinning effect. For 

[Cho][AA]/PEG mixtures, the viscosity also increased, particularly for 

[Cho][Lys]/PEG. The viscosity of [Cho][Lys]/PEG increased significantly after 

CO2 absorption, and the mixture had the appearance of a gel. The shear-thinning 

behaviour of [Cho][Lys]/PEG+CO2 was more obvious. 
 

 

 

Figure 4.15. Proposed CO2 absorption mechanisms by (a) [Cho][Pro] and (b, c) 

[Cho][Lys]. 
 

The mechanism of CO2 absorption by ILs has been well studied, and it is 

considered that carbamate groups are formed [158]. [Cho][Pro] with one amino 

group produces a [Cho][Pro]-COO-[Cho][Pro]-like molecule as in Figure 4.15a. 

[Cho][Lys] may be connected in different ways and produces much larger or 

longer molecules as shown in Figures 4.15b and 4.15c. 

4.3.4  Tribological properties 

The wear and friction coefficient curves prior to and after CO2 absorption are 

shown in Figures 4.16 and 4.17, respectively. As shown, CO2 absorption 

significantly improved the anti-wear properties of [Cho][AA]s and their PEG 

solutions. Under lubrication of ILs after absorbing CO2, the disc wear volume 
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was reduced by 58%–62% as compared to that of neat [Cho][AA]s prior to CO2 

absorption. Figure 4.18 shows the 3D surface profile of balls and wear tracks 

after tribological testing. Smooth wear surfaces under lubrication of 

[Cho][AA]+CO2 were observed at much lower wear loss. The ball wear scar 

diameter under lubrication of [Cho][Pro] was reduced from 0.606 to 0.415 mm 

after absorbing CO2 (Figures 4.18a and 4.18b). In particular, [Cho][Lys] after 

CO2 absorption produced a very low wear volume (8 × 10-5 mm3) on the disc 

(Figure 4.18d’), and the ball wear diameter was only 0.377 mm (Figure 4.18d). 

The Hertzian contact diameter (the contact patch attributable to elastic 

deformation) was 0.339 mm under the test conditions. In a reciprocating motion, 

the contact patch would inevitably be scratched from the starting point from 

standstill with a full applied load. Low-wear diameters under [Cho][Pro]+CO2 

and [Cho][Lys]+CO2 indicated that the wear during sliding was very low. 

[Cho][AA]s after CO2 absorption showed an increased friction coefficient, which 

is analysed in the following discussion. 
 

 
 

Figure 4.16. Wear-scar diameter of balls and wear volume of discs lubricated 

with different lubricants. 
 

When [Cho][Pro] and [Cho][Lys] are used as additives in PEG, CO2 

absorption reduces disc wear [Figure 4.18(e’-h’)] and friction by 60%–64% and 

15%–20%, respectively. Under lubrication of [Cho][Pro]/PEG and 

[Cho][Lys]/PEG after absorbing CO2, smooth wear surfaces with relatively 

smaller diameter were found on the balls, but much shallower furrows occurred 

along the direction of motion. In general, the solubility of these ILs decreased 

and the lubricity increased after absorbing CO2. 
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Figure 4.17. Friction coefficient curves of different lubricants. 
 
 

 
 

Figure 4.18. 3D surface profile of ball and wear tracks. (a, a’) [Cho][Pro], (b, b’) 

[Cho][Pro]+CO2, (c, c’) [Cho][Lys], (d, d’) [Cho][Lys]+CO2, (e, e’) 

[Cho][Pro]/PEG, (f, f’) [Cho][Pro]/PEG+CO2, (g, g’) [Cho][Lys]/PEG, and (h, 

h’) [Cho][Lys]/PEG+CO2. 
 

To study the mechanisms of the influence of CO2 absorption on tribological 

properties, two contributions are estimated, i.e. the contribution of an increase in 

viscosity to EHL and the contribution of the bonding between steel and a 
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lubricant (interfacial adhesion). 
 

 

Figure 4.19. Calculated film thickness and lambda value for [Cho][Pro], 

[Cho][Pro]+CO2, [Cho][Lys], and [Cho][Lys]+CO2 under roughness test and 

sliding speeds of 0.1 m/s and 0.01 m/s. 

 

Table 4.2. RMS surface roughness of worn balls (Rball) and discs (Rdisc) and 

combined roughness (Rcomb) (nm) 
 

 [Cho][Pro]/PEG [Cho][Pro]/PEG+CO2 [Cho][Lys]/PEG [Cho][Lys]/PEG+CO2 

Rball 448 482 376 1,243 

Rdisc 5,069 1,410 5,754 3,960 

Rcomb 5,089 1,491 5,766 4,150 

 [Cho][Pro] [Cho][Pro]+CO2 [Cho][Lys] [Cho][Lys]+CO2 

Rball 582 71 186 32 

Rdisc 683 162 122 158 

Rcomb 897 177 222 161 
 

The RMS surface roughness of wear surfaces and the combined roughness 

are shown in Table 4.2. It is obvious from the high roughness that the contacts 

lubricated by [Cho][AA]/PEG entered the boundary lubrication regime. The film 

thickness of [Cho][Pro], [Cho][Pro]+CO2, [Cho][Lys], and [Cho][Lys]+CO2 at 

0.1 and 0.01 m/s is shown in Figure 4.19 along with the corresponding λ value. 

[Cho][Lys] showed mixed lubrication under 0.1 m/s and boundary lubrication 

under 0.01 m/s, while [Cho][Lys]+CO2 showed lubrication in the EHL regime 

under 0.1 and 0.01 m/s, indicating that the solid surfaces were mostly separated 

with a lubricating film (the initial solid contacts from standstill cannot be 

avoided). This is associated with the low wear diameter, which was close to the 

Hertzian contact diameter. In the case of [Cho][Pro], for a relatively lower 

viscosity, lubrication was performed in the boundary regime. After absorbing 

CO2, the lubrication transferred from the boundary regime to the mixed regime. 
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For neat [Cho][AA], the resulting high wear led to an increased contact surface 

and decreased pressure. As a result, the viscosity decreased, and the friction 

coefficient was lower than that of [Cho][AA] after absorbing CO2. 

The contribution of interfacial adhesion is another factor to tribological 

properties because it is effective at avoiding direct contact under high pressure. 

With the formation of carbamate groups, the bonding between steel and a 

lubricant is enhanced through electrostatic interactions between the steel and the 

COO− groups [96, 144, 145]. After absorbing CO2 with a neat [Cho][AA], the 

reinforced interfacial adhesion can reduce direct solid contact in the mixed 

lubrication regime, while the higher viscosity of bulk lubricants leads to a higher 

friction coefficient [146]. For [Cho][AA]/PEG mixtures, [Cho][AA] improved 

the anti-wear and friction reducing properties of pure PEG by forming a robust 

protective surface film on the steel surface and reducing direct solid contact. After 

absorbing CO2, the adhered film was reinforced for the formation of COO− 

groups (Figure 4.20). As a result, further direct contact was avoided, and the wear 

and friction coefficient decreased. 
 

 
 

Figure 4.20. Speculated mechanism of improved lubricity by CO2 absorption.
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4.4  Polymerised ILs as lubricating grease for steel–steel contact 

Based on the reported thermophysical properties of PILs and the presence of 

functional groups which are advantageous for lubrication, one PIL, namely 

poly(alkylimidazolium bis(trifluoromethylsulfonyl)imide) (PImC6NTf2), was 

selected as a base material. It has been reported that PImC6NTf2 has a relatively 

lower melting point of only 65 °C and high thermal stability (with a 

decomposition temperature around 450 °C) [112, 130]. A small amount of DIL, 

1,1’-(pentane-1,5-diyl)-bis(3-butylimidazolium) bis(trifluoromethylsulfonyl) 

imide (BIm5-(NTf2)2), was added to PImC6NTf2 to decrease the crystallisation 

temperature and improve the lubricating properties. The lubricating properties of 

PImC6NTf2 and its mixture with BIm5-(NTf2)2 were investigated under severe 

operating conditions including high pressure (up to 3.5 GPa) and high 

temperature (200 °C). 

4.4.1  FTIR spectra and molecular weight 

PImC6NTf2 is a liquid at room temperature in the first several hours after vacuum 

drying at 60 °C for 12 h, and then transforms into a semi-solid with almost no 

flow ability after one day. BIm5-(NTf2)2 is an oily liquid with high flowability. 

Figure 4.21 shows the FTIR spectra of PImC6NTf2, BIm5-(NTf2)2, and 

EmimNTf2, and the characteristic peaks are descripted in D.2.1. The spectra 

confirm the synthesis of PImC6NTf2 and BIm5-(NTf2)2. The relative molecular 

weight of PImC6NTf2 obtained from GPC is 35,500. 
 

 
 

Figure 4.21. FTIR spectra of PImC6NTf2, BIm5-(NTf2)2, and EmimNTf2. 

4.4.2  Thermal properties 

The thermogravimetric curves in Figure 4.22a indicate that the synthesised PILs 
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had almost the same thermal decomposition temperature as BIm5-(NTf2)2. The 

starting decomposition temperature of the two ILs was approximately 360 °C. 

When the mass loss was 5 wt% for BIm5-(NTf2)2 and PImC6NTf2, the 

corresponding temperatures were 405.6 and 410.8 °C, respectively. The long-

term stability study at 200 °C shows that after two weeks, PImC6NTf2 and BIm5-

(NTf2)2 had very low mass losses of 0.71 and 0.79%, respectively. Their weights 

were basically unchanged after two days. The observed high thermal stability was 

attributed to the compact structure of the imidazolium ring, higher intermolecular 

interactions, and smaller free volume [61]. There was no need to consider the 

thermal influence by applying the mixture of PImC6NTf2 and BIm5-(NTf2)2 

because their thermal stabilities were so close. 
 

 

 

Figure 4.22. (a) Thermogravimetric curves of PImC6NTf2 and BIm5-(NTf2)2 and 

(b) differential scanning calorimeter curves of PImC6NTf2, BIm5-(NTf2)2, and 

96%PImC6NTf2+4%BIm5-(NTf2)2. 
 

The differential scanning calorimeter curves of PImC6NTf2, BIm5-(NTf2)2, 

and 96%PImC6NTf2+4%BIm5-(NTf2)2 are shown in Figure 4.22b. For 

PImC6NTf2, peaks at 50 and 33 °C with larger intensities were ascribed to the 

melting behaviour and crystallisation behaviour. Compared to normal room 

temperature ILs, PImC6NTf2 has a relatively higher melting and crystallising 

temperature. BIm5-(NTf2)2 experiences glass transition at ‒61 °C but exhibits no 

obvious melting or crystallisation behaviour. The melting and crystallisation 

behaviours of PImC6NTf2 are remarkably affected by adding 4%BIm5-(NTf2)2. 

No obvious melting or crystallisation behaviour for 96%PImC6NTf2+4%BIm5-

(NTf2)2 occurred; however, it experienced glass transition at ‒45 °C. The 

significant change could be caused by the destruction of ordered structures after 

adding BIm5-(NTf2)2. The presence of BIm5-(NTf2)2 retards liquid crystallisation 

and allows the fusion of a lower-melting polymorph [159]. 
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4.4.3  Viscosity characterisation 

Figure 4.23 compares the rheological behaviour of PImC6NTf2 and BIm5-(NTf2)2 

under increasing shear rates at 25 °C. PImC6NTf2 initially exhibited a very high 

viscosity of 19,054 Pa.s. As the shear rate increased, the viscosity decreased 

significantly and reached 82 Pa.s, showing an obvious shear-thinning 

characteristic [160]. In addition, it is clearly seen that the extended dashed line 

of the shear stress did not pass through point (0, 0), which reveals the 

characteristic Bingham plastic behaviour [126, 161]. The shear-thinning 

characteristic and characteristic Bingham plastic behaviour is also shown by the 

96%PImC6NTf2+4%BIm5-(NTf2)2. The rheological behaviour suggests that 

PImC6NTf2 and 96%PImC6NTf2+4%BIm5-(NTf2)2 could be classified as grease. 

Regarding BIm5-(NTf2)2, the viscosity was much lower than that of PImC6NTf2 

and slowly decreased from 0.99 Pa.s to 0.87 Pa.s. The extended dashed line of 

the shear stress closely passed through point (0, 0) and showed no obvious shear-

thinning phenomena. BIm5-(NTf2)2 can be considered as a liquid lubricant. 
 

 
 

Figure 4.23. Log-log plots of (a) shear stress and (b) viscosity as a function of 

shear rate. 

4.4.4  Tribological properties 

Lubricity under elevated high pressure 

The lubricating properties of PImC6NTf2 as a base lubricant under elevated 

pressures of 3.0 GPa and 3.5 GPa were studied, and the influence of adding BIm5-

(NTf2)2 was also investigated (Figure 4.24). Overall, PILs-based lubricants and 

BIm5-(NTf2)2 exhibit excellent lubricity under high loads. The ball wear scar 

diameters were 0.540−0.544 mm as shown in Figures 3.25(a−c) and were 

1.33−1.34 times larger than the Hertzian contact diameter (0.406 mm). With a 

similar ball wear diameter, the anti-wear ability was judged based on the wear 
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volume of the disc. The wear volume of the disc lubricated by PImC6NTf2 was 

6.47 × 10–5
 mm3, which was 53% of that by BIm5-(NTf2)2. In terms of friction 

reducing property, the friction coefficient of PImC6NTf2 was stable at 

approximately 0.103 (Figure 4.26), which is slightly higher than that of BIm5-

(NTf2)2 (0.097). Figure 4.26 shows that the two PILs-based lubricants provided 

stable friction coefficient. 96%PImC6NTf2+4%BIm5-(NTf2)2 had better anti-

wear ability than that of PImC6NTf2, and the disc wear volume was reduced by 

24%. The friction coefficient was slightly affected by adding 4%BIm5-(NTf2)2. 

 

Figure 4.24. (a) Ball wear diameter and (b) disc wear volume of BIm5-(NTf2)2, 

PImC6NTf2, and 96%PImC6NTf2+4%BIm5-(NTf2)2 at 3.0 GPa and 3.5 GPa at 

room temperature. 

The advantage of PILs-based lubricants was more pronounced as the 

pressure reached 3.5 GPa. BIm5-(NTf2)2 exhibited much higher wear at 3.5 GPa 

than at 3.0 GPa and an increase in friction coefficient. The ball of the sample had 

a 0.684 mm diameter rough wear scar (Figure 4.25d), and the disc had a deep 

wear scar with a volume of 20.20 × 10–5 mm3 (Figure 4.25d’). As tribological 

testing progressed and the wear increased, the friction coefficient increased from 

0.098 to 0.108 (Figure 4.26b). This indicates that at 3.5 GPa, the load capacity of 

BIm5-(NTf2)2 was not enough to support the solid surfaces; therefore, more solids 

were in direct contact during the friction process. As for PImC6NTf2, the ball 

wear diameter was only 0.603 mm. The disc wear scar was very slight with a 

wear volume of 6.78 × 10–5 mm3, which was 34% of that encountered by BIm5-

(NTf2)2. It was found that the disc wear at 3.5 GPa was only slightly higher than 

that at 3.0 GPa. Furthermore, the friction coefficient was very stable, and the 

mean value was almost the same as that at 3.0 GPa. After adding 4% BIm5-

(NTf2)2, the friction coefficient reduced to 0.098, but the disc wear slightly 

increased with a resultant wear volume of 8.28 × 10–5 mm3. The reduced friction 

was caused by the reduced viscosity and the enhanced flowability after adding 

BIm5-(NTf2)2. 
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Figure 4.25. 3D images of a–f) ball and a’–f’) disc lubricated by (a, a’, d, d’) 

BIm5-(NTf2)2, (b, b’, e, e’) PImC6NTf2, and (c, c’, f, f’) 96%PImC6NTf2+ 

4%BIm5-(NTf2)2 at 3.0 GPa and 3.5 GPa at room temperature. 
 

From the above results, it is found that PImC6NTf2 had advantages over 

BIm5-(NTf2)2, in particular at a high pressure of 3.5 GPa. The friction coefficient 

was reduced by adding small amounts of BIm5-(NTf2)2. 

The selected ILs in this work had the same functional groups of imidazole 

and NTf2
–, therefore, the contribution of a tribo-chemical reaction on any 

differences was ignored [147, 148]. It is generally recognised that the structure 

of an IL can effectively improve its lubricating performance. In a previous work 

investigating bis-substituted ILs, it was suggested that bis ion-pairing works to 

establish a more robust and denser adsorption film than that of their mono-

imidazolium counterparts [149, 150]. PILs are composed of well-oriented units 

resulting in the robust strength of bulk lubricants and stronger adhesion with solid 
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surfaces. In addition, the long chain structure allows PILs to easily connect and 

form a net-like protecting film, which is able to further increase the anti-wear 

properties and decrease direct solid contact. 
 

 

Figure 4.26. Online friction coefficient of BIm5-(NTf2)2, PImC6NTf2, and 

96%PImC6NTf2+4%BIm5-(NTf2)2 at 3.0 GPa and 3.5 GPa at room temperature. 

 

 

 

Figure 4.27. Proposed mechanism of anti-wear ability of PImC6NTf2. 
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Lubricity at high temperatures 

Considering the high thermal stability of PILs with NTf2
– anions, the lubrication 

performance of PILs-based lubricants was further studied at a high temperature 

of 200 °C. A comparison of the friction coefficient and disc wear volume of 

EmimNTf2, BIm5-(NTf2)2, PImC6NTf2, and 96%PImC6NTf2+4%BIm5-(NTf2)2 is 

shown in Figure 4.28. BIm5-(NTf2)2, PImC6NTf2, and 96%PImC6NTf2+ 

4%BIm5-(NTf2)2 exhibited excellent lubricating performances at 200 °C. The 

disc wear volume was 3.32 × 10–5, 4.78 × 10–5, and 3.85 × 10–5 mm3, respectively. 

The disc wear volumes were 12−17% that of EmimNTf2, and the friction 

coefficient was lower than that of EmimNTf2. The 96%PImC6NTf2+ 4%BIm5-

(NTf2)2 had better anti-wear and friction-reducing properties than that of neat 

PImC6NTf2, and compared to BIm5-(NTf2)2, the disc wear volume was slightly 

higher but had a lower and more stable friction coefficient. 

 

Figure 4.28. Friction coefficient and wear of different IL lubricants at 200 °C 

and 2.0 GPa. 
 

Itoga et al. reported that NTf2-based ILs did not show excessive corrosive 

wear even at high temperatures up to 200 °C [148]. At high temperatures, the 

viscosity of ILs is significantly reduced [62], and it is easier for the lubrication to 

enter the boundary regime. The higher viscosity of BIm5-(NTf2)2 and PImC6NTf2 

is beneficial to reduce solid contact during the friction process. More attention 

should be paid to the solid–liquid interface with packed ILs. BIm5-(NTf2)2 and 

PImC6NTf2 with stronger ion-pairing result in a robust and dense boundary film. 

Perhaps the intermolecular interaction and molecule size for neat PILs are too 

high, making it difficult for the lubrication to enter into the gaps between the 

solids [148]. In this situation, adding a small amount of BIm5-(NTf2)2 will 

weaken the strong interaction between PILs and allow the lubrication to fill the 

gaps, resulting in a reduction of both wear and friction.
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4.5  Nanoparticles as additives for ionic grease 

Inspired by novel IF-MoS2 in hollow structures and the suggestion that weak 

interaction between MoS2 and graphene favours friction reduction and anti-wear 

properties, HIF-MoS2/RGO nanocomposites were synthesised by a hydrothermal 

method followed by annealing. HIF-MoS2/RGO was added into an ionic grease 

to study its lubricating behaviour. For comparison purposes, commercial MoS2 

nanoparticles and single and physically mixed forms of RGO or HIF-MoS2 were 

studied. The load-carrying capacity of HIF-MoS2/RGO-reinforced grease was 

also examined. 

4.5.1  Characterisation of HIF-MoS2/RGO nanocomposites 

The theoretical ratios of MoS2 and RGO in the nanocomposites were calculated 

based on the weights of the intermediate products (MoSx or MoSx/RGO) and final 

products (MoS2 and MoS2/RGO). The ratios of MoS2/RGO with low, medium, 

and high MoS2 loading were 1:1.81, 1:0.46, and 1:0.23, respectively. The 

MoS2/RGO nanocomposites with low, medium, and high MoS2 loading are 

written here as HIF-MoS2/1.81RGO, HIF-MoS2/0.46RGO, and HIF-

MoS2/0.23RGO, respectively. 

 

Figure 4.29. FESEM images of (a, e) HIF-MoS2/1.81RGO, (b, f) HIF-

MoS2/0.46RGO, (c, g) HIF-MoS2/0.23RGO, and (d, h) HIF-MoS2 at different 

magnifications. 
 

SEM images of HIF-MoS2/RGO nanocomposites and neat HIF-MoS2 at 

different magnifications are shown in Figure 4.29. It is obvious that the content 

of MoS2 nanocages on RGO increased with an increase in the MoS2 content. The 

observed aggregated MoS2 nanocages shown in Figure 4.29c suggest that a 

higher MoS2 content leads to aggregation problems. From the higher magnified 

images of HIF-MoS2/RGO (Figures 4.29(e–g)), clear ball-on-plate structures are 



Chapter 4. Summary of results 

79 

observed. The size of HIF-MoS2 on RGO was relatively smaller than that of neat 

HIF-MoS2, which may have been caused by the confinement of the GO 

nanosheets. There was sparse free-particle growth in the solution attributed to the 

interactions between the functional groups on the GO sheets and the Mo 

precursors in a suitable solvent environment [162]. In Figure 4.30h, a broken 

MoS2 shows the hollow structure of MoS2. 

HIF-MoS2/0.46RGO was selected for the TEM and EDS studies, and the 

results are shown in Figure 4.30. By combing TEM images and EDS results, it 

was confirmed that the MoS2 particles formed as nanocages on the RGO, and the 

adhered particles were MoS2. The adhered MoS2 particles did not take part in the 

formation of HIF-MoS2 but acted as a connecting bridge between HIF-MoS2 and 

RGO (Figure 4.30c). The high-resolution image in Figure 4.30e shows lattice 

fringes of the (002) plane for MoS2 with a d-spacing of 0.62 nm, suggesting the 

formation of highly crystalline MoS2. 

 

Figure 4.30. (a–e) TEM images of HIF-MoS2/0.46RGO at different 

magnifications and (f–i) EDS results. 
 
 

 

Figure 4.31 (a) Raman spectra of RGO, HIF-MoS2, and HIF-MoS2/RGO and (b) 

XRD patterns of RGO and two HIF-MoS2/RGO nanocomposites. 
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The Raman spectra of HIF-MoS2/RGO nanocomposites and RGO and HIF-

MoS2 are compared in Figure 4.31a, and the neat RGO and MoS2 respective 

spectra at (~1350 cm–1, ~1580 cm–1) and (~378 cm–1, ~405 cm–1) are shown. The 

HIF-MoS2/RGO shows the respective spectra of both RGO and MoS2. The signal 

intensity of MoS2 increased with an increase in the MoS2 loading, which suggests 

a controllable loading of MoS2 on RGO. Neat RGO exhibited an XRD diffraction 

peak at 2 = 26° corresponding to the (002) plane [163]. The XRD diffraction 

peaks of MoS2 (3.31b) were in accordance with those established by JCPDS card 

number 37-1492, indicating that the MoS2 on the RGO had high crystallinity. 

With an increase in RGO, the intensity of all the diffraction peaks of MoS2 

decreased for the inhabitation by RGO [164]. From the N2 adsorption/desorption 

isotherm (Figure 4.32), a distinct hysteresis loop was identified at a relative 

pressure of 0.1–0.9, demonstrating the presence of a mesoporous structure. HIF-

MoS2/0.46RGO had the highest BET surface area of 336 m2g–1. With an increase 

in MoS2 loading, the BET area decreased because of the aggregation of MoS2. 

The BET results were in accordance with the morphology study. 
 

 

Figure 4.32. Nitrogen adsorption/desorption isotherms of HIF-MoS2/RGO 

nanocomposites and SBET inserted. 
 

Based on the analysis, the formation process of MoS2/RGO is illustrated in 

Figure 4.33. Briefly, the (NH4)2MoS4 precursor was reduced to MoSx on the GO, 

and the GO transformed to RGO by hydrazine reduction [165]. The generated 

NH3 acted as a template to form nanocages surrounded by MoSx [134]. At the 

same time, some of the MoSx nanoparticles lay flat on the RGO and acted as an 

interlayer between the produced MoSx nanocages and RGO [162]. As a result, a 

bubble-on-plate structure was fabricated. After removing the ions and annealing, 

the HIF-MoS2/RGO nanocomposites were successfully synthesised. 
 



Chapter 4. Summary of results 

81 

 

Figure 4.33. Schematic illustration of formation of HIF-MoS2/RGO hetero-

structure bubble-on-plate structure. 

4.5.2  Viscosity study 

As shown in Figure 4.34, a typical ‘shear-thinning’ phenomenon was observed 

in these greases because of the weakened hydrogen bonding at a higher shear rate 

[126]. After adding RGO and HIF-MoS2/0.46RGO, the viscosity increased, 

particularly at a higher shear rate. The grease reinforced with RGO had a higher 

viscosity than that of the HIF-MoS2/0.46RGO because the same loading of RGO 

provided a larger volume and interface with the grease which restricted the flow 

of grease. Figure 4.34c shows the change of neat grease and HIF-

MoS2/0.46RGO-reinforced grease which were placed upside down for 24 h. It 

was found that neat grease flowed slowly down, while the HIF-MoS2/0.46RGO-

reinforced grease still adhered to the bottom of the vessel. 
 

 
 

Figure 4.34. Log-log plots of (a) shear stress and (b) viscosity as a function of 

shear rate; (c) photographs of neat grease (left) and HIF-MoS2/0.46RGO-

reinforced grease (right) after being upside down for different lengths of time at 

25 °C. 
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4.5.3  Tribological properties and lubricating mechanism 

The results of wear including disc wear volume and ball wear diameter are shown 

in Figure 4.35. The calculated Hertzian contact diameter (contact patch 

attributable to elastic deformation) at 2.5 GPa was 0.339 mm. In a reciprocating 

motion, the contact patch is inevitably scratched starting from standstill with a 

full applied load. The 0.1% HIF-MoS2/0.46RGO at 2.5 GPa had the lowest ball 

wear scar diameter of 0.498 mm, which is approximately 1.5 times the Hertzian 

contact diameter, indicating that the lubrication under the selected conditions 

(≥2.5 GPa) was performed under boundary lubrication. Typical 3D microscopic 

images of disc and ball wear tracks are shown in Figure 4.36. The disc wear 

volume was the determining factor of wear. If the ball wear diameter is the same, 

a lower disc wear volume indicates a higher anti-wear performance. The friction 

coefficients are shown in Figure 4.37. 
 

 

 

Figure 4.35. Disc wear volume and ball wear diameter lubricated by greases with 

different additives at (a, b) 2.5 GPa and (c, d) 3.0 GPa. 
 

At 2.5 GPa (Figure 4.35a), additives at even very low loadings increased the 

anti-wear performance of the grease. Compared to neat grease, the friction 

coefficient was hardly influenced by the additives (Figures 37(a–d)). HIF-

MoS2/0.46RGO had the best performance among the additives. Loading with 

0.1% HIF-MoS2/0.46RGO resulted in the lowest wear which was 67% lower than 

that of neat grease. 3D microscopic images show that the ball wear track under 

the lubrication of 0.1% HIF-MoS2/0.46RGO-reinforced grease was very smooth, 
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and the disc had a slight and shallow wear tack. 

It also shows that the synthesised HIF-MoS2 had a better anti-wear 

performance than that of commercial MoS2 nanoparticles. Among the RGO-

reinforced greases, the grease with a loading of 0.2% RGO had the lowest wear 

but the highest friction coefficient. By comparing the online friction coefficient 

of greases with different RGO loadings, it was found that the friction coefficient 

first decreased with an increase in wear but increased once the wear became 

severe. In addition, the HIF-MoS2/0.46RGO-reinforced greases achieved high 

anti-wear and low friction coefficient properties at the same time. The HIF-

MoS2/0.46RGO also demonstrated better anti-wear performance than that of the 

physically mixed HIF-MoS2 and RGO. 
 

 

Figure 4.36. 3D microscopic images of disc wear tracks. Neat grease, 0.2% RGO, 

0.4% HIF-MoS2, 0.1% HIF-MoS2/0.46RGO, and 0.4% MoS2-200 nm at (a−e) 

2.5 GPa and (f−j) 3.0 GPa, respectively. (a’−j’) 3D microscopic images of ball 

wear tracks sliding against (a–j), respectively. 
 

Under a load of 3.0 GPa, the wear of neat grease increased sharply. The HIF-

MoS2/RGO had the best anti-wear performance. The 0.1% HIF-MoS2/0.46RGO 

resulted in a disc wear of only 3.1 × 10-5 mm3, which was 96% lower than that of 

neat grease at 3.0 GPa. Friction coefficient results show that only the HIF-

MoS2/RGO-reinforced greases maintained a stable friction coefficient between 

0.079 and 0.084, indicating a good lubricating property, while the other additives 

exhibited an increased friction coefficient because of the severe wear loss and 
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rough surface. 

It was unexpected that the RGO led to an increase in wear, and the friction 

coefficient quickly (after 3 min) increased. The wear tracks under the lubrication 

of RGO were very rough, as shown in Figure 4.36g and Figure 4.36g’. It was 

assumed that the obvious increase in the friction coefficient was the result of the 

physical property changes after adding RGO. The performance of the studied 

grease is significantly affected by the hydrogen bonds [126]; hence, RGO 

nanosheets with a large specific surface will prevent hydrogen bonding between 

grease resulting in a deteriorated lubricity. 
 

 
 

Figure 4.37. Online friction coefficient of greases reinforced with different 

additives at (a–d) 2.5 GPa and (e, h) 3.0 GPa. 
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Figure 4.38. (a–d) HIF-MoS2/0.46RGO as additive after friction test at 3.0 GPa 

for 4 h and (e–h) EDS results of HIF-MoS2/0.46RGO in (d). 
 

The HIF-MoS2/0.46RGO had a much better lubricating performance than 

that of the physically mixed HIF-MoS2 and RGO. The morphology and 

microstructure of HIF-MoS2/0.46RGO additive after test sheds more insight into 

its high performance. A great number of additives maintained their original 

structure after the friction test at 3.0 GPa for 4 h (Figures 4.38a and 4.38b), 

indicating that they retained very good properties. Figure 4.38c shows a typical 

image of the HIF-MoS2/0.46RGO additive. It was observed that most HIF-MoS2 

nanocages fell off the RGO sheets. From the magnified image, deciduous 

nanocages were found (Figure 4.38d). In the SEM test, we examined many fields 

containing deciduous nanocages where almost none of the nanocages were 

broken. The well-preserved condition of the HIF-MoS2/RGO nanocages reveal 

that the sliding ball peeled away from the nanocages without breaking them. 

Furthermore, the EDS results in Figures 3.38(e–h) show that most of the RGO 

was still covered with MoS2 sheets formed in the synthesising procedure. 

With this high lubricating performance, it is of great interest to investigate 

the load-carrying capacity of HIF-MoS2/RGO-reinforced grease. The ball wear 

diameter and friction coefficient for neat grease and reinforced grease under 

increased pressures are compared in Figure 4.39. Optical images of the ball wear 

and disc wear tracks and online friction coefficient curves are shown in Figure 

4.40. The stable friction coefficient and the ratio of ball wear scar to Hertzian 

contact diameter (R/Rc) are important factors in evaluating lubrication 

performance. The friction coefficient at 3.0 GPa achieved from the CFT-I tester 

was 0.075, while that of the SRV-III was 0.078. This small difference may have 

been caused by the machine differences or by the test result deviations. Overall, 

the reinforced grease had a smaller ball wear scar, smooth wear surface, and 

lower friction coefficient up to 4.1 GPa. At 4.3 GPa, both the friction coefficient 
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and R/Rc for the reinforced grease increased, and the wear surfaces were much 

rougher than those at 4.1 GPa. It was assumed that the reinforced grease was able 

to maintain a good lubricating performance at 4.1 GPa. However, the neat grease 

lost efficient lubrication at 3.0 GPa, which is in accordance with the SRV result. 
 

 
 

Figure 4.39. (a) Ball wear diameter and the ratio of ball wear diameter to 

Hertzian contact diameter (R/Rc) and (b) friction coefficient for neat grease and 

HIF-MoS2/RGO-reinforced grease at increasing pressure. 
 

The study by Mu et al. revealed that the formation of strong ionic grease 

films by physical adsorption contributes to the outstanding tribological properties 

of the grease [126]. In this work, no MoS2 transfer was observed based on the 

FESEM images, EDS results, and Raman spectra at 3.0 and 4.3 GPa (Figures 

4.40g and 4.40h). In other words, HIF-MoS2/RGO additives do cause tribo-

chemical reactions or strong physical absorption with metal surfaces. The 

improved performance of HIF-MoS2/RGO reinforced grease was determined by 

the bubble-on-plate structure of HIF-MoS2/RGO during the friction test which 

was removed by ultrasonic cleaning. The speculated mechanism of the excellent 

performance of HIF-MoS2/RGO is illustrated in Figure 4.41. HIF-MoS2/RGO 

additives were rolled into the contact surfaces for the sliding of the steel ball. 

Compared with RGO nano-sheets, the nanocages on RGO increased the gap 

between the solid surfaces and acted as rolling balls between the RGO and steel. 

Compared with neat HIF-MoS2, RGO helped drag MoS2 into the contact area and 

made the MoS2 inside the contact area more stable and difficult to squeeze out. 

The bubble-on-plate structure effectively reduced the direct contact between the 

steel ball and steel disc to reduce the friction coefficient and wear loss. Even after 

the MoS2 nanocages were exfoliated or broken, the MoS2 film still maintained 

the lubricating performance. 
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Figure 4.40. Optical images of ball and disc wear tracks and online friction 

coefficient curves of (a–d) HIF-MoS2/RGO-reinforced grease and (e, f) neat 

grease with increasing pressure. FESEM images, EDS results, and Raman spectra 

of disc wear tracks lubricated with HIF-MoS2/RGO-reinforced grease at (g) 3.0 

GPa and (h) 4.3 GPa. 
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Figure 4.41. Speculated mechanism of lubricating effect of HIF-MoS2/RGO 

nanocomposite. 
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Chapter 5 

 

Conclusions 

 

  

This work done in this thesis has realized the effective lubrication or improved 

lubricating performance of ILs for different contacts, and provided an improved 

and broader tribological application for ILs. The following conclusions can be 

drawn based on this work. 

For PEEK–steel contact, stable low friction and ultra-low wear were 

achieved when the contacts were lubricated by IL [Bmim][PF6], even when the 

applied load reached 1,500 N. PEEK will fail under a 800 N load when the 

contact was under a dry friction condition or lubricated by commercially 

available lubricating oils. To improve the high-temperature performance of ILs 

and avoid the potential corrosion problems of traditional halogen-containing ILs, 

a series of hf-ILs were synthesised and used to lubricate PEEK–steel contact at 

temperatures as high as 160 °C. The wear volume and friction coefficient of 

PEEK lubricated by hf-ILs can be decreased to 3% and 13% of those lubricated 

by ILs containing halogen. In addition, hf-ILs with longer alkyl chains showed 

higher wettability and better friction-reducing properties. 

For steel–steel contact under boundary lubrication, the interfacial adhesion 

between ILs and solids is a key factor. CO2 significantly improves the lubricating 

performance of amino acid-based ILs. In general, the solubility of ILs was 

decreased and their lubricity was improved after absorbing CO2, which is 

strongly related to their functional group (amino group) interactions with CO2. 

The formation of carbamate groups significantly increased the viscosity resulting 

in less-solid contact and strengthens the interfacial adhesion between ILs and 

solids. For harsh conditions, i.e. at 3.0–3.5 GPa and 200 °C, a PIL was prepared 

as a high-performance lubricating grease with excellent anti-wear performance. 

Adding a small amount of normal ILs to the PIL not only decreased the 

crystallisation temperature, but also increased the lubricating performance. 



Chapter 5. Conclusions 

90 

A new type of nano-filler (HIF-MoS2/RGO) was synthesised to investigate 

its effect on the lubricating performance of ionic grease. A bubble-on-plate 

structure was realised on HIF-MoS2/RGO. HIF-MoS2 nanocages templated with 

the generated NH3 were connected to the RGO through interlayered MoS2. It was 

found that HIF-MoS2/RGO had the best lubricating performance among all the 

tested nano-fillers. The HIF-MoS2/RGO-reinforced grease maintained a very low 

friction coefficient and wear volume at pressures up to 4.1 GPa, while MoS2 and 

RGO exhibited relatively high wear volume, even at 3.0 GPa. It is proposed that 

HIF-MoS2 nanocages on RGO act as rolling balls during friction and result in a 

greater steel-contact separation. In addition, the wear of a solid surface is greatly 

reduced because the filler effectively prevents the direct contact of solid surfaces.
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Chapter 6 

 

Future work 

 

 

The contacts of polymer–steel and steel–steel were effectively lubricated by the 

ILs used in this work. The tribo-chemical reaction and interfacial adhesion 

between ILs and solids are thought to be key factors in the improvement of 

boundary lubrication. However, unlike the influence of viscosity, which can be 

quantitively obtained, it is still difficult to clearly describe the relationship 

between tribo-chemical reaction and interfacial adhesion and their effect on 

lubrication. It would be of significant benefit to achieve a quantitative 

relationship that considers the molecular interaction between ILs and solid 

surfaces or surfaces with tribo-chemical products. 

In this thesis, the added MoS2, RGO and MoS2/RGO are well dispersed in 

the ionic grease and are able to further improve the lubricating properties. 

However, for liquid lubricants including liquid ILs, it remains a problem to get 

well dispersed lubricants containing inorganic nanoparticles or nanocomposites. 

The main reason is the absence of functional linking groups. In the further work, 

this problem could be solved by grafting organic functional groups, which work 

as surfactants. 

The high price and electrochemical corrosion of neat ILs as lubricant are 

still common enough to deserve our attention in wide application. Applying ILs 

as lubricant additives is very potential. Except directly applying PILs as 

lubricating grease in this thesis, preliminary attempts have been made on the 

tribological study of them as additives in PEG. PILs/PEG containing 1 wt% PILs 

showed much better performance than PEG, and even better than neat ILs of 

[Emim][NTf2]. It would be interesting to study the structure influence on PILs’ 

lubricating properties as additives.
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Abstract 

Engineering polymers with high glass transition temperature have been widely 

used in dynamic friction systems by oil or solid lubrication. However, in high-

load systems, oil lubrication is less efficient due to the viscosity decrease at 

higher temperatures induced by friction heat. [Bmim][PF6] ionic liquid was used 

and compared with traditional L-HM46 oil and solid PTFE. Taking advantage of 

high [Bmim][PF6] viscosity, strong steel-[Bmim][PF6] but poor PEEK-

[Bmim][PF6] interaction, the [Bmim][PF6] lubricated PEEK–steel slide falls in 

hydrodynamic lubrication and elastohydrodynamic lubrication region under 150-

1500N. While the oil and PTFE both failed to lubricate under 800 N. 
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A.1  Introduction 

Engineering polymers with high glass transition temperature are widely used as 

self-lubricating materials sliding against metals in dynamic friction systems, 

mainly because the soft polymer chain can form transfer films on the metal 

surface, giving lower friction coefficient and wear than other materials [1]. 

However, the major limitation by using engineering polymers in dynamic friction 

system is their intrinsic higher friction coefficient compared with oil lubricated 

contacts and the relatively poor thermal conductivity, both will lead to fast 

accumulation of friction heat especially under high load and velocity [2,3]. 

Without cooling, the temperature rise at the contact surface is proportionally 

related to the friction coefficient, sliding velocity and applied load [4]. Friction 

heat generates at the contact interface and dissipates to the bulk body via heat 

diffusion. Once the surface temperature reaches the glass transition temperature 

(mostly also the maximum working temperature), polymer chain softening will 

occur and eventually lead to fatigue [5]. 

To reduce the friction and wear of the polymers, two major approaches are 

widely used: (1) incorporate solid lubricants in polymer matrix and (2) introduce 

liquid lubricants between friction parts. Solid lubricants, such as 

polytetrafluoroethylene (PTFE), graphite and MoS2, are often used as a blended 

component in polymer composites to serve as internal lubricants [6-8]. During 

friction, solid lubricants facilitate the formation of a third-body transfer film and 

thus decrease the friction and wear [9]. Solid lubrication does not require external 

lubricants, which provides great convenience to implement in existing systems 

and is more economic. The other advantage of solid lubrication is the wide 

window of operational temperature [10]. However, there are two primary 

disadvantages with solid lubrication, i.e., relatively high friction coefficient and 

low strength/toughness of polymer/solid lubricant composites [2,11,12]. 

On the occasion of high load and velocity, external liquid lubricants such as 

mineral oils and greases are mostly used. These liquid lubricants tend to adhere 

to the sliding interfaces by physical or chemical interaction and form a low 

friction liquid film. The liquid film prevents direct solid/solid contacts, reduces 

friction coefficient and dissipates friction heat more efficiently [13]. Generally, a 

strong solid-liquid interaction and continuous liquid film formation are required 

to reduce friction and wear [14]. However, it brings more challenge when the 

friction occurs in extremely high load without cooling system due to the low 

thermal-stability and decreased viscosity of conventional lubricating oil in 
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association with large amount of friction heat. 

Ionic liquids (ILs) with fluoroanions and imidazole rings have been 

demonstrated effective lubricants in various contacts especially for metallic 

surfaces [15-17]. Recently, an increasing attention has been paid to design task-

oriented novel ILs [18-21]. The negligible volatility, high load-carrying capacity 

and superior thermal stability properties make ILs ideal candidates as liquid 

lubricants for friction under severe conditions like high vacuum, high load, high 

temperature, etc. However, unlike metallic surfaces, engineering polymers 

themselves are usually chemically inert, ILs can hardly adsorb onto them. Will 

ILs therefore be effective in friction and wear reduction for PEEK–steel contact 

under high loads? 

Polyetheretherketone (PEEK) is one kind of high performance engineering 

polymer, which has promising applications in tribological systems such as 

bearings, gears, thrust washers and seals for automobiles [9,22,23]. To the best 

of our knowledge, nevertheless PEEK can stand high load and temperature, there 

are no reported successful examples to apply PEEK composites in high-load 

conditions without cooling system [11,24]. Also, very rare work has been done 

to apply ILs as lubricant for engineering polymer/metal contact systems. In this 

work, we used a commercial ionic liquid [Bmim][PF6]: 1-butyl-3-

methylimidazolium hexafluorophosphate as external lubricant for PEEK sliding 

against steel under loads till 1500 N without cooling system, the linear velocity 

is 0.7 m/s. The antifriction and anti-wear performance of [Bmim][PF6] were 

studied and compared with traditional external lubricating oil: L-HM46 anti-wear 

hydraulic oil, as well as internal solid lubricant PTFE. After friction and wear 

tests, surface morphologies of both polymer and metal were studied by SEM-

EDX and AFM. For the two external lubricants, viscosity influence during sliding 

was analysed, and it was further used to investigate the lubrication regime in 

Stribeck curve. 

A.2  Experimental 

A.2.1  Materials preparation 

PEEK powder in 10 μm size was purchased from ICI Company (Victrix 450P, 

commercial product; UK). PTFE powder in 25 μm size was supplied by DuPont 

(7A-J, commercial product; USA). L-HM46 (SINOPEC, China) [28] and 

[Bmim][PF6] (99%; Linzhou Keneng Materials Technology Co., Ltd., China) 

were used as received. The main properties which affect the lubricating properties 

are listed in Table 1. 
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Table 1. The main properties of L-HM46 and [Bmim][PF6] 
 

External lubricants L-HM46 [Bmim][PF6] 

Main components Neutral mineral oil [Bmim][PF6] 

Main multifunctional additive ZDDP (Zn ≤ 0.12 wt%) / 

Kinetic viscosity at 40 ºC (mm2/S) 45.9 89.1 [25] 

Viscosity index 97 172 [26] 

Surface tension at 40 ºC (mN/m) 43.4–48.8 31.85 [27] 

Density at 20 ºC (kg/m3) 872.8 1370.0 
 

The chemical structures of PEEK, the main components of L-HM46 base 

oil (neutral mineral oil, mainly hydrocarbons) and the main functional additives 

of L-HM46: zinc dialkyldithiophosphate (ZDDP) and [Bmim][PF6] are shown in 

Fig. 1 [26,29]. The counterpart steel is AISI304 austenitic stainless steel (nominal 

chemical compositions: 18.51 wt% Cr, 9.42 wt% Ni, 2.12 wt% Mn, 0.07 wt% C 

and balance Fe), which exhibits excellent anticorrosion performance in ILs based 

on imidazolium derivatives with different substituents and anions [30]. The 

counterpart has an external diameter of 32 mm, an inner diameter of 16 mm, and 

a thickness of 2 mm (Fig. 2c). The oil cup is also made of AISI304 austenitic 

stainless steel with an inner diameter of 55 mm and a wall thickness of 2.5 mm. 

A.2.2  Preparation of PEEK composites 

 

 
 

Fig. 1. Chemical structures of PEEK, main components of L-HM46 base oil, 

ZDDP and [Bmim][PF6]. 
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PEEK and PTFE powders were dried at 120 ºC for 12 hours before use. Then, 

PTFE and PEEK were blended to produce a well-mixed powder with 16 vol% 

PTFE [31]. Both pure PEEK and PTFE/PEEK samples were processed by high-

temperature compression moulding at 355 ± 5 ºC and 10 MPa for 90 minutes. 

After that, the specimens were cut into a shape with an external diameter of 26 

mm, an inner diameter of 22 mm, and a shoulder height of 2.5 ± 0.2 mm (Fig. 

2b). The specimens and counterparts were polished with P400, P800 and P1200 

grinding paper in sequence for smooth surface and uniform contact with a 

roughness value of 40 ± 5 nm Ra, and then subjected to ultrasonic cleaning in 

ethanol for 5 minutes. After it, the specimens were dried in oven at 105 ºC for 10 

h to remove the ethanol and water. 
 

 
 

Fig. 2. Schematic diagram of lubricating ways and frictional contact parts (Unit: 

mm). 
 

A.2.3  Wettability of liquid lubricants 

A SL2008 automatic contact angle detector was used to calculate the wettability 

of L-HM46 and [Bmim][PF6] on the specimens’ surfaces before friction. 
 

Table 2. Details of Different Lubricating Systems. 
 

Number PEEK composites Lubricants 

1 16 vol%PTFE/PEEK Internal PTFE 

2 PEEK External L-HM46 

3 PEEK External [Bmim][PF6] 
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A.2.4  Friction and wear test 

The friction tests were performed on three different systems as summarized in 

Table 2, and the schematic diagrams of solid lubrication and liquid lubrication 

are shown as Fig. 2d. The testing configuration is schematically illustrated in Fig. 

2a with ring shaped specimen rotating on a stainless-steel disc on MPX-2000 

friction and wear tester (Xuanhua Testing Factory, China). For friction test with 

external liquid lubricants, the liquid was added before the specimens were 

brought into contact, and the liquid level was kept at ~2 mm above the 

counterpart surface. Tests were performed at ambient conditions (temperature 25 

± 5 ºC, relative humidity 50 ± 5%) without temperature control. The normal loads 

applied on the specimen ranged from 150 to 1500 N, and a linear velocity of 0.7 

m/s was applied. The corresponding PV values (pressure times velocity) were 

0.7–7 MPa·m/s. The test duration was fixed at one hour. 
 

 
 

Fig. 2. Schematic diagram of frictional contact parts (unit: mm) 
 

The values of the friction coefficient for each test were calculated by 

averaging the steady-state friction coefficients. The contact surface temperature 

was measured with a thermocouple in the counterpart, which was 0.2 mm 

underneath the direct contact surface (Fig. 2a). For PTFE/PEEK, wear rate is 

directly measured from the specimen weight loss after friction test. With liquid 

lubrication, specimens were subjected to ultrasonic cleaning in ethanol for 5 

minutes to remove the lubricant, and then the specimens were dried in oven at 

105 ºC for 10 h so that the weight loss could be determined. The specific wear 

rate, W (cm3/Nm), was calculated by using the equation: W = Δm/(ρ×N×L), where 

Δm is the specimen’s mass loss after test (g), ρ is the density of the specimen 
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(g/cm3), N is the normal load (N), and L is the total sliding distance (m) [32]. 

Three replicate tests were carried out and the average of the three replicates was 

reported. 

Friction and wear tests were carried out with the configuration of a PEEK 

ring rotating on 304ss counterpart immersed in ILs, which was in accordance to 

the diagram shown in Fig. 2. The temperature was measured at a distance of 0.5 

mm below the direct contact surface of counterpart. Tests were performed under 

80 ± 1 °C and 160 ± 5 °C, 300 N, at a linear velocity of 0.7 m/s. The 

corresponding PV value (pressure × velocity) was 1.4 MPa·m/s. The relative 

humidity was 50 ± 5% and the sliding duration was 4 h. After friction and wear 

tests, PEEK and the counterpart were cleaned with ethanol. Then PEEK was 

dried at 120 °C for 12 h before weighting, the counterpart was cleaned with tissue 

and weighted directly. The specific wear rate, Wc (mg/(min·m2)), of PEEK was 

calculated by using the equation: 
 

Wc = ΔmPEEK/(Sw×t) (2) 
 

where ΔmPEEK is the specimen’s mass loss (g), Sw is contact surface area of 

PEEK–steel (m2), t is the duration of the friction test (minute). The coefficient of 

friction (COF) for each test was calculated by averaging the steady-state values. 

Three replicate tests were carried out and the average value was reported. 

Because the decomposition of ILs may lead to acidic products and enhanced 

corrosion, to find the influence, the pH values of ILs after friction were also 

tested. The weight loss of counterpart was measured, which is composed of the 

wear mass and dissolution mass caused by corrosion. To just consider the 

dissolution mass, a cuboid steel (10 × 10 × 2 mm) was immersed in ILs before 

friction test. After test, the mass loss of the cuboid steel (𝛥𝑚𝑑) was obtained and 

the dissolution rate of the counterpart was considered the same with the cuboid. 

Then, the dissolution of the counterpart (𝛥𝑚𝑑𝑐) was calculated by using Eq. (3). 

The dissolution rate of steel, D (mg/(min·m2)), and wear rate of counterpart, 𝑊𝑐 

(mg/(min·m2)), were calculated by using the Eqs. (4) and (5): 
 

𝛥𝑚𝑑𝑐 = 𝛥𝑚𝑑 ⋅ (𝑆𝑐/𝑆𝑑) (3) 
 

𝐷 = 𝛥𝑚𝑑/(𝑡 ⋅ 𝑆𝑑) (4) 
 

𝑊𝑐 = (𝛥𝑚𝑐 − 𝛥𝑚𝑑𝑐)/(𝑡 ⋅ 𝑆𝑤) (5) 
 

Where 𝛥𝑚𝑑 and 𝛥𝑚𝑐 are the mass loss of cuboid steel and counterpart ring 
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(mg), t is the duration of the friction test (min), 𝑆𝑑 and 𝑆𝑐 are the surface area 

of the cuboid steel and counterpart ring (m2). 

A.2.5  Friction surface studies 

After friction and wear tests under increased applied loads, the morphology of 

worn surface and transfer film was examined by scanning electron microscopy 

(SEM) (model Quanta-200). The atomic force microscopy (AFM, model 

Dimension ICON, Bruker, USA) was used to further study the nanoscale surface 

morphologies of PEEK and counterpart lubricated with [Bmim][PF6]. AFM was 

operated in tapping mode in air by silicon cantilevers with the spring constants 

of 40.0 N/m. Image scan size was 10 µm × 10 µm with scan speed of 1.00 Hz. 

AFM data have been analysed by the second order flattening using NanoScope 

Analysis (version 1.40) software. The elemental distribution in the counterpart 

worn surfaces lubricated with L-HM46 and [Bmim][PF6] was investigated with 

field emission scanning electron microscopy (FESEM) and energy dispersive X-

ray spectroscopy (EDX) using a Hitachi S-4800 system (FEI, Japan) at 20 ± 2 ºC. 

For high temperature test, the worn surface morphologies of PEEK and 

304ss were investigated by a scanning electron microscopy (QUANTA-200 

SEM). To study the tribo-chemical reactions, the elemental distribution in the 

counterpart worn surfaces was investigated with field emission scanning electron 

microscopy (FESEM) with Everhart-Thornley Detector (ETD)-Secondary 

Electron images and energy dispersive X-ray spectroscopy (EDX) using a 

Hitachi S-4800 system (FEI, Japan) at 20 ± 2 ºC. From ETD images, change of 

materials on the counterparts can result in different shade values [44]. The EDX 

operates at an accelerating voltage of 20 kV. The elements of N, O, F, P, Mn, Fe 

and Ni were analysed. 
 

A.3  Results and discussions 

A.3.1  Wettability of liquid lubricants 

The contact angles of L-HM46 and [Bmim][PF6] on the specimens’ surfaces 

before friction are shown in Table 3. We can find [Bmim][PF6] has poorer 

wettability compared to L-HM46. 
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Table 3. The contact angle of L-HM46 and [Bmim][PF6] on the sliding surfaces. 
 

Liquids 
Contact angle 

PEEK Steel 

L-HM46 
9.7±1.4° 

 

 

10.8±1.9° 

 

 

[Bmim][PF6] 
51.2±1.0° 

 

 

52.6±1.0° 

 

 
 

A.3.2  Antifriction and anti-wear performance 

The friction coefficients and contact temperature of PEEK–steel contact 

lubricated with internal PTFE, external [Bmim][PF6] and L-HM46 are shown in 

Fig. 3a. The wear rates of PEEK with different lubricants are summarized in Fig. 

3b. For PEEK/PTFE under dry friction, the friction coefficient and wear rate 

decreased continuously from 150 to 700 N, but increased at 800 N and failed with 

a serious fatigue. The primary reason for the fatigue failure is the accumulated 

heat at relatively high friction coefficient. The contact temperature is positively 

related to the friction coefficient, sliding velocity and applied load (T ~ μ×V×N, 

μ is friction coefficient) [4], when the decrease of μ is less than the increase of N, 

the contact temperature T will increase. Softening of PTFE/PEEK becomes 

dominant and therefore results in greater flow and ductility. Another reason is 

that the load-carrying capacity of PEEK/PTFE is deteriorated by adding internal 

PTFE [11]. 

For PEEK under liquid lubrication ([Bmim][PF6], L-HM46) at low loads of 

150‒350 N, the friction coefficients were only 29‒42% of PTFE/PEEK, and the 

contact temperature (47-59 ºC) were much lower than PTFE/PEEK (122‒163 

ºC). [Bmim][PF6] gave a little higher friction coefficient than L-HM46, and better 

anti-wear performance. By using [Bmim][PF6], PEEK–steel remains low friction 

coefficient, contact temperature and wear rate till 1500 N. The friction coefficient 

decreased continuously with increasing loads. Even at 1500 N load, the measured 

contact surface temperature of 123 ºC is much lower than the maximum serving 

temperature of PTFE/PEEK (240 ºC). Under L-HM46, the friction coefficient of 

PEEK decreased from 150 to 350 N loading, but increased gradually with 

increasing load to 700 N. When the load further increased to 800 N, friction 
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coefficient increased to 0.071 and led to higher contact temperature for the 

increased μ × N. The sample in L-HM46 could not stand this temperature and 

resulted in fatigue failure. 

 

 

Fig. 3. (a) Friction coefficients and contact temperature of PEEK–steel contact 

with different lubricants (Conditions: 150‒1500 N and 0.7 m/s, duration: 1 h), 

(b) wear rates of PEEK with different lubricants (Conditions: 150, 250, 350, 500, 

700, 800, 1500 N and 0.7 m/s, duration: 1 h), and (c) L-HM46 before and after 

tests under 800 N, [Bmim][PF6] before and after tests under 1500 N (0.7 m/s, 

duration: 1 h). Bars show the standard error of the mean, lines in Fig. 3a are a 

visual aid to see the points. 
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Fig. 4. Typical friction coefficients and contact temperature of PEEK–steel 

contact with different lubricants: internal PTFE, external L-HM46 and external 

[Bmim][PF6] under 150 N (a) and 800 N (b), sliding velocity at 0.7 m/s. 
 

Fig. 4 presents the online friction coefficient and contact temperature 

profiles of PEEK–steel contact with different lubricants at the load of 150 N and 

800 N. Under 150 N, neat PEEK exhibited high friction coefficient (0.38) and 

melted in a few minutes, the contact temperature (T) increased to 210 ºC within 

a few minutes (Fig. 4a). With lubricants, PEEK composites slide against steel 

with much lower friction coefficient and contact temperature. The friction 

coefficients with the two liquid lubricants are more stable than that of 

PTFE/PEEK. Under 800 N, PEEK–steel contact with [Bmim][PF6] lubricant 

remained low, stable friction (0.019) and low contact temperature (88 ºC). While 

PTFE/PEEK exhibited a relatively high friction coefficient of 0.061, the contact 

temperature reached 240 ºC after half an hour. By using L-HM46, the friction 

coefficient increased slowly in the first half hour and then quickly increased to 

0.064 while the temperature goes beyond 80 oC after 26 minutes. At the end, μ 

approached to 0.071, which was even higher than that of PTFE/PEEK. 

Furthermore, the colour of L-HM46 turns brown after test while [Bmim][PF6] 

remained transparent and colourless (Fig. 3c), which indicates that L-HM46 has 

been seriously oxidized but no obvious chemical changes occur to [Bmim][PF6]. 

A.3.3  SEM and AFM studies 

SEM images of the worn surfaces of the samples and their respective counterpart 

before and after friction tests (loads of 800 N and 1500 N) are investigated and 

shown in Fig. 5. PTFE/PEEK under 800 N shows rough and deformed surface 

texture (Fig. 5b), and noncontinuous transfer film was observed on the 
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counterpart (Fig. 5f). With internal PTFE, the interfacial heat and frictional force 

facilitate the flow of material (the large molecular chains of PTFE break down) 

and help form a third body transfer film [23]. However, when the load is too high, 

more frictional heat will be generated and lead to higher contact temperature and 

greater ductility of PTFE/PEEK transfer, resulting in the material fatigue. For L-

HM46 under 800 N, PEEK presents characteristic furrow wear with deep and 

wide plough marks (Fig. 5g). Some transferred PEEK on the counterpart is 

observed (Fig. 5gi), which implies that part of PEEK was in direct contact with 

the counterpart. 
 

 
 

Fig. 5. SEM images of (a) PEEK and (e) counterpart before test; (b) PTFE/PEEK 

and (f) counterpart after dry test under 800 N for 45 minutes; (c) PEEK and (g) 

counterpart after test in L-HM46 under 800 N for 45 minutes; and (d) PEEK and 

(h) counterpart after test in [Bmim][PF6] for 1 h. (insert (ai, ei, gi, di, hi as an 

enlarged image of a typical part of the related image)). 
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Fig. 6. Roughness of PEEK and the counterpart before and after test in 

[Bmim][PF6]. Bars show the standard error of the mean. (Test condition: 1500 

N, 0.7 m/s, duration: 1 h). 
 
 

 
 

Fig. 7. Typical AFM 3D images of PEEK before test (a) and after test (b), the 

counterpart before test (c) and after test (d) in [Bmim][PF6] (Test condition: 1500 

N, 0.7 m/s, duration: 1 h). 
 



 

124 

For [Bmim][PF6], both PEEK (Fig. 5d, Fig. 5di) and the counterpart (Fig. 5 

h, Fig. 5 hi) show smooth surface after test under 1500 N, [Bmim][PF6] 

successfully prevented direct contact of the sliding surfaces and inhibited the 

transfer of PEEK onto the counterpart. The smooth PEEK and counterpart were 

then studied with AFM to find the nanoscale surface morphologies. It is 

interesting to observe a decreased surface roughness for both PEEK and 

counterpart after friction test at 1500 N. The surface roughness of PEEK (Ra) 

decreases from 39.6 nm Ra to only 1.9 nm Ra, and the counterpart’s surface 

roughness (Ra) decreases from 10.8 nm Ra to 3.7 nm Ra (Fig. 6). The PEEK’s 

surface is deformed during sliding and the counterpart also behaves slight surface 

deformation, which can be seen from Fig. 7. In sum, [Bmim][PF6] IL has been 

successfully used in this polymer/metal friction system to enhance the 

tribological durability at high load conditions. 
 

A.3.4  Viscosity influence and Stribeck curve studies 

In non-cooling system, the liquid lubricants’ viscosity will change dramatically 

by the frictional heat, which has a pronounced influence on the antifriction and 

anti-wear performances. Since the influence of pressure on viscosity in the testing 

range is negligible, the dynamic viscosity value under 0.1 MPa pressure is taken 

for both L-HM46 and [Bmim][PF6]. The dynamic viscosity of [Bmim][PF6] at 

different temperatures can be obtained by Vogel-Tamman-Fulcher (VTF) 

empirical equation: η = η’exp[B/(T−T0)], where η’ = 0.106 mPa·s, B = 1000 K, 

T0 = 171 K [25]. For L-HM46, its dynamic viscosity can be obtained from 

reference [33]. It is well known that the liquid lubrication can be divided into 

four different regimes (Fig. 8a) according to Stribeck curve: (1) hydrodynamic 

lubrication, where applied loads are fully supported by the viscous lubricant; (2) 

elastohydrodynamic lubrication, where the asperities on real surfaces come into 

contact and experience elastic deformation and the loads are then dispersed by 

the viscous resistance of the lubricant; (3) mixed regimes of elastohydrodynamic 

lubrication and boundary lubrication; (4) boundary lubrication, where the 

asperities come into closer contact, causing ‘stick–slip’ and break-off of some 

asperities [16,34]. 

Fig. 8b presents the Stribeck curves for L-HM46 and [Bmim][PF6], and the 

liquid viscosities under different loads. The friction coefficient is plotted against 

the Stribeck parameter η·V·P–1 (m–1) to distinguish the lubrication regimes. We 

found that all the data points for [Bmim][PF6] fall on the line from hydrodynamic 

lubrication to elastohydrodynamic lubrication, which explains the greatly 
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reduced the friction coefficient and wear rate. In regard to L-HM46, the points 

enter the mixed lubrication and even boundary lubrication under loads higher 

than 500 N. In certain condition, liquid lubrication usually gives lower friction 

and wear than solid lubrication. However, once the applied load reaches certain 

value, the generated friction heat at contact surface will sharply decrease the 

liquid viscosity and thus destroy the continuity of the liquid film. As a result, 

direct contact of polymer/steel pair will occur that is undesirable to achieve low 

friction and wear. For example, the liquid surface film of L-HM46 can be 

damaged during sliding due to the significantly reduced viscosity under high load 

of 800 N, resulting in more frequent solid/solid contacts [14]. The solid/solid 

contacts generate much more friction heat and thus the load-carrying ability of 

L-HM46 is further reduced. 
 

 
 

Fig. 8. (a) Typical Stribeck curve in reference [34], (b) Stribeck curves for L-

HM46 and [Bmim][PF6], and the liquid viscosities under different loads, ‘e’ in 

x-scale means ‘2.71828…’. (Conditions: 150‒1500 N, 0.7 m/s, duration: 1 h) 
 

It is worthy to note that although the viscosities of [Bmim][PF6] are 175%, 

224% and 258% higher than the oil under low load slide of 150, 250 and 350 N, 

the friction coefficients under [Bmim][PF6] are just 16%, 11% and 5% higher 

than that under the oil. This could be for the different surface wettability of the 

two liquid lubricants on sliding surfaces. Under low loads, the liquid film is thick 

enough to separate the sliding surfaces, and the friction force is caused by the 

shear of liquids between sliding solids and the liquids against solids. Higher 

viscosity means higher shear of liquids, but the friction coefficient for 

[Bmim][PF6] is not so high than L-HM46, which could be for its poor wettability 

on PEEK and steel (Table 3). The poor wettability leads to liquid slip at the 

interfaces of PEEK and steel, and decreases the shear force between the liquids 

and solids [35-37], so the friction coefficient of [Bmim][PF6] is not so higher than 



 

126 

L-HM46. Under higher loads, the interfacial behavior is different where tribo-

chemical reactions might be involved. This will be further analysed in the 

following session. 

A.3.5  Tribo-chemical investigation 

It is clear that the high viscosity of [Bmim][PF6] plays an important role in its 

excellent antifriction and anti-wear performance. Generally, a strong interaction 

between the liquid lubricants and sliding surfaces is required for excellent loading 

capacity. The exact mechanism and role of ionic liquid in tribo-chemical thin film 

formation remains a challenge until now, and it is quite common to use EDX for 

the investigation of tribo-chemical film formation. In this work, EDX study 

provides a qualitative idea and help to understand the role [38]. The tribo-

chemical reactions in steel-[Bmim][PF6] interface play a dominating role for the 

enhanced tribological property of [Bmim][PF6] as evidence by the EDX results, 

Fig. 9a. 
 

 

 

Fig. 9. Elemental distribution (except common elements in steel) in the 

counterpart worn surfaces lubricated with (a) [Bmim][PF6], 1500 N for 1 h, and 

(b) L-HM46, 800 N for 45 minutes. 
 

Before EDX characterization, the counterpart was subjected to ultrasonic 

cleaning in ethanol, but the existence of anti-wear elements of P and F in the worn 

surface was detected. Under high pressure, decomposition of [Bmim][PF6] is thus 

initiated and the active elements such as F and P in [Bmim][PF6] may react with 

the freshly generated surface to form a low friction reaction film [16,39]. The 
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counter cations imidazolium was then adsorbed through electrostatic attractions 

and generate the physicochemically adsorbed tribo-thin film [40]. For the 

counterpart lubricated with L-HM46, we can also observe the distribution of P, 

Zn and S elements, which are general anti-wear elements in ZDDP (Fig. 9a). 

Besides, compared with the counterpart lubricated with [Bmim][PF6], C and 

more O are found, which is caused by the transferred PEEK on the counterpart 

and implies the direct contact between PEEK and the counterpart. In sum, all the 

beneficial factors including high viscosity of [Bmim][PF6], poor PEEK-

[Bmim][PF6] interaction, strong steel-[Bmim][PF6] interaction and surface 

deformation, make the [Bmim][PF6] as an ideal liquid lubricant in PEEK–steel 

tribological system. 

A.4  Conclusions 

[Bmim][PF6] ionic liquid was used as external lubricant for PEEK sliding against 

steel under 150‒1500 N loads without cooling. The antifriction and anti-wear 

performance were studied and compared with traditional L-HM46 oil, as well as 

internal solid PTFE. After friction and wear tests, surface morphologies and 

tribo-chemical influence were studied. For the two external lubricants, viscosity 

during slide and the lubrication regime in Stribeck curve were analysed. The 

following conclusions can be drawn: 

(1) At high load, there exists a strong solid-liquid interaction in steel-

[Bmim][PF6] interface by tribo-chemical reactions. 

(2) Surface deformation occurred on PEEK and steel surface led to lower solid 

roughness. 

(3) The viscosity of [Bmim][PF6] keeps high for low friction heat. 

(4) For (1) ‒ (3), [Bmim][PF6] lubricated PEEK–steel slide can carry high load, 

the slide falls in hydrodynamic lubrication and elastohydrodynamic 

lubrication region under 150–1500 N. Low friction coefficient of 0.016 and 

negligible wear were observed at 1500 N. 
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Abstract 

Advanced polymers sliding against steel under ionic liquids (ILs) has great 

potential applications. However, halogen-containing ILs (h-ILs) often induce 

high corrosive wear to steel. In this work, halogen-free ILs (hf-ILs) were used as 

neat lubricants to investigate the performance of Polyetheretherketone-AISI304 

stainless steel (PEEK-304ss) contacts at elevated temperatures. The results 

indicate that hf-ILs with short alkyl chains show excellent anti-corrosion and 

anti-wear properties. The wear rates of 304ss lubricated by hf-ILs at 160 oC are 

3–71% of those by h-ILs. The friction coefficients of PEEK-304ss lubricated by 

hf-ILs are just 13–33% of those by h-ILs. The excellent performance of hf-ILs 

can be attributed to the reason that hf-ILs will not generate any halogen 

containing acid during the test. 
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B.1  Introduction 

More and more machines nowdays work under harsh operating conditions such 

as high temperatures, which sets higher requirements for the lubricating system 

with energy-efficient, long-lasting, etc. [1]. Unfortunately, steel–steel pair with 

traditional lubricating oils usually fail at high temperatures for oil’s evaporation 

and thermo-oxidative degradation [2,3]. In this situation, two solutions were 

proposed: (1) Using advanced polymers, e.g., Polyetheretherketone (PEEK), 

sliding against steel under dry friction condition [4,5]. (2) Using the ionic liquids 

(ILs), such as [PF6]
– and [BF4]

– based ILs, to replace traditional lubricating oils 

[6-10]. 

However, the friction coefficient and wear of the polymer-steel under dry 

friction are generally higher than those under oil lubrication conditions [11-13]. 

In our recent work, we found that excellent lubricating performance can be 

achieved by applying 1-butyl-3-methylimidazolium hexafluorophosphate 

([BMIm][PF6]) to PEEK-AISI 304 stainless steel (PEEK-304ss) contacts [14]. It 

is widely recognized that fluorine-containing ILs (h-ILs) induce serious 

corrosion to steel at high temperature for their reaction with water in air [15-22]. 

To satisfy the high-temperature requirement, we must avoid the corrosion of ILs 

to the polymer-steel contacts. It is generally accepted the corrosion can be 

avoided by using halogen-free ILs (hf-ILs). An increasing hf-ILs with excellent 

anti-wear performence were designed [24-27]. Antzutkin et al. synthesiszd a 

series of hf-ILs based on various chelated orthoborate anions, these hf-ILs are 

pollution free and behave better lubrication properties than the fully formulated 

engine oil for steel-aluminium contacts [26]. 

As far as we know, very little work has been done to apply ILs in polymer-

steel contacts at high temperatures [28-30]. In this work, hf-ILs were used as neat 

lubricants to investigate the performance of PEEK-304ss contacts at elevated 

temperature of 160 °C. The influence of corrosion was focused. For comparison, 

test at general temperature of 80 °C was conducted [13,31,32]. Two h-ILs: 

[BMIm][PF6] and [BMIm][BF4] were used as references. 

B.2  Material and methods 

B.2.1  Materials, fabrication of PEEK and hf-ILs 

PEEK (VICTREX® PEEK 450G, Shore D hardness, 23 °C: 84.5) was fabricated 
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as in our early work [33,34]. Five hf-ILs: [P4,4,4,14][BScB], [BMIm][BScB], 

[HMIm][BScB], [P4,4,4,14][BMB] and [P4,4,4,14][BMLB] ([BScB]-, [BMB]- and 

[BMLB]- are bis(salicylato)borate, bis(mandelato)borate and bis(malonato)-

borate anions, respectively) were synthesized according to Ref. [21,35]. High-

quality deionized water was used in all the tests. Boric acid, lithium carbonate, 

mandelic acid, malonic acid and salicylic acid (AR; YONGHUA CHEMICAL, 

China), and tributyltetradecylphosphonium chloride [P4,4,4,14]Cl (99.7%; Alfa 

Aesar, China) were used as received. 1-hexyl-3-methylimidazolium bromide 

([HMIm]Br), [BMIm]Br, [BMIm][BF4] and [BMIm][PF6], (Purity>99%) were 

bought from Linzhou Keneng Materials Technology Go., Ltd. China. Ionic 

components of the ILs in this work are illustrated in Fig. 1. 
 

 

Fig. 1. Structural illustration of ionic components of the ILs in this work. 
 

One representative example of hf-ILs synthesis: synthesis of 

[P4,4,4,14][BScB] is given. Boric acid (0.618 g, 10 mmol) and lithium carbonate 

(0.369 g, 5 mmol) were successively dissolved in 50 mL water. Mandelic acid 

(2.762 g, 10 mmol) was added slowly to the above solution and heated for 2 h at 

60 °C. Next, the solution was cooled to room temperature and [P4,4,4,14]Cl (3.509 

g, 10 mmol) was added. The mixture was stirred for 2 h at room temperature. The 

reaction product formed was extracted with dichloromethane and the 

dichloromethane layer was washed with water several times till there is no Cl-, 

which was judged with silver nitrate tracer. In the end, the dichloromethane and 

water were removed in a rotary evaporator and the product was dried in a vacuum 

oven at 60 °C for 2 days. [21] 

Stainless steel like AISI304 and AISI316 stainless steel has been widely 

used as counterpart in corrosive medium such as seawater and ILs based on 
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imidazolium derivatives with different substituents and anions. They can 

effectively decrease the medium’s electrochemical corrosion by generating a 

dense chromium oxide on steel surface [36-39]. In this work, AISI304 austenitic 

stainless steel (304ss, Rockwell B Hardness: 70 HRB, melting point: 1400-

1455 °C) was used. The nominal chemical compositions of 304ss are 18.51 wt% 

Cr, 9.42 wt% Ni, 2.12 wt% Mn, 0.07 wt% C and balance Fe. The wear test sample 

has an external diameter of 32 mm, an inner diameter of 16 mm, and a thickness 

of 2 mm (Fig. 2c). The to-be-tested PEEK were cut into a shape with an external 

diameter of 26 mm, an inner diameter of 22 mm, and a shoulder height of about 

2.5 mm (Fig. 2b). PEEK and steel were polished with P400, P800 and P1200 

grinding paper in sequence for smooth surface and uniform contact. The RMS 

roughness values of PEEK and steel measured by AFM over an area of 10 × 10 

μm were 40 ± 5 nm Ra and 15 ± 5 nm Ra, respectively. And then they were 

subjected to ultrasonic cleaning in ethanol for 5 minutes. Afterwards, PEEK was 

dried in oven at 120 ºC for 12 h to remove the ethanol and water. 

B.2.2 FTIR spectra, thermal properties, viscosity and wettability 

of hf-ILs 

Preparation of the hf-ILs was confermed by their Fourier Transform Infrared 

Spectroscopy (FTIR). Thermal stability was studied with Thermogravimetric 

Analyzer (TGA) at a heating rate of 10 °C/min in nitrogen (N2). Because the 

oxidation and decomposition of ILs at high temperature may lead to great 

influence on their corrosion, long-term heat study was done at 160 °C in air to 

study the thermo-oxidative stability of hf-ILs. The sample amount of ILs was 

about 230 mg, they were putted in glass bottles, and heated in an oven in air. The 

weight change was recorded with an analytical balance having a resolution of 0.1 

mg, the long-term heat study lasted 300 h. For comparison, the lithium-base 

lubricating grease (BACC) which can be used at temperature up to 250 °C was 

also studied [40]. After the long-term heat in air, pH value and FTIR were tested 

to study the decomposing degree and probable influence on corrosion. The pH 

values were tested with pH indicator strips. 

Dynamic viscosity of the hf-ILs at 0.1 MPa was measured with the rotary 

viscosimeter (Brookfield, DVIII+) at temperatures from 40 °C to 97.5 °C. The 

results were correlated with Vogel-Tamman-Fulcher (VTF) equation: 
 

𝜂 = 𝐴 ⋅ 𝑒𝑥𝑝(𝐵/(𝑇 − 𝑇0)), (1) 
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which is commonly used for ILs [41,42]. A, B and T0 in Eq. (1) are adjustable 

parameters, which are calculated with experimental data and a least-squares 

method. Parameters of best fit for Eq. (1) were obtained to get dynamic viscosity 

at different temperatures. For [BMIm][BF4] and [BMIm][PF6], the VTF equation 

parameters were from Ref. [41]. By using the VTF equations, we predicted the 

viscosities at temperatures up to 170 °C. 

The wettability of the ILs on PEEK and stainless steel were valued with a 

SL2008 automatic contact angle detector at 80 °C. 

B.2.3  Accelerated corrosion test 

To investigate the corrosion of hf-ILs at 160 °C, copper (purity ≥ 99.95%) and 

304ss sheets (10 × 10 × 2 mm) were polished, cleaned and dried. Then, the sheets 

were immersed in hf-ILs and heated at 160 °C in air for 10 h as in Ref. [43]. They 

were also immersed in [BMIm][BF4] and [BMIm][PF6] under the same 

conditions to make a comparison. The weight loss of the sheets in corrosion test 

was recorded. 

B.2.4  Friction and wear tests 

 
 

Fig. 2. Schematic diagram of frictional contact parts (unit: mm) 
 

Friction and wear tests were carried out with the configuration of a PEEK ring 

rotating on 304ss counterpart immersed in ILs, which was in accordance to the 

diagram shown in Fig. 2. The temperature was measured at a distance of 0.5 mm 

below the direct contact surface of counterpart. Tests were performed under 80 ± 

1 °C and 160 ± 5 °C, 300 N, at a linear velocity of 0.7 m/s. The corresponding 

PV value (pressure × velocity) was 1.4 MPa·m/s. The relative humidity was 50 
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± 5% and the sliding duration was 4 h. After friction and wear tests, PEEK and 

the counterpart were cleaned with ethanol. Then PEEK was dried at 120 °C for 

12 h before weighting, the counterpart was cleaned with tissue and weighted 

directly. The specific wear rate, Wc (mg/(min·m2)), of PEEK was calculated by 

using the equation: 
 

Wc = ΔmPEEK/(Sw×t) (2) 
 

where ΔmPEEK is the specimen’s mass loss (g), Sw is contact surface area of 

PEEK–steel (m2), t is the duration of the friction test (minute). The coefficient of 

friction (COF) for each test was calculated by averaging the steady-state values. 

Three replicate tests were carried out and the average value was reported. 

Because the decomposition of ILs may lead to acidic products and enhanced 

corrosion, to find the influence, the pH values of ILs after friction were also 

tested. The weight loss of counterpart was measured, which is composed of the 

wear mass and dissolution mass caused by corrosion. To just consider the 

dissolution mass, a cuboid steel (10 × 10 × 2 mm) was immersed in ILs before 

friction test. After test, the mass loss of the cuboid steel (𝛥𝑚𝑑) was obtained and 

the dissolution rate of the counterpart was considered the same with the cuboid. 

Then, the dissolution of the counterpart (𝛥𝑚𝑑𝑐) was calculated by using Eq. (3). 

The dissolution rate of steel, D (mg/(min·m2)), and wear rate of counterpart, 𝑊𝑐 

(mg/(min·m2)), were calculated by using the Eqs. (4) and (5): 
 

𝛥𝑚𝑑𝑐 = 𝛥𝑚𝑑 ⋅ (𝑆𝑐/𝑆𝑑) (3) 
 

𝐷 = 𝛥𝑚𝑑/(𝑡 ⋅ 𝑆𝑑) (4) 
 

𝑊𝑐 = (𝛥𝑚𝑐 − 𝛥𝑚𝑑𝑐)/(𝑡 ⋅ 𝑆𝑤) (5) 
 

Where 𝛥𝑚𝑑 and 𝛥𝑚𝑐 are the mass loss of cuboid steel and counterpart ring 

(mg), t is the duration of the friction test (min), 𝑆𝑑 and 𝑆𝑐 are the surface area 

of the cuboid steel and counterpart ring (m2). 

B.2.5  Study of worn surface 

The worn surface morphologies of PEEK and 304ss were investigated by a 

scanning electron microscopy (QUANTA-200 SEM). To study the tribo-

chemical reactions, the elemental distribution in the counterpart worn surfaces 

was investigated with field emission scanning electron microscopy (FESEM) 

with Everhart-Thornley Detector (ETD)-Secondary Electron images and energy 

dispersive X-ray spectroscopy (EDX) using a Hitachi S-4800 system (FEI, 
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Japan) at 20 ± 2 ºC. From ETD images, change of materials on the counterparts 

can result in different shade values [44]. The EDX operates at an accelerating 

voltage of 20 kV. The elements of N, O, F, P, Mn, Fe and Ni were analysed. 

B.3  Results and discussion 

B.3.1  FTIR spectra of hf-ILs 

 

 

 

Fig. 3. FTIR spectra of the ILs and BACC (1) before and (2) after long-term heat, 

(‘1-10’ are the characteristic groups and the respective FTIR ranges). 
 

Black lines in Fig. 3d–g show the FTIR spectra of the synthesized 

[P4,4,4,14][BScB], [P4,4,4,14][BMB], [P4,4,4,14][BMLB] and [BMIm][BScB], 

respectively. The vibrational assignment and their infrared vibration frequencies 

are listed in Table 1. To clearly show the results, the numbers representing 

different groups are marked in Fig. 3 and listed in Table 1. υ, υa, υs and δ represent 

stretching vibration, asymmetrical stretching vibration, symmetrical stretching 

vibration, and scissoring vibration, respectively. Here we just take the result of 

[P4,4,4,14][BScB] as an example to analyze. For [BScB] anion, the vibrations in 

760&698 cm–1 (attributed to va(B–O) in the chelated orthoborate complex ‘1’), 
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broad peaks in the range of 1200-900 cm–1 (attributed to va(B–O)/(C–O) ‘1/3’), 

vibrational peaks at 1683 cm–1 (attributed to v(C=O) ‘2’), peaks in 

1610&1269,1243 (attributed to υa&υs (COO) ‘4’), and v(C-H)/(C=C) in aromatic 

ring (‘5’: 3068,3042,1575 cm–1) represent the existence of [BScB]. For the 

cation, strong vibrational peaks in 2960,2928,2872,2855 represent existence of 

phosphonium cation (‘7’) [45-48]. As a whole, these characteristics conform the 

successful synthesis of [P4,4,4,14][BScB]. For other hf-ILs, the synthesis can also 

be conformed. 
 

Table 1 Vibrational assignment of the ILs, BACC and their infrared vibration 

frequencies, the numbers represent the marked place in Fig 3. 
 

Vibrational 

assignment 

[BMIm] 

[PF6] 

[BMIm] 

[BF4] 

[P4,4,4,14] 

[BScB] 

[P4,4,4,14] 

[BMB] 

[P4,4,4,14] 

[BMLB] 

[BMIm] 

[BScB] 
BACC 

vs(B-O) 1 / / 760, 698 
768,735 

694 
754,720 762,698 / 

v(C=O) 2 / / 1683 1738 1726 1680  

va(B-O)/(C-

O) 1/3 
/ / 1200-900 1200-900 1200-900 1200-900  

va (COO) 4 

vs(COO) 4 
/ / 

1610 

1269,1243 

1602 

1271 

1631 

1267;1234 

1608 

1267,1242 
/ 

v(C-H)/(C=C), 

aromatic ring 5 
1574 1568 

3068,3042, 

1575 

3061,3029, 

1564 
/ 1576 - 

v(C-H) 

imidazolium 

ring 6 

3163,3127 3136 / / / 3149,3132 / 

va&vs(C-

H),CH2/CH3 7 
2970,2879 2877 

2960,2928 

2872,2855 

2958,2926 

2871,2854 

2958,2926 

2871,2854 

2962,2926 

2872,2854 

2960,2925 

2854 

δC-

H,CH2/CH3 7 
1464, 1464 1477,1467 

1465,1452 

1493 
1464,1493 1466,1476 / 

 

B.3.2  Thermal properties of hf-ILs 

In TGA results under N2 atomsphere, the hf-ILs with [BScB]‒ and [BMLB]‒ 

decomposed in two main steps (Fig. 4) with a complicated mechanism. For 

[P4,4,4,14]
+ contained hf-ILs, [P4,4,4,14][BMB] and [P4,4,4,14][BScB] behave higher 

TGA thermal stability than [P4,4,4,14][BMLB], which is attributed to the presence 

of aromatic rings and their chelated structure [1]. The substitution of Cl‒ with 

[BScB]‒ and [BMB]‒ improves thermal stability of the phosphonium cation. 
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Fig. 4. Thermogravimetric curves of BACC, [BMIm][PF6], [P4,4,4,14]Cl and hf-

ILs in N2 environment at a heating rate of 10 °C/min. 

 

The weight loss after long-term heat (160°C, in air, 300 h) Fig. 5 has a big 

difference compared with that in the TGA test (160°C, in N2, timely). In the long-

term heat study, [BMIm][BScB] has little weigh loss. For hf-ILs with [P4,4,4,14]
+, 

the thermo-oxidative stability is relatively lower and varies with different anions. 

[P4,4,4,14][BMB] is thought to have the worst thermo-oxidative stability among the 

hf-ILs in spite of its high TGA thermal stability, which may be due to the 

connection way of aromatic rings in the anions. 

 

Fig. 5. Weight change of ILs and BACC in the long-term (300 h) heat in air (A) 

online change, and (B) weight left after 300 h. 
 

From the pH values and FTIR results (Fig. 3) of the ILs after long-term heat, 

we can simply study the decomposing degree and analyze its effect on corrosion. 

After long-term heat, FTIR of [BMIm][PF6] shows no [PF6] peak, which is 

believed to generate strong fluorine containing acids (pH = 2~2.5). There is no 

obvious change of [BMIm][BF4] in FTIR, it is in accordance with the weight loss 
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result, indicating slight decomposition. As for hf-ILs, they decompose in different 

degrees, many original peaks of [P4,4,4,14][BMB] and [P4,4,4,14][BMLB] are weak 

are hard to find. The [P4,4,4,14]
- cation with long alkyl chain and chelated 

orthoborate anions have been gradually oxidized and decomposed. However, the 

pH values of hf-ILs and [BMIm][BF4] after long-term oxidation are all higher 

than 6, indicating there is no strong acid decomposition products. 

B.3.3  Viscosity and wettability study 

Dynamic viscosity of the hf-ILs was measured and the data are shown in Fig. 6. 

These results were correlated with the VTF equation, and the VTF equation 

parameters of hf-ILs and h-ILs are listed in Table 2. Based on the parameters, the 

dynamic viscosities of all the ILs in this work ranged from 40 °C to 170 °C were 

predicted and shown in Fig. 6. The predicted error were caculated by comparing 

every predicted value with experimental value at varied temperatures, and the 

deviations just range from –1.44% to 2.83%. 

 

Fig. 6. Measured dynamic viscosities of hf-ILs, and predicted dynamic 

viscosities of the ILs at temperatures ranged from 40 °C to 170 °C. 
 

Table 2. VTF equation parameters of ILs in this work 
 

ILs A (10−1 mPa·s) B (102 K) C (102 K) 

[P4,4,4,14][BScB] 0.775 11.073 1.984 

[P4,4,4,14][BMB] 0.668 11.777 1.958 

[P4,4,4,14][BMLB] 1.063 10.289 1.782 

[BMIm][BScB] 2.15 7.353 2.444 

[HMIm][BScB] 1.619 7.884 2.344 

[BMIm][BF4] 0.933 9.37 1.64 

[BMIm][PF6] 1.06 10.0 1.71 
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The contact angles results are shown in Fig. 7. The hf-ILs have better 

wettability than the h-ILs. The wettability of the hf-ILs was mainly influenced 

by the alkyl-chain length of the cations. The lower contact angles may be 

attributed to the lower surface tension of longer alkyl-chain hf-ILs [49,50]. 
 

 
 

Fig. 7. Contact angles of ILs on steel and PEEK (Test temperature: 80 °C) 

B.3.4  Accelerated corrosion test 

The pictures of the copper and 304ss sheets after 10 h static corrosion test in ILs 

at 160 °C are shown in Fig. 8. For [BMIm][PF6], high static corrosion was 

induced to copper and even 304ss. The corrosion of [BMIm][BF4] can also be 

confirmed from the color change of copper and 304ss. 

The weight loss of copper in [BMIm][PF6], [BMIm][BF4], [P4,4,4,14][BScB], 

[P4,4,4,14][BMB] and [BMIm][BScB] is 7.1 mg, 0.1 mg, 3.1 mg, 2.3 mg and 0 mg, 

respectively. We observed that hf-ILs of [BMIm][BScB] have no obvious 

corrosion. It is easily to understand that the serious corrosion of [BMIm][PF6] is 

due to the acid generation [15,16]. To our big surprise the corrosion of 

[P4,4,4,14][BScB] and [P4,4,4,14][BMB] is even higher than that of [BMIm][BF4]. It 

should be caused by the electrochemical corrosion. Because the electrochemical 

corrosion of hf-ILs cannot be avoided. The higher corrosion of [P4,4,4,14][BScB] 

and [P4,4,4,14][BMB] is attributed to the long alkyl chain, just as in Ref. [43], the 

weak polarity of ILs with long alkyl chain decrease the ability to form ordered 

adsorbed layers on copper surface. For [BMIm][BScB] and [BMIm][BF4], they 

have higher polarity and can form ordered adsorbed layers on copper surface 

[16,51,52]. 
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Fig. 8. Photos of copper and steel before and after corrosion test in different ILs 

at 160 °C for 10 h. 
 

For 304ss, the sheets in hf-ILs behave high anti-corrosion and no weight 

loss. 304ss in hf-ILs is stable enough for its higher standard electrode potential 

through generation of dense chromic oxide, so they behave good anti-corrosion 

performance in hf-ILs. For [BMIm][PF6], the acid products strengthen corrosion, 

and 304ss gives a dissolution mass of 0.4 mg. The corrosion of [BMIm][BF4] is 

relatively weak compared with [BMIm][PF6]. 

B.3.5  Friction and wear results 

The lubrication performance and corrosion during friction process under different 

ILs are shown in Table 3. At 80 °C, PEEK-304ss have low wear rates in all the 

ILs, and COFs in hf-ILs are higher than the h-ILs. At 160 °C, the COFs in hf-ILs 

obvisously decrease and the wear rates increase, while both of the COFs and wear 

rates in h-ILs increased. The wear rates of 304ss under hf-ILs, 8.3‒27.6 

mg/(min·m2), are 3‒71% of those under h-ILs. It is exciting that PEEK give lower 

wear than 304ss in hf-ILs. The COFs in hf-ILs were just 13‒33% of that in h-ILs. 

All the hf-ILs behave no pH change and steel dissolution, but the pH value of 

[BMIm][PF6] reaches to 1‒1.5, and dissolution of steel was observed. In 

[BMIm][PF6], the steel counterpart was corroded by the acid and become easily 

worn down, resulting in high wear and COF (Fig. 9). 
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Table 3. COF, Wc of PEEK and steel under different ILs, and the dissolution of 

steel and pH values of ILs after friction test at 160 °C. 
 

ILs 
COF 

Wc of PEEK 

[mg/(min·m2)] 

Wc of steel 

[mg/(min·m2)] 

D of steel 

[mg/(min·m2)] 
pH value 

80 °C 160 °C 80 °C 160 °C 80 °C 160 °C 160 °C 80 °C 160 °C 

[BMIm][BF4] 0.0111 0.0356 5.5 5.5 2.8 38.7 0 7 7 

[BMIm][PF6] 0.0139 0.0359 8.3 13.8 5.5 319.5 7.4 6–7 1–1.5 

[P4,4,4,14][BScB] 0.0224 0.0046 5.5 5.5 5.5 16.6 0 7 7 

[BMIm][BScB] 0.0283 0.0105 2.8 5.5 2.8 11.1 0 7 7 

[HMIm][BScB] 0.0238 0.0077 5.5 8.3 5.5 8.3 0 7 7 

[P4,4,4,14][BMB] 0.0231 - 5.5  8.3 - 0 7 - 

[P4,4,4,14][BMLB] 0.0198 0.0119 8.3 11.1 5.5 27.6 0 7 7 

 
 

 
 

Fig. 9. In-situ COF under [P4,4,4,14][BScB], [HMIm][BScB] and [BMIm][PF6]. 

(300N, 0.7m/s, 80 and 160 °C) 
 

To investigate the viscosity influence on lubrication performance, the COFs 

and wear rates of steel are plotted against viscosities as in Fig. 10. At 80 °C, the 

COFs are positively correlative to ILs’ viscosities. The viscosities (≥13.2 mPa·s) 

are regarded high enough to separate most parts of solid contacts [35]. At 160 °C, 

viscosities of [P4,4,4,14][BScB], [HMIm][BScB] and [BMIm][BScB] (≥8.6 mPa·s) 

are still high enough to hold most parts of the loads, and the COFs keep very low. 

For [P4,4,4,14][BMLB], [BMIm][PF6] and [BMIm][BF4], the COFs and wear rates 

become higher with reduced viscosities. In this system and condition, viscosity 

of ILs has a sound influence on their lubrication, higher viscosity is helpful to 

better lubrication performance at 160 °C, while the wettability of the ILs has little 

influence. 
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Fig. 10. Mean wear rate of steel and COF vs viscosity under different ILs. 
 

B.3.6  Study of worn surface 

To further find the antifriction and anti-wear mechanism at elevated temperature, 

the worn surfaces under 160 °C were studied via SEM and EDX. SEM results 

shown in Fig. 11a3‒c3 are ETD images of Fig. 11a2‒c2. In [P4,4,4,14][BScB], the 

counterparts show a smooth surface with no obvious transferred materials as 

shown in Fig. 11c2 and c3, but in [BMIm][BF4] and [BMIm][PF6], the surfaces 

have obvious transferred materials. In addition, EDX was used to analyze the 

materials inside and outside wear scars of the counterparts. 
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Fig. 11. SEM worn surface morphologies of PEEK and the counterpart lubricated 

by [BMIm][BF4] (a1, a2), [BMIm][PF6] (b1, b2) and [P4,4,4,14][BScB] (c1, c2). a3‒

c3 are ETD images of a2‒c2. (300N, 0.7m/s, 160 °C) 
 
 

Table 4. Quantitative results of EDX in atomic% 
 

Element 

Line 

[BMIm] 

[BF4] 

inside 

[BMIm] 

[BF4] 

outside 

[BMIm] 

[PF6] 

inside 

[BMIm] 

[PF6] 

outside 

[P4,4,4,14] 

[BScB] 

inside 

[P4,4,4,14] 

[BScB] 

outside 

N K 14.66 11.92 9.49 10.06 0 0 

O K 28.75 31.80 23.09 17.87 24.79 27.73 

F K 0 0.49 12.60 33.55 0 0 

P K 0 0 0.13 0.06 0 0.62 

Mn K 2.88 2.78 2.68 2.15 3.74 3.28 

Fe K 48.13 47.25 46.84 32.82 64.22 62.41 

Ni K 5.58 5.76 5.18 3.50 7.24 5.96 
 

Quantitative results of EDX in atomic% are given in Table 4. For [P4,4,4,14]-

[BScB], we can just find 0.62% P outside wear scars and no P inside. The tribo-
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chemical reaction between [P4,4,4,14][BScB] and steel counterpart is regarded as 

weak. The strong physical adsorption and high viscosity of [P4,4,4,14][BScB] are 

thought to largely prevent the solid contacts [53]. Based on the F element 

quantitative results outside wear scars, there is no obvious chemical reaction 

between [BMIm][BF4] and steel counterpart at 160 oC. However, the F element 

quantitative results of the outside and inside wear scars are obvious for 

[BMIm][PF6], which means strong corrosion happens in 304ss [18]. The big 

difference in F element contents indicate that the reaction product inside wear 

scars can be scratched during sliding, the corrosive wear is greatly strengthened. 

B.4  Conclusions 

Hf-ILs were used as neat lubricants for PEEK-stainless steel contacts at elevated 

temperatures. The influence of corrosion was focused. H-ILs of [BMIm][PF6] 

and [BMIm][BF4] were used as references. 

(1) The h-ILs induce serious corrosion. Hf-ILs with short alkyl chains show 

excellent anti-corrosion properties. Hf-ILs with long alkyl chains show no 

corrosion to stainless steel but obvisous corrosion to copper, which is due to 

the electrical corrosion. 

(2) The wear rates of stainless steel lubricated by hf-ILs are 3‒71% of those under 

lubrication of h-ILs. The friction coefficients of PEEK-stainless steel 

lubricated by hf-ILs are just 13‒33% of those by h-ILs. 

(3) H-ILs can work as excellent lubricants for PEEK-stainless steel with little/no 

corrosion problems. 
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Abstract 

Ionic liquids (ILs) attract high interest as lubricants or lubricant additives due to 

their special physicochemical characteristics. CO2 is a widely distributed gas. In 

many situations, its influence on lubricants cannot be avoided. In this work, three 

ILs are synthesized from choline and amino acids of glycine, L-proline and 

lysine, respectively. The influence of CO2 absorption on their solubility and 

lubricity is investigated. In general, it is interesting to find that the solubility is 

decreased and their lubricity is obviously improved after absorbing CO2, which 

is strongly related to their functional group (amino group) interactions with CO2. 

The formation of carbamate groups greatly increases the viscosity resulting in 

less solid contacts, and strengthens the interfacial adhesion between ILs and 

solids. 
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C.1  Introduction 

Carbon dioxide (CO2) is a widely distributed gas, which can be dissolved in many 

liquids through physical or chemical action. For physical absorption, e.g., by 

water and Polyalkylene glycol (PAG), the absorption is very low at ambient 

pressure but increases substantially with the increasing pressure of CO2. For 

chemical absorption, the liquids with functionalized groups, e.g., amino group, 

can absorb CO2 by relatively large amount at low pressure. Since room 

temperature ionic liquids (ILs) were found with high solubility of CO2 [1], on-

going efforts have been paid to evaluate new ILs and their solutions as potential 

absorbents for CO2 capture [2-4]. After absorbing CO2 through chemical action, 

physical and chemical properties of ILs are significantly changed, e.g., the 

viscosity is remarkably increased. The properties change of typical liquids after 

absorbing CO2 is listed in Table 1. 
 

Table 1. CO2 absorption in typical liquids and the resulting properties change. 
 

Liquid Condition 
CO2 absorption 

(molCO2/molabsorbent) 

Properties change 

after absorbing CO2 

Water [45] 
293.15 K, 

1–10 bar 
7.2×10-4–6.8×10-3 

CO2 reacts with water to form 

CO2(aq), H2CO3, HCO3
-, and CO3

2-. 

30%MEA/water [46] 
293.15-353.15 K, 

1 bar 
0.5 

Viscosity increases by 50% at 298.15 

K 

PAG [16, 47] 295.15 K, 14 bar ~0.89 a 
CO3

2− were formed, which improved 

the scuffing resistance 

[EMIm][Tf2N] [48] 
298.15 K, 

1–13 bar 
0 (negligible)–0.28 

Viscosity decreased, worse 

antifriction and anti-wear 

performance 

[BMPyrr][DBP] [48] 313 K, 5 bar 
The ability is close 

to [EMIm][Tf2N] 

Viscosity decreased, a little better 

antifriction but worse anti-wear 

performance 

[H2N-PBIm][BF4] [49] ~295 K, 1 bar 0.449 
Ammonium carbamate salt was 

formed 

25%[Choline][Proline]/

PEG200 [29] 

308.15 K, 

0.832 bar 
0.611 

Carbamate salt with strong strength 

was formed 
 

a The value was taken from PAG0, the molecular weight of which was estimated 

as 659 g/mol [47]. MEA: monoethanolamine, POE: Polyol ester, PAG: 

Polyalkylene glycol, [EMIm][Tf2N]: 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, [BMPyrr][DBP]: 1,1-Butylmethyl-

pyrrolidinium dibutyl phosphate, [H2N-PBIm][BF4]: 1-butyl-(3-aminopropyl) 

imidazolium tetrafluoroborate 
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ILs have generated great interests in fields including lubrication, chemical 

transformations, electrochemical applications, extractions, etc. due to their 

special physicochemical characteristics, such as high polarity, negligible vapor 

pressure, and nonflammability [5-8]. Since ILs have high stability and high 

polarity which make them strongly adhered to solid surfaces, they can form an 

effective adsorption film on the rubbing surfaces working as novel lubricants. At 

high temperature and high vacuum which is common in the space environment, 

ILs retain excellent lubricating properties making them good substitutes to 

traditional lubricants [5, 9]. In addition, ILs can also be applied as anti-wear 

additives to traditional base lubricants, which can stand the load and reduce solid 

contacts by forming a robust protective surface film [10, 11]. The past years have 

witnessed a fast development of ILs-based lubricants. The variety of ILs satisfies 

them with the application for different kinds of materials, in harsh operating 

conditions like elevated temperatures and high vacuum, toward nanoscale 

lubrication, as thin films, etc. [12-15]. 

It is well-known that gaseous atmospheres can affect the tribological 

properties of lubricants, especially when there is chemical reaction between the 

gas and lubricants [16-18]. A few literatures reveal that CO2 has negative 

influence on wear and friction [19-21]. It is speculated that CO2 absorption will 

greatly affect the lubrication behaviour of ILs, since CO2 will significantly 

change their physical and chemical properties. However, such influence is little 

studied until now. 

In this work, ILs from choline and three natural amino acids: glycine, L-

proline and lysine are synthesized as base lubricants and additives in 

poly(ethylene glycol) 200 (PEG). The solubility and lubricating properties of ILs 

and IL/PEG prior to and after CO2 absorption are studied. The influence 

mechanism of CO2 absorption on ILs’ solubility and lubricity is discussed. 

C.2  Material and methods 

C.2.1  Materials and preparation of ILs-based lubricants 

ILs from amino acids as green and high-performance lubricants are of interest to 

a big scientific community in the context that ionic liquid lubricants should be 

readily available and environmentally friendly [22-26]. In this work, three ILs, 

namely [Cho][Gly], [Cho][Pro] and [Cho][Lys] (shown in Table 2), were 

synthesized from choline hydroxide solution (46 wt.% in water, Sigma-Aldrich, 

USA) and amino acids: glycine, L-proline and lysine (purity ≥ 99.99 wt.%, China 
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National Medicines Corporation Ltd.) by previous method [22]. 
 

Table 2. Synthesized ILs in this work 
 

[Cho][AA] Full name Chemical structure 

[Cho][Gly] Cholinium glycinate 
 

[Cho][Pro] Cholinium L-prolinate 
 

[Cho][Lys] Cholinium lysinate 

 
 

For the description of the synthesis detail, [Cho][Lys] is taken as an example 

here. First, 15.349 g (0.105 mole) lysine was added into 26.343 g choline 

hydroxide solution with 0.1 mole choline hydroxide. The mixture was stirred for 

48 h at room temperature. Then, it was washed with ethyl acetate to remove the 

excessive amino acids. In the end, the obtained mixture was subjected to rotary 

evaporation under 70 °C for 1 h, then dried in a vacuum oven at 343 K for 2 days 

to get the products. The synthesis of [Cho][Gly] and [Cho][Pro] was similar to 

that of [Cho][Lys]. 

In order to study the influence of CO2 absorption on the solubility and 

lubricity of ILs as lubricant additives in PEG, ILs were added to PEG to get 

homogeneous IL/PEG mixtures as the same dissolving method described in [27]. 

A loading of 10 wt.% IL was selected in this work, considering that the non-

corrosive ILs at relatively higher loading maintain good lubricating performance 

through physical adsorption [22], and the influence of CO2 absorption will be 

obvious at high IL loading. The PEG with an average molecular weight of 200 

g/mole was procured from China National Medicines Corporation Ltd. It was 

dried under vacuum at 343 K for 48 h before use. The water content was 

measured by Karl Fischer titration (Shanghai Peiou, V100). CO2 with high purity 

(≥ 99.99 wt.%) was supplied by Nanjing Tianhong gas factory, China. 

C.2.2  Characterizations 

The structure of [Cho][Lys] was identified by 1H NMR spectroscopy (Bruker AV-

300, tested at 500 MHz, 303 K) using D2O as solvent with tetramethylsilane as 

an internal standard. The synthesis of [Cho][Gly] and [Cho][Pro] was proved in 

our previous work [28]. 

The CO2 absorbing performance of ILs and IL/PEG was evaluated under 

N
HO NH2

O

O

N
HO

N
H

O
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N O
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room temperature of approximately 25 °C and ambient pressure. The liquid was 

put in a sealed Erlenmeyer flask and kept being stirred, then the CO2 gas was 

injected into the flask and exhausted from the outlet pipe. The absorbed CO2 

amount was obtained by measuring the mass gain with an analytical balance with 

an accuracy of 0.01 mg. 

The viscosity of liquids at 25 °C and 1–100 s–1 shear rate was investigated 

with a Bohlin CVO 100 rheometer. 

C.2.3  Solubility of ILs after CO2 absorption 

After CO2 absorption, precipitates may be produced for the decreased solubility 

of ILs. To investigate CO2 absorption influence on ILs’ solubity, particle size 

distribution IL/PEG mixtures before and after CO2 absorption was measured by 

photon correlation spectroscopy using a Zetasizer Nano ZS90 instrument 

(Malvern Instruments Ltd., Worcestershire, UK). 

C.2.4  Tribological tests 

Tribological properties of the lubricants were evaluated with an Optimol SRV-III 

oscillating friction and wear tester based on ASTM D 6425 protocol. The upper 

steel ball slides under reciprocating motion against a stationary steel disc at a 

given frequency of 50 Hz with an amplitude of 1 mm (corresponding to the 

sliding velocity of 0.1 m/s). The ball (100Cr6 steel, diameter 10 mm, surface 

roughness (Ra) 20 nm, provided by SKF, Sweden) and disc (100CR6 ESU 

hardened, Ø24 mm × 7.9 mm, and surface roughness (Ra) 120 nm, supplied by 

Optimol Instruments Prüftechnik GmbH, Germany) were cleaned with acetone 

and ethanol prior to and after friction test. All tests were carried out under 150 N 

(the corresponding maximum Hertz contact pressure was 2.5 GPa) at room 

temperature of approximately 25 °C. The test duration was 1 h. Prior to and after 

friction test, the ball and disc were wiped with ethanol. The friction coefficient 

curves are recorded automatically with a data acquiring system linked to the SRV-

III tester. The wear diameter of the balls, wear volume of the discs and roughness 

of wear surfaces were determined using a Zygo NewView 7300 instrument (Zygo 

Corporation, Middlefield, CT, USA). 

C.3  Results and discussion 

C.3.1  1H NMR and CO2 absorption 

1H NMR results of [Cho][Lys] (Fig. 1), δ (ppm): 1.32−1.36 (m, 2H, CH2), 1.48-
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1.51 (m, 2H, CH2), 1.53−1.66 (m, 2H, CH2), 2.67−2.70 (t, 2H, CH2), 3.20 (s, 

10H, CH3, CH3, CH3, CH-N), 3.51 (apparent t, 2H, CH2), 4.03−4.06 (m, 2H, 

CH2). The triplet of the methylene proton at 2.79 ppm is owed to methylene 

proton linked to the amino group (H2N-CH2−). Peak signal at 3.20 ppm is owed 

to the three methyl protons and methenyl proton linked to the N in choline cation. 

Multiple peaks in the region 4.03−4.06 ppm are attributed to the methylene 

proton connected to OH in choline cation. Aliphatic multiplets are observed at 

1.53–1.66 ppm. The successful synthesis of [Pro][Lys] is confirmed with 1H 

NMR results. 
 

 
 

Fig. 1. 1H NMR results of the synthesized [Cho][Lys]. 
 
 

Table 3. Water content (water %) and CO2 absorption (α, molCO2/molIL) in 

different liquids. 
 

Liquid [Cho][Gly] [Cho][Pro] [Cho][Lys] 

water % 0.56 1.32 1.47 

α 0.23 0.40 0.18 

Liquid [Cho][Gly]/PEG [Cho][Pro]/PEG [Cho][Lys]/PEG 

water % 0.60 0.34 0.43 

α 0.68 0.66 1.17 
 

For neat ILs, they showed great increase in viscosity by absorbing CO2 and 

turned into grease after a few minutes. After that, the absorption became very 

slow. The absorbing time for neat ILs was 1.5 hour, which is enough to affect the 

properties of ILs and thus affect their lubricity. For IL/PEG mixtures, the 

viscosity was much lower than neat ILs even after CO2 absorption, and saturated 

absorption was achieved after a few minutes. Water content (water%, in weight) 

and CO2 absorption (in mole ratio of CO2 and ILs, molCO2/molIL) in different 
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liquids are shown in Table 3. The absorption of [Cho][Pro]/PEG is a little higher 

than the reported value (0.61 molCO2/molIL by 25 wt.% [Cho][Pro]/PEG at 308.15 

K, 0.832 bar) [29]. The little difference is most likely for the lower [Cho][Pro] 

content and temperature, and higher pressure in this work. [Cho][Lys]/PEG has 

higher absorption for there are two active amino groups in [Cho][Lys]. Notably, 

CO2 is mainly absorbed by ILs and the absorption by PEG can be ignored [29]. 

The lower mole ratio of CO2 and ILs by neat ILs is caused for the high viscosity, 

which makes the absorption far away from the saturation point. 

C.3.2  Solubility of ILs after CO2 absorption 

The size distribution study reveals that there is no particle existing in IL/PEG 

mixtures before CO2 absorption. After CO2 absorption, it is observed dropped 

precipitates in [Cho][Gly] and [Cho][Gly]/PEG, suspended precipitates in 

[Cho][Lys] and [Cho][Lys]/PEG, but there is no precipitate in [Cho][Pro] or 

[Cho][Pro]/PEG. Photos of [Cho][Gly]/PEG, [Cho][Pro]/PEG and 

[Cho][Lys]/PEG before and after CO2 absorption are shown in Fig. 2. The size 

distribution in Fig. 2d suggests that precipitates in [Cho][Gly]/PEG have large 

particles (with mean size of 430 nm, the peak size is 459 nm with intensity of 

16.8%). In [Cho][Lys]/PEG, the mean size of precipitates is 365 nm (behaving a 

broad peak, the peak size is 91 nm with intensity of 5.0%). There is no detected 

particle in [Cho][Pro]/PEG indicating that [Cho][Pro] has high solubility in PEG 

after absorbing CO2. 
 

 
 

Fig. 2. Photos of [Cho][Gly]/PEG, [Cho][Pro]/PEG and [Cho][Lys]/PEG (a-c) 

before and (a’-c’) after CO2 absorption for 1.5 h. The inserted picture in (c’) 

shows the case when the [Cho][Lys]/PEG was placed sideways. (d) shows the 

size distributions of precipitates in (a’) and (c’). 
 

Precipitation has been observed in many amino acid salt systems in CO2 

absorption process [30, 31]. The precipitates are probably composed of pure 
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amino acids, carbamate and/or bicarbonate, depending on the solvent and 

solubility of the products. If organic solvents are used instead of water, the 

formation of bicarbonate cannot occur and the unstable carbamate will be 

formed. In this situation, the loading is limited to 0.5 mole CO2/mole amine [32]. 

The reaction mechanism with CO2 is described by reactions (1-4). High amounts 

of carbamate are produced during absorption and may be precipitated in the 

solution. In addition, the zwitterions have very limited solubility, which can turn 

into amino acids through reaction (2) [33]. 

The overall reaction is expressed as: 
 

CO2 + 2 −OOC-R-NH2 ↔ −OOC-R-NH3
+ + −OOC-R-NH-COO− (1) 

  
−OOC-R-NH3

+ ↔ HOOC-R-NH2 (2) 
 

Although the solution contains very little water, but the impact cannot be 

ignored. The generated carbamate is able to produce free amine and bicarbonate 

through hydrolysis as described by reaction (3). The free amine will continue to 

participate in CO2 absorption. The theoretical CO2 loading for primary and 

secondary amines is in the range 0.5~1 molCO2/molamine because of the hydrolysis 

of the carbamate to form hydrogen carbonate [34]. In this work, the CO2 loading 

is obviously higher than 0.5 molCO2/molamine, indicating the water has a non-

ignorable effect on CO2 absorption. 
 

−OOC-R-NH-COO− + H2O ↔ −OOC-R-NH2 + HCO3
− (3) 

 

The overall reaction in water contained absorbents is: 
 

CO2 + −OOC-R-NH2 + H2O ↔ −OOC-R-NH3
+ + HCO3

− (4) 
 

ILs in this work have the same cation and thus produced same bicarbonate. 

Since there is no precipitate in [Cho][Pro]/PEG, it is thought that there is no 

bicarbonate in the precipitates. Our previous work shows that there is no 

precipitation in aqueous [Cho][AA]s after CO2 absorption, which also supports 

our proposition [35]. In PEG solution, [Cho][AA] reacts with CO2 by forming 

carbamate, ammonium ions and amino acid in the form of zwitterion. On one 

hand, the hydrophobic interaction between amino acids and PEG leads to 

decreased solubility [31]. On the other hand, amino acid salts with a primary 

amino group produce amino acid zwitterion (−OOC−R−NH3
+ (sol)) that is easy 

to form precipitation (COOH−R−NH2 (s)) [36, 37]. The mixture of 

[Cho][Gly]/PEG+CO2 still had precipitate even when diluted tenfold with PEG. 
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In contrast, amino acid with tertiary or sterically hindered secondary amino group 

produce the zwitterion (−OOC−R−NH3
+ (sol)) with relatively higher solubility 

[36, 37]. The precipitates in [Cho][Gly]/PEG and [Cho][Lys]/PEG are believed 

to be mainly carbamates and the rest amino acids. No precipitation was observed 

in [Cho][Pro]/PEG because of the hindered amino group in [Cho][Pro]. 

Although there is precipitation in [Cho][Lys] and [Cho][Lys]/PEG, but the 

mixtures are homogenous with suspended precipitates. The precipitation 

coalesces into the mixture and forms a flocculent suspension. [Cho][Gly] 

produces precipitates with large particles separated from the solution, therefore 

it cannot be used as lubricants and additives in PEG. The lubricants based on 

[Cho][Pro] and [Cho][Lys] are applied in the following studies. 

C.3.3  Viscosity 

By absorbing CO2, the viscosity of [Cho][Pro] and [Cho][Lys] (mean value of 

viscosities taken from stable ranges in Fig. 3) becomes 30 and 15 times of neat 

ILs. The viscosity of [Cho][Lys]+CO2 decreases continuously at the increasing 

shear rate indicating obvious shear-thinning effect. For [Cho][AA]/PEG 

mixtures, the viscosity is also increased, especially for [Cho][Lys]/PEG. It is 

interesting that the viscosity of [Cho][Lys]/PEG increased significantly after CO2 

absorption, and the mixture look like gel. The shear-thinning behavior is more 

obvious on [Cho][Lys]/PEG+CO2. To check whether the shear thinning-effect is 

caused by the desorption of CO2, the viscosity was tested again with the same 

sample after one hour. 
 

 

 

Fig. 3. Viscosity against shear rate of lubricants in this work. 
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Fig. 4. Viscosity of [Chol][Lys]/PEG tested at 0 h and 1 h after absorbing CO2. 
 
 

 

Fig. 5. Proposed CO2 absorption mechanism by (a) [Cho][Pro] and (b, c) 

[Cho][Lys]. 
 

The result in Fig. 4 shows that after one hour, the viscosity of 

[Cho][Lys]/PEG+CO2 starts again from high viscosity and decreases at the 

increasing shear rate. It indicates that the liquid still has shear-thinning character, 

which should be due to the products with larger or longer molecules after CO2 

absorption. The mechanism of CO2 absorption by ILs has been well studied and 

it is considered that carbamate groups is formed [38]. [Cho][Pro] with one amino 

group produces [Cho][Pro]-COO-[Cho][Pro] like molecule as in Fig. 5a. 
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[Cho][Lys] may be connected in different ways and produce much larger or 

longer molecules as shown in Fig. 5b & Fig. 5c. 

C.3.4  Tribological properties 

Results of wear and friction coefficient curves prior to and after CO2 absorption 

are shown in Fig. 6 and Fig. 7, respectively. It is exciting to see that CO2 

absorption can greatly improve the anti-wear properties of [Cho][AA]s and their 

PEG solutions. Under lubrication of ILs after absorbing CO2, the disc wear 

volume is reduced by 58–62% as compared to neat [Cho][AA]s prior to CO2 

absorption. Fig. 8 shows the 3D surface profile of balls and wear tracks after 

tribological testing. Smooth wear surfaces under lubrication of [Cho][AA]+CO2 

were observed at much lower wear loss. The ball wear scar diameter under 

lubrication of [Cho][Pro] is reduced from 0.606 mm to 0.415 mm after absorbing 

CO2 (Fig. 8a & Fig. 8b). Especially, [Cho][Lys] after absorbing CO2 gives very 

low wear volume (8×10-5 mm3) on the disc (Fig. 8d’), and the ball wear diameter 

is just 0.377 mm (Fig. 8d). The Hertzian contact diameter (the contact patch 

attributable to elastic deformation) is 0.339 mm under the testing conditions. In 

reciprocating motion, the contact patch would inevitably be scratched for the 

starting from standstill with a full applied load, low wear diameters under 

[Cho][Pro]+CO2 and [Cho][Lys]+CO2 indicate that the wear during sliding is 

very low. [Cho][AA]s after CO2 absorption show increased friction coefficient, 

which will be analysed in the following discussion. 

 

Fig. 6. Wear diameter of balls and wear volume of discs lubricated with different 

lubricants. 
 

When [Cho][Pro] and [Cho][Lys] are used as additives in PEG, CO2 

absorption enables a reduction in disc wear [Fig. 8(e’-h’)] and friction by 60–
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64% and 15–20%, respectively. Under lubrication of [Cho][Pro]/PEG and 

[Cho][Lys]/PEG after absorbing CO2, smooth wear surfaces with relatively 

smaller diameter were found on balls, but they leaved much shallower furrows 

along the motion direction. In general, it is interesting to find that the solubility 

of these ILs is decreased and the lubricity is increased after absorbing CO2. 

 

Fig. 7. Friction coefficient curves of different lubricants. 
 
 

 
 

Fig. 8. 3D surface profile of balls and wear tracks. (a, a’) [Cho][Pro], (b, b’) 

[Cho][Pro]+CO2, (c, c’) [Cho][Lys], (d, d’) [Cho][Lys]+CO2, (e, e’) 

[Cho][Pro]/PEG, (f, f’) [Cho][Pro]/PEG+CO2, (g, g’) [Cho][Lys]/PEG, (h, h’) 

[Cho][Lys]/PEG+CO2. 
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To study the mechanisms staying behind sound influence of CO2 absorption 

on tribological properties, two contributions are estimated, i.e., the contribution 

from the increase in viscosity to the elastohydrodynamic lubrication (EHL), and 

the contribution from the bonding between steel and the lubricant (interfacial 

adhesion). In general, the lambda value (λ, Tallian parameter) according to Eq. 1 

reveals the lubricating regime of contacts, depending on the velocity and 

roughness of the surfaces measured after testing [39]. The minimum film 

thickness Hc is determined using the Hamrock–Dowson equation (Eq. 2) [40]. In 

reciprocating motion, although the speed keeps changed, the film thickness 

during stable moving can be calculated and used to roughly study the influence 

of EHL. Here the film thickness under two speeds is calculated, one is under the 

mean sliding speed as 0.1 m/s (according to the 50 Hz reciprocating motion and 

amplitude of 1 mm), the other is under 0.01 m/s considering the low speed during 

reciprocating motion. 
 

λ = 
𝐻𝑐

√𝑅𝑏𝑎𝑙𝑙
2 + 𝑅𝑑𝑖𝑠𝑐

2

 (1) 

 

𝐻𝑐 = 3.63𝑅𝑥𝑈0.68𝐺0.49𝑊−0.073(1 − 𝑒−0.68𝑘) 
(2) 

 

where k is the ellipticity parameter, and 
 

𝑈 =
𝜂0𝑈𝑒

𝐸′𝑅𝑥
, 𝐺 = 𝛼𝑓𝑖𝑙𝑚𝐸′, 𝑊 =

𝐹𝑁

𝐸′𝑅𝑥
2

, 
   

 

where Rx (unit: m) is the ball diameter, η0 is the apparent viscosity of lubricant, 

Ue (m/s) is the entrainment speed, αfilm is pressure-viscosity coefficients, E’ (GPa) 

is the effective Young’s modulus, FN (N)is the applied load and e = 2.71828…. 

All of these are known except αfilm, an approximation of this parameter for 

[Cho][Pro] (αfilm at 25 ºC is 8.0 GPa–1) has been computed in our previous paper 

[41]. The αfilm of [Cho][Lys] at 25 ºC should not be much different with 

[Cho][Pro], αfilm = 8.0 GPa–1 is used for [Cho][Lys] in the film thickness analysis. 

Furtherly, αfilm of [Cho][Pro] and [Cho][Lys] after absorbing CO2 is also taken as 

8.0 GPa–1. 
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Fig. 9. Calculated film thickness and lambda value for [Cho][Pro], 

[Cho][Pro]+CO2, [Cho][Lys] and [Cho][Lys]+CO2 under the tested roughness 

and sliding speeds of 0.1 m/s and 0.01 m/s. 
 

Table 4. RMS surface roughness of worn balls (Rball) and discs (Rdisc), and the 

combined roughness (Rcomb). (unit: nm). 
 

 [Cho][Pro]/PEG [Cho][Pro]/PEG+CO2 [Cho][Lys]/PEG [Cho][Lys]/PEG+CO2 

Rball 448 482 376 1243 

Rdisc 5069 1410 5754 3960 

Rcomb 5089 1491 5766 4150 

 [Cho][Pro] [Cho][Pro]+CO2 [Cho][Lys] [Cho][Lys]+CO2 

Rball 582 71 186 32 

Rdisc 683 162 122 158 

Rcomb 897 177 222 161 
 

The RMS (root mean square) surface roughness of wear surfaces and the 

combined roughness are shown in Table 4. It is easy to get from the high 

roughness that the contacts lubricated by [Cho][AA]/PEG enter boudary 

lubrication. Film thickness for [Cho][Pro], [Cho][Pro]+CO2, [Cho][Lys] and 

[Cho][Lys]+CO2 at 0.1 and 0.01 m/s is shown in Fig. 9, and the corresponding λ 

value is also given. According to the results, [Cho][Lys] shows a mixed 

lubrication under 0.1 m/s and boundary lubrication under 0.01 m/s, while 

[Cho][Lys]+CO2 is performed in the EHL regime under 0.1 and 0.01 m/s, 

indicating that solid surfaces are indeed mostly separated with a lubricating film 

(the initial solid contacts from standstill cannot be avoid). This is in 

correspondence with the low wear diameter which is close to the Hertzian contact 

diameter. At the case of [Cho][Pro], for the relatively lower viscosity, the 

lubrication is performed in boundary regime. After absorbing CO2, the 

lubrication transfers from boundary regime to mixed regime. For neat 
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[Cho][AA]s, the resulting high wear leads to increased contact surface and 

decreased pressure. As a result, the viscosity is decreased the friction coefficient 

is lower than [Cho][AA]s after absorbing CO2. 
 

 
 

Fig. 10. Speculated mechanism of the improved lubricity by absorbing CO2. 
 

The contribution of interfacial adhesion is another factor, since it is effective 

in avoiding direct contacts under high pressure. With the formation of carbamate 

groups, the bonding between steel and the lubricant is enhanced through 

electrostatic interactions between steel and COO− groups [16, 42, 43]. After 

absorbing CO2 with neat [Cho][AA]s, the reinforced interfacial adhesion can 

reduce direct solid contacts in the mixed lubrication regime, while the higher 

viscosity of bulk lubricants leads to higher friction coefficient [44]. Overall, the 

speculated lubrication mechanism for neat ILs after absorbing CO2 is illustrated 

with [Cho][Lys] in Fig. 10. For [Cho][AA]/PEG mixtures, [Cho][AA]s can 

improve the anti-wear and friction reducing properties of pure PEG by forming 

a robust protective surface film on steel surface, which can reduce direct solid 

contacts. After absorbing CO2, the adhered film is reinforced for the formation of 

COO− groups. As a result, direct contacts are furtherly avoided, the wear and 

friction coefficient are decreased. 

C.4  Conclusions 

In summary, three ILs, i.e. [Cho][Gly], [Cho][Pro] and [Cho][Lys], are used to 
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study the influence of CO2 absorption on their solubility and lubricity. It is 

interesting to find that the solubility of these three ILs is generally decreased and 

the lubricity is increased after absorbing CO2, which is strongly related to the 

functional group (amino group) interactions with CO2. [Cho][Gly] produces 

precipitates with large particles separated from the solution, making it impossible 

to use them as lubricants. [Cho][Pro] and [Cho][Lys] still retain homogenous 

lubricants. Specially, the viscosity of [Cho][Lys] is increased by 14 times and the 

wear volume is reduced by 58% by absorbing CO2. The improved lubricity is 

believed due to the formation of carbamate groups, which can not only increase 

the viscosity of lubricants, but also strengthen the interfacial adhesion between 

ILs and the solid surface. 
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Abstract 

Polymers prepared from ionic liquids are widely called as polymerized ionic 

liquids (PILs). Compared to monocationic and dicationic ILs, PILs have higher 

molecular weights, charge, and greater intermolecular interactions, which make 

PILs have higher possibility to generate better lubricity. PILs of 

poly(alkylimidazolium bis(trifluoromethylsulfonyl)imide) (PImC6NTf2) is 

studied in this paper. Dicationic ILs of 1,1’-(pentane-1,5-diyl)-bis(3-

butylimidazolium) bis(trifluoromethylsulfonyl)imide (BIm5-(NTf2)2) is used as 

additive to decrease the crystallization temperature of PImC6NTf2. Lubricity of 

PImC6NTf2 and PImC6NTf2+BIm5-(NTf2)2, as well as BIm5-(NTf2)2 for 

comparison is evaluated under severe conditions, i.e., 3.0 to 3.5 GPa and 200 °C. 

The rheological study suggests that PImC6NTf2 can be classified into grease. 

Tribological test results show that PImC6NTf2 has much better anti-wear property 

than BIm5-(NTf2)2, especially at 3.5 GPa. Adding 4% BIm5-(NTf2)2 to 

PImC6NTf2 is able to reduce friction under high pressure. At 200 °C, PImC6NTf2 

exhibits excellent lubricity. The mixture of 96%PImC6NTf2+ 4%BIm5-(NTf2)2 

shows even better anti-wear property than neat PImC6NTf2 and exhibits the 

highest friction reducing property among the ILs at 200 °C. It is speculated that 

the robust strength of PILs and strong adhesion between PILs and solids are key 

factors in achieving the excellent anti-wear property. 
 

Key words 

grease, high pressure and high temperature, lubricity, polymerized ionic liquids 
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D.1  Introduction 

Ionic liquids (ILs) are materials composed of cations and anions which melt at or 

below 100 °C.[1] Since the first report by Weimin Liu et al.[2] in 2001, ILs have 

attracted increasing interest as lubricants or lubricant additives due to their 

special physicochemical characteristics.[3] Molecular structure of ILs has a 

significant influence on their physicochemical characteristics, which in turn 

affects the lubricating performance.[4] Because of the higher molecular weights, 

charge, and greater intermolecular interactions, geminal dicationic ILs (DILs) 

show higher stability, lower volatility and high viscosity at high temperature. 

These properties make them possess better lubricity than monocationic ILs 

(MILs).[5] 

Polymers prepared from ionic liquids are widely called as polymerized ionic 

liquids or poly(ionic liquid)s (PILs).[6] They have received research interest in 

wide fields including catalysis, adsorption or separation, batteries, etc.[7] PILs can 

be chemically described as covalently bonded ILs monomers. According to 

polymerization manner, PILs are classified into several types including 

polycation, polyanion, copolymer and polyzwitterion type PILs, in addition to 

cross-linked PILs and PILs prepared with natural polymers.[8] Compared to DILs, 

PILs have even higher molecular weights, charge, and greater intermolecular 

interactions, which make PILs have higher possibility to generate better lubricity. 

In the fields of superlubricity and bio-lubrication, polymer brushes 

including ionic liquid polymer brushes have been extensively studied due to their 

extremely low coefficient of friction.[9] By grafting anions and cations, the load 

resistance of the formed zwitterionic polymer brushes can be further improved 

due to the enhanced balance of the intra- and intermolecular interactions.[10] 

Throughout the studies of polymer brushes, it can be deducted that the long chain 

of a polymer can be attached to the solid surface at one end and exposed at the 

other end as a shear layer to reduce shear and to support loads.[11] Regarding PILs, 

they have a structure similar as the polymer brush, but with stronger 

intermolecular interactions caused by ion-pairing. Due to the polarity of the 

anions, PILs can be electrostatically adsorbed on the metal surface under high 

load. This configuration facilitates carrying higher loads and reducing wear. 

Recently, Zhang et al.[12] and Bapat et al.[13] synthesized copolymerized PILs 

as lubricant additives which remarkably improved tribological properties in 

selected base oils. However, PILs generally have a higher melting point than 

conventional MILs and DILs, and are often present in solid form at room 
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temperature to lose the fluidity of the lubricant, which prevents them to be 

directly used as lubricants.[14] To our best knowledge, until now there is no work 

on the lubrication performance of PILs as base lubricant or lubricating grease. 

Do we have the possibility to prepare lubricating grease based on PILs? 

Green and coauthors found that among the alkyl-substituted 

vinylimidazolium PILs, the glass transition temperature (Tg) decreases as the 

length of the alkyl substituent increases.[15] In addition, the Tg of the imidazolium 

homopolymers systematically decreased in the order Br− > BF4
− > TfO− > NTf2

−. 

It means it is possible to lower down the Tg of PILs to get better flow properties 

through chemical composition design of PILs. Another positive information is 

that ILs-based lubricating greases have been synthesized by using 1-octyl-3-

methylimidazolium hexafluorophosphate and 1-octyl-3-methylimidazolium 

tetrafluoroborate as base oil and the polytetrafluoro-ethylene as thickener to 

reduce friction and wear.[16] In our previous works, protic 

[Triethanolamine][Oleic Acid] and aprotic [Choline][Oleic Acid] ionic greases 

were successfully synthesized without using thickener.[17] So, it seems that it may 

be possible to prepare PILs-based greases by chemical design or adding other 

materials. 

In this work it is attempted to directly use PILs as high-performance 

lubricating grease. Based on the reported thermophysical properties of PILs and 

the presence of functional groups which are advantageous for lubrication, a kind 

of PILs namely poly(alkylimidazolium bis(trifluoromethylsulfonyl)imide) 

(PImC6NTf2) was selected as base material. It was reported that PImC6NTf2 has 

relatively lower melting point of just 65 °C and has high thermal stability (with 

a decomposition temperature around 450 °C).[14a, 18] A small amount of DILs 

named 1,1’-(pentane-1,5-diyl)-bis(3-butylimidazolium) bis(trifluoromethyl-

sulfonyl)imide (BIm5-(NTf2)2) was added to PImC6NTf2 to decrease the 

crystallization temperature and improve the lubricating properties. The 

lubricating properties of PImC6NTf2 and its mixture with BIm5-(NTf2)2 were 

investigated under severe operating conditions including high pressure (up to 3.5 

GPa) and high temperature (200 °C). 

D.2  Results and Discussions 

D.2.1  FTIR Spectra and Molecular Weight 

Chemical structures of the synthesized ILs are shown in Figure 1. PImC6NTf2 is 

liquid at room temperature in the first several hours after vacuum drying at 60 °C 
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for 12 h, and turns to be semi-solid with almost no flow ability after one day 

(Figure 2a). BIm5-(NTf2)2 is oily liquid with high flow ability. 
 

 
 

Figure 1. Chemical structure of (a) PImC6NTf2, (b) BIm5-(NTf2)2 and (c) 

EmimNTf2; (d) the structure of NTf2
– 

 

 
 

Figure 2. (a) Photos of PImC6NTf2, (b) 96%PImC6NTf2+4%BIm5-(NTf2)2 and 

(c) 90%PImC6NTf2+10%BIm5-(NTf2)2 after 3 days storing at room temperature 
 

Figure 3 shows the FTIR spectra of PImC6NTf2, BIm5-(NTf2)2 and 

EmimNTf2. With these peaks we confirm the existence of NTf2
–, i.e., 515/514 & 

571 cm–1
 (δa(CF3))

[19], 741/740 cm–1
 (σ(CF3))

[19a], 1196/1195 cm–1 (vs(CF3))
[19a]; 

790 cm–1 (v(CS))[19a]; 601 cm–1 & 1137 cm–1 (δa
i.p.(·SO2))

[19], 618/617 cm–1 

(δ(SO2))
[20], 1137 cm–1 (vs

o.p.(·SO2)), 1333/1331 cm–1 & 1353/1352/1351 cm–1 

(va
o.p.(·SO2) & va

i.p.(·SO2))
[19]; 652 cm–1

 (δ(SNS))[19a], 1058/1056/1056 cm–1 

(va(SNS))[19a]. The peaks in 1574 cm–1 (EmimNTf2), 1563 cm–1 (BIm5-(NTf2)2) 

and 1566 cm–1 (PImC6NTf2) indicate vCC and vCN of imidazolium ring.[20a] The 

peaks in 2849 cm–1 and 2920/2921 cm–1
 are ascribed to vsCH2 and vaCH2, and 

δCH/CH2/CH3 exhibits a peak at 1469 cm–1.[20b, 21] The symbols have their usual 

meaning: v, stretching vibration; va, asymmetrical stretching vibration; vs, 

symmetrical stretching vibration; δ, scissoring vibration; va
i.p., asymmetrical in-

phase stretching vibration; va
o.p., asymmetrical out-of-phase stretching vibration; 
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δa
i.p., asymmetrical in-phase scissoring vibration. The relative molecular weight 

of PImC6NTf2 obtained from gel permeation chromatography (GPC) is 35500. 
 

 
 

Figure 3. FTIR spectra of PImC6NTf2, BIm5-(NTf2)2 and EmimNTf2 

 

D.2.2  Thermal Properties 

Thermogravimetric (TG) curves in Figure 4a indicate that the synthesized PILs 

has almost the same thermal decomposition temperature with BIm5-(NTf2)2. The 

starting decomposition temperature of the two ILs is around 360 °C. When the 

mass loss is 5 wt% for BIm5-(NTf2)2 and PImC6NTf2, the corresponding 

temperature is 405.6 °C and 410.8 °C, respectively. The long-term stability study 

at 200 °C shows that after two weeks, PImC6NTf2 and BIm5-(NTf2)2 have very 

low mass loss of just 0.71% and 0.79%, respectively. It is worth noting that the 

weight of them keeps almost unchanged after two days. The observed high 

thermal stability is attributed to the compact structure of imidazolium ring, higher 

intermolecular interactions and smaller free volume.[5a] Since the thermal 

stability is so close, there is no need to consider the thermal influence in applying 

the mixture of PImC6NTf2 and BIm5-(NTf2)2. 

Differential Scanning Calorimeter (DSC) curves of PImC6NTf2, BIm5-

(NTf2)2 and 96%PImC6NTf2+4%BIm5-(NTf2)2 are shown in Figure 4b. For 

PImC6NTf2, peaks at 50 °C and 33 °C with larger intensity are ascribed to the 

melting behavior and crystallization behavior. Compared to normal room 

temperature ILs, PImC6NTf2 has relatively higher melting and crystallizing 

temperature. BIm5-(NTf2)2 experiences glass transition at ‒61 °C but exhibits no 

obvious melting or crystallization behavior. It is interesting that the melting and 

crystallization behaviours of PImC6NTf2 are remarkably affected by adding 

4%BIm5-(NTf2)2. 96%PImC6NTf2+4%BIm5-(NTf2)2 exhibits no obvious melting 
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or crystallization behavior, instead it experiences glass transition at ‒45 °C. The 

great change should be caused by the destruction of ordered structures after 

adding BIm5-(NTf2)2. The presence of BIm5-(NTf2)2 retards liquid crystallization 

and allows the fusion of a lower-melting polymorph.[22] 

 

 

 

Figure 4. (a) TG curves of PImC6NTf2 and BIm5-(NTf2)2, (b) DSC curves of 

PImC6NTf2, BIm5-(NTf2)2 and 96%PImC6NTf2+4%BIm5-(NTf2)2 

 

D.2.3  Viscosity Characterization 

Figure 5 compares the rheological behavior of PImC6NTf2 and BIm5-(NTf2)2 

under increasing shear rates at 25 °C. PImC6NTf2 shows very high viscosity of 

19054 Pas in the beginning. As the shear rate increases, the viscosity remarkably 

decreases and reaches a value of 82 Pas, behaving obvious shear-thinning 

character.[23] In addition, it is clearly seen that the extended dashed line of the 

shear stress does not pass through the point (0, 0), which reveals the characteristic 

Bingham plastic behavior.[24] 96%PImC6NTf2+4%BIm5-(NTf2)2 also shows 

shear-thinning character and characteristic Bingham plastic behavior. The 

rheological behavior suggests that PImC6NTf2 and 96%PImC6NTf2+4%BIm5-

(NTf2)2 could be classified into grease. Regarding BIm5-(NTf2)2, the viscosity is 

much lower than PImC6NTf2 and it slowly decreases from 0.99 Pas to 0.87 Pas. 

The extended dashed line of the shear stress closely passes through the point (0, 

0), and it shows no obvious shear-thinning phenomenon. BIm5-(NTf2)2 can be 

considered as liquid lubricant. 
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Figure 5. Log−log plots of (a) shear stress and (b) viscosity as a function of shear 

rate 
 

D.2.4  Tribological Properties 

2.4.1. Lubricity under Elevated High Pressures 

 

Figure 6. (a) Ball wear diameter and (b) disc wear volume of BIm5-(NTf2)2, 

PImC6NTf2 and 96%PImC6NTf2+4%BIm5-(NTf2)2 under 3.0 GPa and 3.5 GPa 

(at room temperature) 
 

Lubricating properties of PImC6NTf2 as base lubricant under elevated pressure 

of 3.0 GPa and 3.5 GPa are studied by SRV-III, and the influence of BIm5-(NTf2)2 

by 4% is also investigated (Figure 6). Overall, PILs-based lubricants and BIm5-

(NTf2)2 exhibit excellent lubricity even under such high load. The ball wear scar 

diameters are 0.540−0.544 mm as shown in Figure 7(a−c), which are 1.33−1.34 

times larger than the Hertzian contact diameter (0.406 mm). With similar ball 

wear diameter, the anti-wear ability is judged based on the wear volume of the 

disc. The wear volume of the disc lubricated by PImC6NTf2 is just 6.47×10–5
 

mm3, which is 53% of that by BIm5-(NTf2)2. In terms of friction reducing 
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property, the friction coefficient of PImC6NTf2 is stable at around 0.103 (Figure 

8), which is a little higher than BIm5-(NTf2)2 (the friction coefficient is 0.097). 

Figure 8 shows that the two PILs-based lubricants give stable friction coefficient. 

96%PImC6NTf2+4%BIm5-(NTf2)2 shows better anti-wear ability than 

PImC6NTf2, and the disc wear volume is reduced by 24%. The friction coefficient 

is little affected by adding 4%BIm5-(NTf2)2. 
 

 
 

Figure 7. 3D images of a-f) ball and a’-f’) disc lubricated by BIm5-(NTf2)2 (a, 

a’,d, d’), PImC6NTf2 (b, b’, e, e’) and 96%PImC6NTf2+4%BIm5-(NTf2)2 (c, c’, 

f, f’) under 3.0 GPa and 3.5 GPa (at room temperature) 
 

The advantage of PILs-based lubricants is more pronounced as the pressure 

reaches 3.5 GPa. BIm5-(NTf2)2 exhibits much higher wear than under 3.0 GPa 

and shows an increase in friction coefficient. In detail, the ball shows a rough 

wear scar in diameter of 0.684 mm (Figure 6d), and the disc has a deep wear scar 

giving a volume of 20.20×10–5 mm3 (Figure 6d’). As tribological testing 
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progresses and the wear increases, the friction coefficient increases from 0.098 

to 0.108 (Figure 8b). It indicates that under 3.5 GPa the load capacity of BIm5-

(NTf2)2 is not enough to support the solid surfaces, so that more solids are in 

direct contact during the friction process. As for PImC6NTf2, the ball wear 

diameter is just 0.603 mm. The surface profiles of worn balls in Figure 9 show 

that the wear and roughness of ball lubricated by PImC6NTf2 is lower than BIm5-

(NTf2)2. The wear scar on disc is very slight with a wear volume of 6.78×10–5 

mm3, which is 34% of that by BIm5-(NTf2)2. It is exciting to find that the disc 

wear is only a little higher than that under 3.0 GPa. What is more, the friction 

coefficient is very stable, and the mean value is almost same with that under 3.0 

GPa. After adding 4%BIm5-(NTf2)2, the friction coefficient is reduced to 0.098, 

but the wear of disc is slightly increased and gives a wear volume of 8.28×10–5 

mm3. The reduced friction should be caused by the reduced viscosity and the 

enhanced flow ability after adding BIm5-(NTf2)2. 
 

 

Figure 8. Online friction coefficient of BIm5-(NTf2)2, PImC6NTf2 and 

96%PImC6NTf2+4%BIm5-(NTf2)2 under 3.0 GPa and 3.5 GPa (at room 

temperature) 
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Figure 9. Surface profiles of balls lubricated by BIm5-(NTf2)2, PImC6NTf2 and 

96%PImC6NTf2+4%BIm5-(NTf2)2 under 3.5 GPa (at room temperature) 
 

From the above results, it is found that PImC6NTf2 has big advantages over 

BIm5-(NTf2)2, especially under high pressure of 3.5 GPa. The friction coefficient 

can be reduced by adding small amount of BIm5-(NTf2)2. The selected ILs in this 

work have the same functional groups of imidazole and NTf2
–, so the contribution 

of tribo-chemical reaction on the difference could be ignored.[25] It is generally 

recognized that structure design of ionic liquids can effectively improve the 

lubricating performance. In the previous work immersed in bis-substituted ILs, it 

was suggested that bis ion-pairing works to establish a more robust and denser 

adsorption film than their mono-imidazolium counterparts.[26] In regard of PILs, 

they are composed of well oriented units resulting in robust strength of bulk 

lubricants and stronger adhesion with solid surfaces (Figure 10). In addition, the 

long chain structure makes PILs easily connected forming a net-like protecting 

film, which is able to further increase the anti-wear properties and decrease direct 

solid contacts. 
 

 

 

Figure 10. Proposed mechanism of anti-wear ability for PImC6NTf2 
 

2.4.2. Lubricity under High Temperature 

Considering the high thermal stability of PILs with NTf2
– anion, lubrication 

performance of PILs-based lubricants was further studied under high temperature 
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of 200 °C. The friction coefficient and disc wear volume of EmimNTf2, BIm5-

(NTf2)2, PImC6NTf2 and 96%PImC6NTf2+4%BIm5-(NTf2)2 are compared in 

Figure 11. BIm5-(NTf2)2, PImC6NTf2 and 96%PImC6NTf2+ 4%BIm5-(NTf2)2 

show excellent lubricating performance at 200 °C. The disc wear volume is 

3.32×10–5, 4.78×10–5 and 3.85×10–5 mm3, respectively. The disc wear volume is 

12−17% of that by EmimNTf2, and the friction coefficient is lower than that of 

EmimNTf2. 96%PImC6NTf2+4%BIm5-(NTf2)2 shows better anti-wear and 

friction reducing properties than neat PImC6NTf2. Compared to BIm5-(NTf2)2, 

the disc wear volume is a bit higher, but it shows lower and more stable friction 

coefficient. 
 

 
 

Figure 11. Friction coefficient and wear of different ILs lubricants under 200 °C 

and 2.0 Gpa 
 

Itoga et al. reported that the NTf2-based ILs did not show excessive 

corrosive wear even under high temperatures up to 200 °C.[25b] Under high 

temperature, the viscosity of ILs is remarkably reduced,[5b] so it is easier for the 

lubrication to enter into boundary regime. Higher viscosity of BIm5-(NTf2)2 and 

PImC6NTf2 is beneficial to reduce the solid contact during the friction process. 

More attention should be paid to the solid-liquid interface with packed ILs. BIm5-

(NTf2)2 and PImC6NTf2 with stronger ion-pairing result into a robust and dense 

boundary film. Maybe the intermolecular interaction and molecule size for neat 

PILs are too high, making them hard to enter into the gaps between solids.[25b] In 

this situation, adding a small amount of BIm5-(NTf2)2 is able to weaken the strong 

interaction between PILs as well as to fill the gaps, resulting in the reduction of 

both wear and friction. 
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D.3  Conclusions 

Polymerized ionic liquids of PImC6NTf2 was directly used as lubricating grease. 

In case of too low flow ability, a small amount of diimidazolium ILs named BIm5-

(NTf2)2 was added to PImC6NTf2. The lubricating properties of PImC6NTf2 and 

its mixture with BIm5-(NTf2)2 were investigated under severe operating 

conditions including (a) elevated pressures of 3.0 GPa and 3.5 GPa at room 

temperature, and (b) high temperature of 200 °C under 2.0 GPa. The conclusions 

can be drawn as: The grease-like PImC6NTf2 has big advantages in anti-wear 

properties over BIm5-(NTf2)2, especially under higher pressure of 3.5 GPa. The 

disc wear under 3.5 GPa is 34% of that by BIm5-(NTf2)2. What is more, the 

friction coefficient is very stable and the mean value is almost the same with that 

under 3.0 GPa. At 200 °C, both PImC6NTf2 and BIm5-(NTf2)2 exhibit excellent 

lubricity. The mixture of 96%PImC6NTf2+4%BIm5-(NTf2)2 shows better anti-

wear property than neat PImC6NTf2 and exhibits the highest friction reducing 

property among the ILs. In regard of the mechanism, it is speculated that the 

robust strength of PILs and strong adhesion with solids are key factors in 

achieving the excellent anti-wear property. 

D.4  Experimental Section 

Materials: 1-bromo-6-chlorohexane (≥98%), 1,5-dibromopentane (98%), 

imidazole (≥99%), butylimidazole (99.9%) and lithium bis(trifluoromethyl-

sulfonyl)imide (LiNTf2) 99% were purchased from Shanghai Macklin 

Biochemical Co., Ltd. Lithium hydride (≥99%), dichloromethane (A.R.) and 

THF (99.9%) were bought from Energy Chemical, China. Acetone (A.R.) was 

from Shanghai Lingfeng Chemical reagent CO., LTD, China. The above 

materials were used as received. 1-ethyl-3-methylimidazolium bis((trifluoro-

methyl)sulfonyl)imide (EmimNTf2) was bought from Lanzhou Yulu Fine 

Chemical Co. LTD., China, and it was vacuum dried at 80 °C for 12 h before use. 

Preparation of ILs-based lubricants: The synthesis method of PImC6NTf2 

was in accordance with that by Ho et al. [14a], and BIm5-(NTf2)2 was synthesized 

with a similar method as reported by Gusain et al.[5a] and Zeng et al.[5b]. After 

vacuum dry at 80 °C for 12 h, the two ILs were stored at room temperature of 

25±3 °C. 4% and 10% BIm5-(NTf2)2 was added into PImC6NTf2 to decrease the 

crystallization temperature. First, a certain quality of (BIm5-(NTf2)2 was 

dissolved in acetone, then the obtained solution was well mixed with PImC6NTf2. 

The mixed lubricants were obtained by vacuum drying at 60 °C for 12 h. The 
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liquid-like lubricants were sealed and stored at room temperature. After 3 days 

storing, 96%PImC6NTf2+4%BIm5-(NTf2)2 appeared like grease (Figure 2b), 

while 90%PImC6NTf2+10%BIm5-(NTf2)2 showed higher flow ability and lose 

the typical grease character (Figure 2c). The mixture of 96%PImC6NTf2 

+4%BIm5-(NTf2)2 would be used for further studies. 

Characterization: Preparation of PImC6NTf2 and BIm5-(NTf2)2 was 

confirmed by their Fourier Transform IR (FTIR, Nicolet iS10). The relative 

molecular weight (Mw) of PImC6NTf2 was obtained by testing the intermediate 

product of PImC6Cl using gel permeation chromatography (GPC). GPC of 

PImC6Cl was performed with a 30 cm Waters Ultrahydrogel 250 column using a 

Waters Isocratic HLPC 1515 pump and a Waters 2414 refractive index detector. 

The eluent was water with a flow rate of 1 mL min‒1. Mw of PImC6Cl was 15200, 

which was calculated using a series of dextran standards as references. The 

obtained Mw of PImC6NTf2 was 35500. The thermal decomposition temperature 

of PImC6NTf2 and BIm5-(NTf2)2 was studied with a thermogravimetric analyzer 

(TGA, TA Instruments Q500) at a heating rate of 10 °C min−1 in nitrogen (N2). 

To investigate the long-term high-temperature stability, the two ILs were stored 

in electric blast drying oven at 200 °C for 2 weeks. The total quality, quality loss 

and the percentage of loss of the three ILs were recorded with an analytical 

balance having a resolution of 0.1 mg to get the percentage of loss.[27] The glass 

transition temperature (Tg) was determined with a Differential Scanning 

Calorimeter (DSC, TA Instruments Q20) from −100 to 100 °C with a heating rate 

of 10 °C min−1 after cooling samples to −100 °C in aluminum pan. Samples of 

mass 5−10 mg were sealed in a vented aluminum pan and placed in the furnace 

with a 50 mL min‒1 N2 stream. The viscosity of ILs at 25 °C and 1−100 s−1 shear 

rate was investigated with a Bohlin rheometer (CVO 100, Malvern Instruments, 

UK). A cone-on-plate geometry was used with a 1° cone angle and 20 mm cone 

diameter. 

Tribological properties of PILs-based lubricants under elevated pressures 

were investigated by an Optimol SRV-III oscillating friction and wear tester. The 

upper steel ball slides under reciprocating motion against a stationary steel disc 

at a given frequency of 50 Hz with an amplitude of 1 mm. The ball (100Cr6 steel, 

diameter 10 mm, surface roughness (Ra) 20 nm, provided by SKF, Sweden) and 

disc (100CR6 ESU hardened, Ø24 mm × 7.9 mm, and surface roughness (Ra) 

120 nm, supplied by Optimol Instruments Prüftechnik GmbH, Germany) were 

cleaned with acetone and ethanol prior to and after friction test. Tests were carried 

out under 258 N and 410 N (the corresponding maximum Hertz contact pressure 

was 3.0 GPa and 3.5 GPa) at room temperature of approximately 25 °C. The test 
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duration was 1 h. Prior to and after friction test, the ball and disc were wiped with 

ethanol. The friction coefficient curves are recorded automatically with a data 

acquiring system linked to the SRV-III tester. The wear diameter of the balls, wear 

volume of the discs and roughness of wear surfaces were determined using a 

Zygo NewView 7300 instrument (Zygo Corporation, Middlefield, CT, USA). 

The lubrication performance of PILs-based lubricants was carefully compared 

with BIm5-(NTf2)2. The high temperature tests (200 °C) were also carried out on 

SRV-III tester under relatively lower pressure of 2.0 GPa, and other conditions 

are same with those for high pressure tests. The disc wear volume was determined 

by Zygo. BIm5-(NTf2)2 and EmimNTf2 were tested as contrasts. 
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Abstract 

In this paper, bubble-on-plate structure is realized on hollow IF-MoS2/reduced 

graphene oxide (HIF-MoS2/RGO) nanocomposites. HIF-MoS2 nanocages 

templated with the generated ammonia (NH3) are connected to RGO through the 

interlayered MoS2. The as-prepared HIF-MoS2/RGO is added into an ionic grease 

to study the tribological behavior of HIF-MoS2/RGO. For comparison, 

commercial grade MoS2 nanoparticles, single RGO or HIF-MoS2 or their 

physical mixture are also studied. Tribological results show that, compared with 

other additives, HIF-MoS2/RGO nanocomposites have the best anti-wear 

properties especially under higher load of 3.0 GPa. The wear reduction of HIF-

MoS2/RGO reinforced grease under 2.5 GPa and 3.0 GPa reached 67% and 96%, 

respectively. In addition, HIF-MoS2/RGO reinforced grease achieves much lower 

and stable friction coefficient (0.079, the value of neat grease is 0.098) under 3.0 

GPa. HIF-MoS2/RGO reinforced grease maintains very low friction coefficient 

and wear up to 4.1 GPa, while the normal MoS2 and RGO show high wear at the 

pressure up to 3.0 GPa. It is proposed that HIF-MoS2 nanocages on RGO act as 

rolling balls during friction resulting in better separation of steels.
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E.1  Introduction 

Molybdenum disulfide (MoS2) is a typical layered transition-metal sulfide 

formed by van der Waals stacking of covalently bonded S–Mo–S layers. Various 

kinds of MoS2 in two-dimension (2D) or three-dimension (3D) have been 

synthesized and applied in fields including lubrication, electronic devices, 

electrocatalysis, etc. [1-4]. The in-plane stiffness of monolayer MoS2 reaches an 

effective Young’s modulus of 270 ± 100 GPa, and breaking occurs at an effective 

strain between 6% and 11% with the average breaking strength of 23 GPa [5]. 

Recent studies reveal that MoS2 based nanocomposites, e.g., MoS2/graphene, 

provide many possibilities to further improve the existing performance for their 

heterostructure [6-8]. Liu et al. [9] constructed a novel sandwich electro 

chemiluminescence aptasensor for sensitive detection of thrombin based on 

MoS2 nanosheet–graphene composites and Au nanoparticles. The 3D 

architecture of the biointerface based on MoS2/graphene composites could 

significantly improve the loading capacity and conductivity of the glassy carbon 

electrode. 

Lubrication is one of the most important applications of MoS2. It is well 

known that lubrication critically affects a wide range of applications such as 

bearings, pistons and gears. Adding lubricant additives is an effective way to 

improve the lubrication performance. The high chemical inertness, extreme 

strength and easy shear capability enable MoS2 with impressive tribological 

behavior in friction and wear reduction [10, 11]. In addition, the 2D layered 

structure can change the mass and heat transfer during friction by aligning in the 

fluid direction [1]. By far, there have been numerous inspiring studies and 

successful application of MoS2 in space technology and in a variety of 

dispersions in grease, oil and lacquers [12]. MoS2/graphene nanocomposites 

prove to be fantastic solid lubricants and lubricating additives. Xin et al. [13] 

prepared a graphene oxide/nano-MoS2 nanohybrid by chemically combining 

nano-MoS2 and graphene oxide. The multidimensionally assembled nanohybrid 

greatly increase the mechanical, thermodynamic, surface and tribological 

properties when used as additive in polyimide. Recently, Hou et al. [14] 

synthesized reduced graphene oxide/molybdenum disulfide (RGO/MoS2) 

heterostructures by a facile one-pot hydrothermal method. RGO/MoS2 

heterostructures have better lubricating properties with lower friction coefficient 

and higher wear resistance than single and physically mixed forms of RGO or 

MoS2, which should be for the lower shear strength arising from the intrinsic 
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lattice mismatch between RGO and MoS2. 

A star member in MoS2 family: inorganic fullerene-like MoS2 (IF-MoS2) in 

presence of curved hexagonal S–Mo–S planes has gained increased attention and 

showed an ultra-low friction coefficient compared to hexagonal MoS2 material 

[15-17]. Rosentsveig and coauthors [18] synthesized an oval (pitta bread or 

flying-saucer) shaped IF-MoS2. They found that the addition of IF-MoS2 

nanoparticles into various metallic coatings lead to a significant improvement in 

their friction and wear behavior. The main synthesis methods of IF-MoS2 include 

chemical vapor deposition (CVD), a seed-assisted solution route followed by 

annealing, electron beam irradiation of MoS2 crystallites, hydrothermal 

synthesis, etc. [18-21]. Recently, a hollow IF-MoS2 (HIF-MoS2) was synthesized 

by a facile solution-phase reduction process. The HIF-MoS2 exhibits a hollow 

structure with a thickness of ~15 nm, and the MoS2 shell exhibits a well-

established layered structure [22]. It is expected that this hollow fullerene-like 

structure would probably possess good tribological performance. 

In this work, inspired by the novel IF-MoS2 in hollow structure and the 

suggestion that weak interaction between MoS2 and graphene is in favor of 

friction reduction and anti-wear properties, HIF-MoS2/reduced graphene oxide 

(HIF-MoS2/RGO) nanocomposites are synthesized by hydrothermal method 

followed by annealing. MoS2 nanocages templated with in-situ produced 

ammonia (NH3) multidimensional assemble on RGO nanosheets forming a 

bubble-on-plate structure. The as-prepared HIF-MoS2/RGO are added into an 

ionic grease to study their lubricating behavior. For comparison, commercial 

MoS2 nanoparticles, single and physically mixed forms of RGO or HIF-MoS2 are 

studied. The load-carrying capacity of HIF-MoS2/RGO reinforced grease is also 

examined. 

E.2  Material and methods 

E.2.1 Materials and synthesis of HIF-MoS2/RGO nanocomposites 

Oleic acid (≥99%) and triethanolamine (≥99%) were purchased from Sigma-

Aldrich. Hydrazine monohydrate (N2H4·H2O, ≥98%; Aladdin®, PR China), 

ammonium tetrathiomolybdate ((NH4)2MoS4, ≥99.95%; Alfa Aesar, PR China), 

N-methyl-2-pyrrolidone (NMP, ≥99.5%; Aladdin®, PR China) were used as 

received. Deionized water was used in all the tests. GO was supplied by Professor 

Ningzhong Bao from Nanjing Tech University, and it was synthesized by 

improved Hummers’ method described in the previous paper [23]. 
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MoS2/RGO with different MoS2 loadings (three loadings, i.e., low, medium 

and high loading) were realized by controlling the ratios of GO and (NH4)2MoS4. 

MoS2/RGO with medium loading is taken as an example. First, 0.0443 g GO was 

ultrasonically dissolved in 160 mL of NMP in a 200 mL beaker. Then, 0.26 g (1 

mmol) ammonium tetrathiomolybdate ((NH4)2MoS4) was added to the GO 

solution. After sonicating and stirring for 30 minutes, a purple solution was 

formed. Then 10 ml N2H4·H2O was added into the solution dropwise under 

magnetic stirring. Afterwards, the flask was heated to 80 ºC in an oil bath and 

was constantly stirred for 12 h under gentle reflux. After being naturally cooled, 

the black-brown precipitates were collected by centrifugation at 10000 rpm, 

washed sequentially with ethanol and deionized (DI) water for 5 times, and then 

dried in a vacuum chamber at 40 ºC overnight. The as-prepared dark black 

MoSx/RGO was placed into a porcelain boat and kept in the centre of a quartz 

tube placed inside a typical tubular furnace. The tube was vacuumed and then 

purged with Argon (Ar) for 5 times to remove air. Then it was heated to 800 ºC 

at 5 ºC min‒1 under Ar flowing at 100 mL min‒1. 2 h later, the furnace was 

naturally cooled to room temperature. The gloss black product was achieved after 

that. 

To get lower MoS2 loading, 0.065 g (NH4)2MoS4, 80 mL and 2.5 mL 

N2H4·H2O was used in the above described methods, and the other processes 

were same. For higher MoS2 loading, 0.0222 g GO was used instead of 0.0443 g. 

In addition, neat HIF-MoS2 was also synthesized according to a modified method 

in the reference [22], i.e., there was no GO in the abovementioned MoS2/RGO 

synthesis. 

[Triethanolamine][Oleic Acid] ionic grease was synthesized according to 

our previous paper [24]. Briefly, equimolar triethanolamine was added dropwise 

to oleic acid with cooling. The mixture was magnetically stirred at room 

temperature for 2 h to get the neat grease [Triethanolamine][Oleic Acid]. To get 

the additives reinforced greases, the additives were added to oleic acid followed 

by an ultrasonication at 60 ºC for 10 minutes. After that, equimolar 

triethanolamine was added dropwise to oleic acid, the mixture was magnetically 

stirred at room temperature for 2 h to get the expected samples. 

E.2.2  Characterization 

The morphology of MoS2/RGO nanocomposites was studied by usage of a field-

emission scanning electron microscope (S-4800 FESEM, Hitachi, Japan), a 

transmission electron microscopy (TEM) and a high-resolution transmission 

electron microscopy (HRTEM, Tecnai F30, FEI, USA) with an energy dispersive 
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X-ray spectroscopic (EDS, acceleration voltage: 300 keV) detector. Prior to 

morphology study, the samples were ultrasonically dispersed in ethanol for 10 

minutes and then the ethanol was naturally evaporated. Raman spectroscopy (HR 

800, Horiba Jobin Yvon, France) and powder X-ray diffractometer (PXRD, 

Bruker-D8Advance, USA) were applied to study the component and crystal 

structure. To study more about the structure, the specific surface area was 

obtained from a N2 adsorption–desorption analysis conducted at –196 °C on the 

TriStarII 3020M machine (Micromeritics, USA). Brunauer–Emmett–Teller 

(BET) surface area was calculated by BET method, pore volume was determined 

by N2 adsorption at a relative pressure of 0.99. The viscosity of neat grease, 

grease with RGO and grease with MoS2/RGO was investigated with a Bohlin 

CVO 100 rheometer (Bohlin Instruments Ltd., Gloucestershire, UK) at 25 °C and 

1–300 s–1 shear rate. 

E.2.3  Tribological tests 

To study the anti-wear and friction reducing properties of HIF-MoS2/RGO 

nanocomposites, an Optimol SRV-III oscillating friction and wear tester operated 

by ball-on-disc mode based on ASTM D 6425 protocol was employed. The upper 

steel ball slides under reciprocating motion against a stationary steel disc at a 

given frequency of 50 Hz with an amplitude of 1 mm. The ball (100Cr6 steel, 

diameter 10 mm, surface roughness (Ra) 20 nm, provided by SKF, Sweden) and 

disc (100CR6 ESU hardened, Ø24 mm × 7.9 mm, and surface roughness (Ra) 

120 nm, supplied by Optimal Instruments Prüftechnik GmbH, Germany) were 

cleaned with acetone and ethanol prior to and after friction test. The tests were 

carried out under 150 and 258 N (the corresponding maximum Hertz contact 

pressure was 2.5 GPa and 3.0 GPa) at room temperature of approximately 25 °C. 

The test duration was 1 h. The friction coefficient curve was recorded 

automatically with a data acquiring system linked to the SRV-III tester. Two 

duplicate friction and wear tests were carried out to minimize experimental error. 

The wear diameter of balls and wear volume of discs were determined using an 

optical profiling system (Zygo 7300).  

To investigate the load-carrying capacity of the reinforced grease, a 

multifunctional material surface performance tester (model CFT-I, Lanzhou 

Zhongke Kaihua Technology Development Co., PR China) operated by ball-on-

disc mode was used. The upper steel ball slides under reciprocating motion 

against a stationary steel disc at a given frequency of 33 Hz with an amplitude of 

2 mm. The 100Cr6 steel ball (diameter 4.9 mm, surface roughness (Ra) ≤30 nm) 

was provided by Lanzhou Zhongke Kaihua Technology Development Co. The 
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disc is same with the abovementioned one. The ball and disc were cleaned with 

acetone and ethanol prior to and after test. Tribological tests were carried out 

under increasing loads ranged from 62.9 N to 185.2 N (the corresponding 

maximum Hertz contact pressure ranged from 3.0 GPa to 4.3 GPa) at room 

temperature of approximately 25 °C. The test duration was 1 h. The friction 

coefficient curve was recorded automatically with a data acquiring system linked 

to the tester. The wear diameter of balls and the wear surface of discs were studied 

using an optical microscope (Model MV6100, Nanjing Jiangnan Novel Optics 

Co., Ltd., PR China). Two duplicate friction and wear tests were carried out to 

minimize experimental error. 

E.2.4  Lubricating mechanism study 

For the sake of lubricating mechanism study, the contact status was examined by 

comparing the ball wear diameter with the Hertzian contact diameter (the contact 

patch attributable to elastic deformation). The morphology of HIF-MoS2/RGO 

additives after test under 3.0 GPa was carefully studied. To make it easier to 

observe the morphology change after test, the test duration was extended to 4 h 

to ensure that more HIF-MoS2/RGO additives in grease had experienced rubbing 

process. HIF-MoS2/RGO reinforced grease after test was collected and washed 

with ethanol for 4 times. During washing process, HIF-MoS2/RGO particles were 

collected by centrifugation at 11000 rpm. The samples containing ethanol were 

ultrasonically dispersed in ethanol after being washed for 4 times, afterwards the 

mixture was put on silica surface with the ethanol naturally evaporated. Finally, 

the dry sample was subjected to morphology and microstructure study on FESEM 

with an EDS detector (model Nova NanoSEM450, FEI, USA). After tribological 

test on the multifunctional material surface performance tester under 3.0 GPa and 

4.3 GPa, the disc was ultrasonically cleaned in ethanol for 1 minute and then the 

ethanol was naturally evaporated. Afterwards, the disc was examined by FESEM 

with an EDS detector (model Nova NanoSEM450, FEI, USA), and Raman 

spectroscopy was also performed to study the possible transfer layer caused by 

tribo-chemical effect or physical absorption. 

E.3  Results and discussion 

E.3.1  Characterization of HIF-MoS2/RGO nanocomposites 

The theory radios of MoS2 and RGO in the nanocomposites are calculated based 

on the weights of intermediate products (MoSx or MoSx/RGO) and final products 
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(MoS2 and MoS2/RGO). The weight of MoSx and HIF-MoS2 for the synthesis of 

neat HIF-MoS2 is 0.06 g and 0.043 g, respectively. The mole number of HIF-

MoS2 and MoSx is 0.2686 mmol by assuming there's no mass loss during washing 

MoSx. The calculated approximate value of ‘x’ is 4. Based on this calculation and 

the results that the produced MoSx/RGO and MoS2/RGO with high MoS2 loading 

is 0.1399 g and 0.1055 g, the radio of MoS2 : RGO turns to be 1 : 0.23. The radio 

of MoS2/RGO with low and medium MoS2 loading is 1 : 1.81 and 1 : 0.46. In the 

following contents, MoS2/RGO nanocomposites with low, medium and high 

MoS2 loading is written as HIF-MoS2/1.81RGO, HIF-MoS2/0.46RGO and HIF-

MoS2/0.23RGO, respectively. 
 

 

 

Fig. 1. FESEM images of (a, e) HIF-MoS2/1.81RGO, (b, f) HIF-MoS2/0.46RGO, 

(c, g) HIF-MoS2/0.23RGO and (d, h) HIF-MoS2 at different magnifications. 
 

SEM images of HIF-MoS2/RGO nanocomposites and neat HIF-MoS2 at 

different magnifications are shown in Fig. 1. It is obvious that the content of 

MoS2 nanocages on RGO is increased with the increase of MoS2 contents. 

Aggregated MoS2 nanocages are observed in Fig. 1c, suggesting that higher 

MoS2 content will lead to aggregation problems. From the higher magnified 

images of HIF-MoS2/RGO (Figs. 1(e-g)), clear ball-on-plate structures are 

observed. Interestingly, the size of HIF-MoS2 on RGO is relatively smaller than 

that of neat HIF-MoS2, which might be caused by the confinement of GO 

nanosheets. There is little free particle growth in solution, which is attributed to 

the interactions between functional groups on GO sheets and Mo precursors in a 

suitable solvent environment [25]. In Fig. 1h, a broken MoS2 is featured to show 

the hollow structure of MoS2. 

HIF-MoS2/0.46RGO are selected for TEM and EDS study, and the results 

are shown in Fig. 2. By combing TEM images and EDS results, it is confirmed 

that the MoS2 particles are formed into nanocages on RGO, and the adhered 
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particles are MoS2. The adhered MoS2 particles do not take part in the formation 

of HIF-MoS2, but some of them act as the connecting bridge between HIF-MoS2 

and RGO (Fig. 2c). High-resolution image in Fig. 2e shows lattice fringes of 

(002) plane for MoS2 with a d-spacing of 0.62 nm, suggesting the formation of 

highly crystalline MoS2. 
 

 

 

Fig. 2. (a-e) TEM images of HIF-MoS2/0.46RGO at different magnifications; (f-

i) are the EDS results. 
 
 

 
 

Fig. 3. (a) Raman spectra of RGO, HIF-MoS2 and HIF-MoS2/RGO nanocompo-

sites, (b) XRD patterns of RGO and two HIF-MoS2/RGO nanocomposites. 
 

Raman spectra of HIF-MoS2/RGO nanocomposites as well as RGO and 

HIF-MoS2 are compared in Fig. 3a. Neat RGO and MoS2 show their respective 

spectra at (~1350 cm–1, ~1580 cm–1) and (~378 cm–1, ~405 cm–1). HIF-

MoS2/RGO show respective spectra of both RGO and MoS2. The signal intensity 

of MoS2 increases with the increase of MoS2 loading, which suggests the 

controllable loading of MoS2 on RGO. Neat RGO shows XRD diffraction peak 

at 2 = 26° corresponding to (002) plane [26]. XRD diffraction peaks of MoS2 
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are in accordance with those established by JCPDS card number 37-1492, 

indicating that the MoS2 on RGO has high crystallinity. With the increase of 

RGO, the intensity of all the diffraction peaks of MoS2 decreases for the 

inhabitation by RGO [27]. From the N2 adsorption/desorption isotherm (Fig. 4), 

a distinct hysteresis loop is identified at a relative pressure of 0.1-0.9, 

demonstrating the presence of a mesoporous structure. HIF-MoS2/0.46RGO has 

the highest BET surface area of 336 m2g–1. With the increase of MoS2 loading, 

the BET area is obviously decreased, which should be caused by the aggregation 

of MoS2. The BET results are in accordance with the morphology study. 
 

 
 

Fig. 4. Nitrogen adsorption/desorption isotherms of HIF-MoS2/RGO 

nanocomposites, and SBET is inserted. 
 
 
 

 

Fig. 5. Schematic illustration for the formatting of HIF-MoS2/RGO hetero-

structure: bubble-on-plate structure. 
 

Based on the analysis, the formation process of MoS2/RGO is illustrated in 

Based on the analysis, the formation process of MoS2/RGO is illustrated in Fig. 

5. Briefly, the (NH4)2MoS4 precursor is reduced to MoSx on GO, in the meantime 

GO transforms to RGO by hydrazine reduction [28]. The generated NH3 acts as 

templates to form nanocages surrounded by MoSx [22]. At the same time, some 

of the MoSx nanoparticles lay flat on the RGO acting as the interlayer between 
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the produced MoSx nanocages and RGO [25]. As a result, a bubble-on-plate 

structure is fabricated. After removing the ions and annealing, the HIF-

MoS2/RGO nanocomposites are successfully synthesized. 

E.3.2  Viscosity of greases with and without additives 

As shown in Fig. 6, typical “shear-thinning” phenomena are observed in these 

greases, which is attributed to the weakened hydrogen bonding at higher shear 

rate [24]. After adding RGO and HIF-MoS2/0.46RGO, the viscosity increases 

especially at higher shear rate. The grease reinforced with RGO has higher 

viscosity than HIF-MoS2/0.46RGO. It is because the same loading of RGO 

provides larger volume and interface with the grease, which restrict the flow of 

grease. Fig. 6c shows the change of neat grease and HIF-MoS2/0.46RGO 

reinforced grease which are placed upside down for 24 h. It is found that neat 

grease flows slowly down while HIF-MoS2/0.46RGO reinforced grease is still 

adheared to the bottom. 
 

 
 

Fig. 6. Log−log plots of (a) shear stress and (b) viscosity as a function of shear 

rate; (c) pictures of neat grease (left) and HIF-MoS2/0.46RGO reinforced grease 

(right) after being upside down for different time at 25 °C. 
 

E.3.3  Tribological properties and lubricating mechanism 

Results of wear including disc wear volume and ball wear diameter are shown in 

Fig. 7. Through calculation, the Hertzian contact diameter (the contact patch 

attributable to elastic deformation) under 2.5 GPa is 0.339 mm. In reciprocating 

motion, the contact patch would inevitably be scratched for the starting from 

standstill with a full applied load. 0.1%HIF-MoS2/0.46RGO under 2.5 GPa has 
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the lowest ball wear scar diameter of 0.498 mm, which is about 1.5 times of the 

Hertzian contact diameter, indicating the lubrication under the selected 

conditions (≥ 2.5 GPa) is performed under boundary lubrication. Typical 3D 

microscopic images of disc and ball wear tracks are shown in Fig. 8. The disc 

wear volume is the determining factor of wear. If the ball wear diameter is same, 

lower disc wear volume means higher anti-wear performance. The friction 

coefficients are shown in Fig. 9. 
 

 

 

Fig. 7. Disc wear volume and ball wear diameter lubricated by greases with 

different additives at (a-b) 2.5 GPa and (c, d) 3.0 GPa. 
 

Under 2.5 GPa (Fig. 7a), additives at even very low loadings obviously 

increase the anti-wear performance of the grease. Compared to neat grease, the 

friction coefficient is little influenced by additives (Figs. 9(a-d)). HIF-

MoS2/0.46RGO shows the best performance among the additives. Loading with 

0.1%HIF-MoS2/0.46RGO results in the lowest wear which is 67% lower than 

that of neat grease. 3D microscopic images show that the ball wear track under 

the lubrication of 0.1%HIF-MoS2/0.46RGO reinforced grease is very smooth, 

and the disc has a slight and shallow wear tack. 

It also shows that the synthesized HIF-MoS2 has better anti-wear 

performance than that of commercial MoS2 nanoparticles. Among RGO 

reinforced greases, the grease with a loading of 0.2%RGO has the lowest wear 

but highest friction coefficient. By comparing the online friction coefficient of 

greases with different RGO loadings, it can be found that the friction coefficient 
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firstly decreases with the increase of wear but increases once the wear becomes 

severe. It is so interesting to see that HIF-MoS2/0.46RGO reinforced greases 

achieve high anti-wear and low friction coefficient properties at the same time. 

HIF-MoS2/0.46RGO also shows obviously better anti-wear performance than 

that of the physically mixed HIF-MoS2 and RGO. 
 

 

Fig. 8. 3D microscopic images of disc wear tracks: neat grease, 0.2%RGO, 

0.4%HIF-MoS2, 0.1%HIF-MoS2/0.46RGO and 0.4%MoS2-200nm at (a−e) 2.5 

GPa and (f−j) 3.0 GPa; (a’−j’) are 3D microscopic images of ball wear tracks 

sliding against discs above, (a’), (b’) …(j’) is against (a), (b) …(j), respectively. 
 

Under the load of 3.0 GPa, the wear of neat grease is sharply increased. HIF-

MoS2/RGO shows the best anti-wear performance. 0.1%HIF-MoS2/0.46RGO 

results in a disc wear of just 3.1×10-5 mm3, which is 96% lower than that of neat 

grease under 3.0 GPa. Friction coefficient results show that only the HIF-

MoS2/RGO reinforced greases maintain a stable friction coefficient (ranged 

between 0.079 and 0.084, indicating a good lubricating property), while other 

additives show increased friction coefficient due to severe wear loss and rough 

surface. 

It is unexpected that RGO even leads to an increase in wear, and the friction 

coefficient quickly (after 3 min) increases. The wear tracks under the lubrication 

of RGO are very rough as shown in Fig. 8g and Fig. 8g’. It is thought that the 

obvious increase in friction coefficient is due to the physical property change 

after adding RGO. Since the performance of the studied grease is greatly affected 



Paper E 

209 

by hydrogen bonds [24], RGO nanosheets with large specific surface would 

prevent the hydrogen bonding between grease resulting in the deteriorated 

lubricity. 
 

 

 

Fig. 9. Online friction coefficient of greases reinforced with different additives 

at (a-d) 2.5 GPa and (e, h) 3.0 GPa. 
 

HIF-MoS2/0.46RGO shows much better lubricating performance than that 

of the physically mixed HIF-MoS2 and RGO. The morphology and 

microstructure of HIF-MoS2/0.46RGO additives after test could shed more 

insight into the striking performance. A great number of additives maintain 

original structure after friction test under 3.0 GPa for 4 h (Fig. 10a and Fig. 10b), 
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indicating that they remain very good properties. Fig. 10c shows a typical image 

of HIF-MoS2/0.46RGO additives. It is observed that most HIF-MoS2 nanocages 

have fallen off from RGO sheets. From the magnified image, deciduous 

nanocages are found (Fig. 10d). It is worth noting that in the SEM test we have 

examined many fields containing deciduous nanocages, where almost none of the 

nanocages are broken. The well-preserved HIF-MoS2/RGO nanocages reveal that 

the sliding ball just peels away the nanocages without breaking them. What’s 

more, EDS results in Figs. 10(e-h) show that most parts of RGO are still covered 

with MoS2 sheets that are formed in the synthesizing procedure. 
 

 
 

Fig. 10. (a-d) HIF-MoS2/0.46RGO as additives after friction test under 3.0 GPa 

for 4 h, and (e-h) EDS results of HIF-MoS2/0.46RGO in (d). 
 

With the striking lubricating performance, it is of great interest to investigate 

the load-carrying capacity of HIF-MoS2/RGO reinforced grease. Ball wear 

diameter and friction coefficient for neat grease and reinforced grease under 

increased pressures are compared in Fig. 11. Optical images of ball and disc wear 

tracks, and online friction coefficient curves are shown in Fig. 12. Stable friction 

coefficient and the radio of ball wear scar to the Hertzian contact diameter (R/Rc) 

are important factors in evaluating good lubricating performance. The friction 

coefficient under 3.0 GPa achieved from CFT-I tester is 0.075, while the one got 

from SRV-III is 0.078. This tiny difference may be caused by the machine 

difference or the testing results deviation. Overall, the reinforced grease shows 

smaller ball wear scar, smooth wear surface and lower friction coefficient until 

4.1 GPa. Under 4.3 GPa, both friction coefficient and R/Rc for the reinforced 

grease are obviously increased, and wear surfaces are much rougher than those 

under 4.1 GPa. It is thought the reinforced grease is able to maintain good 

lubricating performance until 4.1 GPa. At the case of neat grease, it loses efficient 

lubrication under 3.0 GPa, which is in accordance with the result on SRV. 
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Fig. 11. (a) Ball wear diameter and the radio of ball wear diameter to the Hertzian 

contact diameter (R/Rc), (b) friction coefficient for neat grease and HIF-

MoS2/RGO reinforced grease under increasing pressures. 
 

Our previous study reveals that the formation of strong ionic grease films 

by physical adsorption attributes to the outstanding tribological properties [24]. 

In this work, no sign of MoS2 transfer is observed based on the FESEM images, 

EDS results and Raman spectra under 3.0 GPa and 4.3 GPa (Fig. 12g and Fig. 

12h). In other words, HIF-MoS2/RGO additives do not have tribo-chemical 

reactions or strong physical absorption with meatal surface. It is considered that 

the improved performance is determined by the bubble-on-plate structure of HIF-

MoS2/RGO, which serves during friction test but has been removed by ultrasonic 

cleaning. The speculated mechanism of the excellent performance of HIF-

MoS2/RGO is illustrated in Fig. 13. HIF-MoS2/RGO additives are rolled into 

contact surfaces for the sliding of steel ball. Compared with RGO nano-sheets, 

the nanocages on RGO can increase the gap between solid surfaces and act as 

rolling balls between RGO and steel. Compared with neat HIF-MoS2, RGO helps 

drag MoS2 into the contact area and makes MoS2 inside the contact area more 

stable (not very easy to be squeezed out). The bubble-on-plate structure 

effectively reduce direct contacts between steel ball and steel disc to reduce 

friction coefficient and wear loss. Even after the MoS2 nanocages are exfoliated 

or broken, there are still MoS2 films maintaining the lubricating performance. 
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Fig. 12. Optical images of ball and disc wear tracks, online friction coefficient 

curves of (a-d) HIF-MoS2/RGO reinforced grease and (e, f) neat grease under 

increasing pressures. FESEM images, EDS and Raman spectra of disc wear 

tracks lubricated with HIF-MoS2/RGO reinforced grease under (g) 3.0 GPa and 

(h) 4.3 GPa. 
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Fig. 13. Speculated mechanism of the lubricating effect of HIF-MoS2/RGO 

nanocomposites. 
 

E.4  Conclusions 

In summary, bubble-on-plate structure is realized on inorganic fullerene-like 

molybdenum disulfide/reduced graphene oxide (HIF-MoS2/RGO) 

nanocomposites. Tribological behaviours are studied by adding the as-prepared 

HIF-MoS2/RGO nanocomposites into an ionic grease. Results indicate that HIF-

MoS2/RGO nanocomposites show better anti-wear properties than that of 

commercial MoS2 nanoparticles, single and physically mixed forms of RGO and 

HIF-MoS2, especially under higher load. The wear reduction of HIF-MoS2/RGO 

reinforced grease under 2.5 GPa and 3.0 GPa reached 67% and 96%, respectively. 

In addition, the functional grease shows much lower and stable friction 

coefficient (0.079, the value of neat grease is 0.098) under 3.0 GPa. HIF-

MoS2/RGO reinforced grease maintains very low friction coefficient and wear 

up to 4.1 GPa. It is proposed that HIF-MoS2 nanocages on RGO act as rolling 

balls during friction resulting in better separation of steels. 
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